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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 fooet of this ambition, aiming tdend its contributiorio
global warming | lyfiRy albgreenhouse gas emissions to net zero by'2050

2. This will require decarbonisation across all sectors of the UK economy and radical changes in the
way energy is pragced and consumed. Notably, many sectors of the economy that have
historically relied upon fossil fuels, for example transport and domestic heating, will need different
sources of energyl hese sourcewill most likely be directly or indirectly frothe electricity sector,
which means significant generation will be required froom-carbon emitting sourcet® meet
greater volumes of electricity demand than has historically been the. case

3. ¢tKS StSOGUNROAGE aSOUG2NJ Ay DN&tsiepsiliiiell F Ay 6 aD. €
decarbonisation of electricity productionfor example the share of electricity produced from zero
carbon sources, predominantly wind and solar, has doubled since Z@iOhaded to a
considerable decrease in carbon emissions, disptasome fossiuelled thermal generators which
have been the historically dominant sources of electricity generation

4, However, solar and wind generation are, by nature, more intermittent and unpredictaiblaking
the electricity system more challengitgoperate. 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 conditions but are 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 lEnce almost exactly across the system on a sednnd
second basisand thatthe transportation of electricity from generators to consumers is governed
by physical limitghat make the electricity networks susceptible to bottlenecks. As a result,
electricty markets, unlike markets for most 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 eleitjrimarket.

6. The first wholesale electricity markets around the globe were designed in the 1980s and;1390s
policymakers, initially in the US and UK, sought to drive greater efficiency from the sector relative
to the typically vertically integrated ahin the GB case, monopoly staiened industry structures
that had existed for most of the postar period. The initial electricity marketl K S & weht2 f £
live in 1990 but was superseded bythe@d f t SR bSg 9f SOGNAROAGE ¢ NI RA
that were developed 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. This has led many
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 NeeRgssions law, 27 June 2019).
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well suited to the continued decarbonisation needed to achieve Net ZH&NZ has identified a
strong case for change to the current arrangements in its ongoing Review of Electricity Market
I NN y3SYSyéa 6aw9al ¢0d

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

9. Afundamentaladvantage of greater locational granularity in wholesale electricity markets is that
the wholesale prices cavetter reflect the physical constraints ttie localelectricity systent and
in particular the potential bottlenecks on the transmission netwdrkthe absence of locational
pricing,the national price does not take into account any physical network constraints. Instead,
system operaton & { dwéioh is the central entity in all systems that has ultimate responsibility
for ensuring that demath for electricity is met, needs to intervene to alleviate bottlenecks that
may ariseln the GB market this is increasingly costigachingc£2bnin 2022 up from less than
£200m in 2010, and this cost is borne by GB consufridmeover,the Electriity System
hLISNF 02N 6a9{hé0 FT2NBOFada G kdramatidakdaacslerabmga G a | |
rate¢ Ay (KS Bidwevey tAereenfay alddibe additional costs with more granular
locational pricing too: for example, implementationst® will need to be incurred and some
stakeholders suggest that greater locational pricing is more risky and could potentially increase the
cost of financing the new investments needed to achieve Net Zero.

10. Ofgem is undertaking an assessment of locatiomiging to provide insight into the potential
AYLI OGa (2 &dzldll2 NI -in&kBg. BshatDNGSESesim@ri, OlRenthasa A 2 v
Sy3Fr3ISR C¢L /2yadZ GAy3a 06bCe¢LbUI &dzLILR2 NI SR o0& ¢
gquantitative assessment of ¢hcosts and benefits of introducing locational pricing into the
wholesale electricity market in GB. This report presents our assumptions, analyses performed, and
keyfindings

11. In the remainder of this Executive Summary, we briefly outline the approachawe ddopted to
perform this assessment followed by a summaryhaf12 key findings of our work.

2 LYRSSRZ ymwx: 2F NBALRYRSyGa G2 59{b%Qa 2y3I2Ay3 wSOASs
adl 4 S Y Styeicuriéri maiket d@esign is not fit for purp@s&ee the summary of responses to the REMA
consultation (ink).

3 Many electricity markets aoss the globe operate in this way already. For example, some maikehsding
Norway, Sweden and Itahave adopted saalled zonal pricing, in which wholesale electricity prices can vary
between predefined geographical footprints. Other jurisdictiossich 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 hundredsidheusands of
different nodes in each settlement period.

4 This figure can be calculated based on the Monthly Balancing Services Summary as published bylithé. ESO (

5 {S§S GKS 9{ hQa Neld#rdMaBét RefoRRhase I Corickistoris 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 dcstiwe have modelled the GB energy system using

an industry standard electricity market modelling platform, which allows us to forecast the likely
evolution of wholesale electricity prices under different locational market designs using

transparent and indstry-validated 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 electricityprice 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 pricing. This has alloweth fisrecast wholesale prices paid to

generators by consumers under a range of different 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 repsenting the status quo ofraational 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 designn 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 ssdes 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 consiers 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 suete anticipated that this study would 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 assessment.

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 haveodigeld a large number of smaller stakeholder 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, andur overall approach, in order to provide 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-estblished thirgparty sources
of information and of assumptions wherever possible. In particular, we have adopted many of the
Ay Ldzi FaadzvLliAzya RS@OSt2LISR o0& GKS 9{h FTNRY (il
portray four different versions of how the GB electricity system majvey 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 \Wayario envisages a future electricity system that relies on
offshore wind generation and solar geration to meet the majority of our electricity needs by
2040. This is illustrated below Figure ES.

Figure EL: 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 this 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 20#0 consultation with

stakeholders 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 thetafnative FES scenario termed System Transformation,

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

{AYAEIFNI&@E ¢S dza$S GKS 9{hQa | &d4dYLXiA2ya Ay 2NJ
depicted fNJ 1 KS bSGg2N] hLiiA2yE ! sEOEBBESDBYMi T 6abh! T

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

Current 2025 2030 2040
)

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 trarsmission network across the different wholesale
electricitymarket designs

AsFigure ESillustrates,under NOA7transmission capacity increasastil 20416 which is the

forecast horizon for ES@his impacted how we approached our overall assessnasntye 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 and in
agreement with Ofgem, our assessment only considersrtpact of moving to locational prices

until 20407

We have fixedhe transmission networlbuild assumptionsacross locational market designs assedgeorder 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 basedn the expected evolution of the transmission grid to 2040.
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23.

24.

25.

26.

27.

28.

29.

12

In addition to NOA7, the ESO released an additional network development plan following the start
2F GKA& Sy3l3SySyidasz (yz2ey | a GKS
acceleration of tansmission investment relative to the NOA7 plan, which is 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 hat@tiwing using

the evolution of transmission under HND as well.

| 2f AaG6A0 bSi;

Therefore, we assessed the impact of greater locational pricing to 2040 under three different

a0SYFNxA2ayYy GKS [SIRAYy3a (GKS 2| @&

GKS [SIRAY3 GKS 21 & {OSyIFINR2 6A0K
FYR GKS {2aiSY ¢ NHeRaRNINIbHOA 2ry0 ¢2 0SSy | NA 2
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0 d

For the scenarios agreed upon with Ofgem, we calculated in our market model how prigiels wo
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 consumer welfare 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 capitatthat participants incur in financing assets; and

< the potential impact ommarket liquidity .

Summary of key findings

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

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

significantly under the current GB market design

Since the liberalisation of the GB electriggctor, a keyobjective of thewholesale market was to
facilitatetrading between market participant® encourage competition in the generation of
electricity. To achieve thig major market design decisiovas that generators and consumers of
electricity could trade with each othgforming a single price in each perimsyardless of each
LI NI @ Qa 3IS23INIF LKA OF fAniingae of this dafketXlgidaatérSs tiat
market outcomes areften inconsistent with the capabilities of the transmission systeim that

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

another region where electricity is demanded becaasémited transmission capacity

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

N 4

gai

typically by instructing specific generators at particular locations to increase output and others,
sited elsewhere, to curtail production. This ensures thapractice, 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) reeive compensation from the ESThecosts 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 20L4/15the costs of congestion wer@n average €220mn per annum).
However, in recent years congestion costs have increased markeef#hingc.£1,960m 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@ggeneration as GB transitions to
Net Zero, the ESO anticipates that this trend in constraint management costs will cdhtinue.

31. Our findings support this view. Our estimates of future constraint management costs under a
national pricing design arebroac® Ay fAYyS gAGK GKS 9{hQa laaSaa
Figure ES&.

Figure E&: 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 antigiate that under the LtW (NOA7Y) scenario, constraint costs would
increase significantly over the forecast horizon as greater volumes of renewables generation
connect to the grid, and would reactE5bnper annum by 2040. This represents aféitl increase
to the annual average congestion cost in the period 2010 to 2020. Additional transméssion
represented by the LtW (HND) scenahas the impact of significantly reducing the volume of
generation that needs to be curtailed, consequently reducing the @bsbnstraint management in
the 2025 to 2030 period. However, from 2030, congestion costs begin to rise again under this
scenario as wet] reachingc£3bn per annum in 2035.

8/ S8 GKS 9{hQa LlztAOlIGA2Y 2y (KS bkBSG %SNR al Nl Si wS¥F¥2N
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33. Under SysTr (NOA7), which has greater volumes of nuclear generation thatesl lioctne
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 ustitute between 1% and #% of the overall cost of
electricity to consumers, including CfD payments, for the LtW (NOA7) scenario under the national
market designSimilarly, under the cost constitutes between 4% and 11% of the overall cost of
electricityto 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 wbeldignificantly 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 approximain, in the case of a zonal market design exactlyin 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 illustratesitbeme for two
modelled hourg; the 10 December 2040 at 17:@hd 17 January 2040 &7:00¢ for the
LtW(NOAY) scenario.

Figure ES: Example pricesnder LtW (NOA7) for a national and locational market designs,
10December 2040 17:0dhd 17 January 2040 4%7:00

10 December 2040, 17:00 17 January040,17:00
National Locational National Locational
- : = s ™
.“l :‘e. i ’
L e . ., DS v L ..
Som g Seng ‘ 3
] :c' [ ] %‘L l.:°. h .
' a ,‘ 4% .i e’ :
Losiay Loty g;;;,fx
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Voo Same 2\ % %1):?9“0, S £104 -5;.' Sl
X T :. - oL " . ‘_.-‘2%’-. o %, . 7'":‘:"7 v . 7
. N tulkt” > > 2 v et i N b
- M. e ® oo Pl & :
o M, TN s o MEE | T iss
£/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#&iCader
MWh. However,under a locational market (we show a nodal markmit 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.
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the price is significantly higher in the sowglin this case around £126 per MWh for this particular
hour, while still very low in the nortl roughly around £0 per MWh in Scotland and £3 per MWh in
northern England. The=ason 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 sorepkiw
generation sited in the north cannot serve the demand situated in the south. Instead, souther
demand has to be met by higher cost 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 resolie tongestiorg in this case by instructing generating
plant in the south to increase production and those in the north to curtail output. In so doing it
would incur congestion costs for that hour that are bornecbypsumers

38. The right pane shows a simikeffect 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 conditions in that region.

39. The abovawo 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 sdutimetheless, 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 generallyihtghre is
limited renewables outpyt We show belown Figure ES$ the dispersion of annual average prices
across the system which is the avegdgr each of our modelled years for all hours of that year.

Figure E®: Annual average loadeighted prices for LtW (NOABysTr (NOAANd 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
& ) ] &
P
]
l 4
LtW (NOA7) £72.60 £47.40-£79.30 £37.40-£81.30 LtwW (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)
0O HEEN k£ TN 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 (NOA7) £29.90 £25.80-£31.40 £22.80- £35.00 SysTr (NOA7) £30.20 £27.60- £32.20 £21.20-£38.40

Source: FHEnalysis
Note: The illustrations above depict the prices observed under the LtW (NOA7) scenario.
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40.

41.

42.

43.

GBP bn

This significant fall in annual average price under both sceniaribe 2025 to 2030 periot a
result of large volumes of renewable generation comingrmenéind also an assumed fall in the gas
price * While renewables generation is assumed to continue to be rolled out at pace over the
period, thereby exerting downward pressure on pricd®e demand for electricity increases, as
new sectors are electrifiedhereby exerting upward pressure on prices.

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

in wholesale pres. 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, whilprices 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@g: The overall expected net benefit to GB consumers of a transition to nodal
pricing varies betweef28bn andE51bn over the 1§ear modelling period depending on
the scenario. When evaluated on a socioeconomic basis, the expected net benefits of a
transition to nodal pricing are betwe&i3bn andE24bn. 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 costsrand ou
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 quo national market design for each
scenarioFigure ES below illustrates the breakdown irosts and benefits in the case of the
transition to nodal pricing under the LtW NOA7 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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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 QOur assumptions on commodity pricing are detaiffdther) in Appendix 1.
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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 cosias 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 trafeméystem directly
impact the level of the wholesale pricewith those areas that experience surplus energy behind a
transmission constraint, known as export constrained areas, having lower wholesale prices. By
contrast, those areas of the network wheltgere is a shortfall in generationimport-constrained
areasq tend to experience higher wholesale prices. We illustrated this effect earlier in this
summaryg as set out irfFigure 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 consumessukh, for the LtW (NOA7)
scenario, we estimate this would generate benefits of c.£49bn over the modelling period.

Under a zonal market, bottlenecks in transmission between zones are resolved by movements in
the wholesale price, but, within a price zom®ngestion 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 (NOA7Y) 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 consunméessouthg resulting

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

the system.

A further feature of locational wholesale markets amngestion 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 (albeit at volumes limitedhgycapacity of the network) and

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

forecast period.

For the purposes of thigsssessmentye have assumed that this benefit is passed back to
consumersThis is commonplace in most locational markets of the world and occurs eithetlyire

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 Financial Transmission Rights and are used
by market participants and traders to hedgeetprice risk between two locations.

11 We note that under all market designs modelledeia 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, andweenloasought to model any impact
on the costs that arise from such interventions.

capUT R F.T I

Energy Systems CONSULTING



ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 18

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 &decision for policymakers, but note that as it is simply a transfer,
any use of congestion rents for this purpose wamldst likelyresult in a negative impact on
consumers but an equal and offsetting positive impact on generators. Therefore, th&Btal
socioeconomic benefits would be unchanged.

A change in wholesale prices would also have an impact on the osepalbrt paymentsmade to
ISYSNI G2NAR dzy RSNJ 6 KS /2y iGNNI Ol F2NI5S5AFFSNByOSa
calculated as the tierence between the prevailing wholesale price and the agreed strike price for

the CfD contract, it follows that a move to locational prices will result in higher CfD support

payments to generators in regions where wholesale prices are lower than undgiomal market

design and vice versa for regions that 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 imthegion) while the opposite is true for generators receiving
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 nodat mark

Fa | NBadzZ G 2F Iy AYyONBlIasS 2F Odpmoy Ay K2t S:
change over the forecast period, as it continues to receive revenue in line with the agreed strike
prices.

As the turquoise column indicates, the overalpiact is an additional cost wonsumerof ¢.£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. O@assessment involved reviews of precedent
from other markets that have transitioned to locational prigiag well as discussions with systems
vendors and the ESO. We believe a conservative estimate of £500m is appropriate, which we
assume is all recoverdtbm consumersThis might be incurred directly, in the case of the central
system costs incurred by the ESO and other central agencies (such as Elexralirgaity if we
assume that all participant costs incurred in changing systems and contractgeatei&ly passed
on to consumers.

As the dark blue column indicates, this yieldoaarall expectedconsumer benefit ofic.£51bnfor
the modelling period 2025 to 2040 under a LEMOA7) scenario. While policymakers employ
different approaches to evaluatirthe costs and benefits of a particular reform, we note that a
conventional socioeconomic approach would also need to consider the impact on producers.

In this regard, one impact of nodal pricing would be to reduce the aggregate revenues earned by
generatas. In this scenario, we estimate the reductiorpimoducer surplusthat is the change in
generator revenuedo be c.£39bn over the forecast period.
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56.
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60.

There are two main components of this effect. First, under a national pricing regime, generators
are comgnsated by the ESO for their actions to resolve transmission constraints through the
Balancing Mechanism. Under a nodal market design no compensation is paid (as the market itself,
not the ESO, resolves the constrait8gcond, the changes in wholesalecps by location results in
changes in the amount paid to generators. For generators sited in egpaosdtrained parts of the
network, prices will be lower 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

The reduction in wholesale revenues to generators is offset to some extent by incre&f€s in
paymentsc as the turquoise bar indicates Figure ES above. In the LtW (NOA7Y) scenario this
represents the c.£12bn additional CfD payments flmonsumergo generators, as discussed above
(which is why it is an equal and offsetting amounFigure ES above).

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

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 Tabi&é BESow, presenting both the consumer

benefits and socioeconomic benefits for each permutation.

Table EQ.: Expected impact of locational market design options relative to national market design
(GBP bn), 2028040

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

Source: FTI analysis

As Table E$ indicates, in broad terms a transition to zonal pricivapld 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.

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 which measure of benefit is used, as determined by comparing
the LtW (HND) scenario to the LtW (NOA7Y) 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 additional cost of the transmission assets that are deployed in
the LtW (HND) scenario relative to LtW (NOATY) into our assessment in TdblbB&. We return

to this topic later in this summary.
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61. Finally, the benefits ahoving 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 scenario, more nuclear genésatio
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 fromanhsitioning to zonal pricingeducesthe wholesale cost of
electricity bybetween 5% ad 12%depending on the scenarind 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 cost of electricity, as shown below in Tai@eBySwvay of
comparison, we note that the NETA market reform was expected by Ofgem to reduce wholesale
prices by 10%2

Table EL: Consumer benefit relative to the wholesale aufstlectricity 20252040

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 (NOA7) 12% 8% 20% 14%
LtW (HND) 8% 5% 15% 10%
SysTr (NOA?) 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 regianal hiass
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 garesvention we
adopt extensively in this report when illustrating thepact of nodal pricing.

2r8§S W 3IAS yy 2F hF¥3ISYQa wS@nde 2F GKS FTANRG @SIENI 2F b9
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65.

66.

Figure ESB: Regional distribution of consumer benefits from transitioning t@dalmarket design
¢ LtW (NOA7)

N | [0.7)

atn HEomumer
gy

[

3.3 CBY

. : I

]
42)  (n2) l

il
g
E

5.9
. - — 4.8 .
: - (1.4) (0.1 ‘ {12.6)
: (2.9) :
: Lot Wholesie Intra-Gb © Srmpirmrtston st : Cmmntemnt Whileiale etre 8 el aten et
matagemeet ot congeutan o contmar meagpmeetch st cots .
- ? [ et mee e
"

:

B

o 53 30

' [ B B

3 (1.3) (0.1

: - |
-
e

Comtrsnt Wasimale o €0 implemantison
managereat cauts gt pymenrs o
reess P
npuct]

Source: FTI analysis

AsFigure ES illustrates, most of the cost and benefits are berproportionally 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 region on a per MWh basis.
However, the fact that therera 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 consumeisas indicated by the light blue column having a positive
impact onconsumerbenefits in the northern regions of the country. For instaram@sumersn the
northernmost region, GB1, have a wholesale benefit of £2.3lamdition 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 (aindicated by the light blue bar being a negative benefit in the southern regions 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 paymeis, the red columns indicating
congestion cost savings are always greater in magnitude than the offsetting negative light blue
columns indicating wholesale cost increases).
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67.

68.

69.
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71.

72.

We find that the trend described abovg.e., that all consumers in all regionsriefit in the
transition to locationally granular pricing, albeit in different proportians found for all three
scenarios and for both zonal and nodal pricing.

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

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

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 locapoicalg.

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 primlatility, but 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 vofatditgnuegor

generatorsin catain locations

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 portfolito take account of the increased volatility of one as€atr

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

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

better able to manage 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, includgf®s

Inourcg/ GNIF f +ylfearas S GKSNBF2NB aadzyS y2 OKI
locational pricing. We hay&owever, modelled a variant scenario in which higher capital costs
reduce the benefits of nodal pricing by around £7.5ioler the LtW NOA7) 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 marketdadgtional
pricing relative to markets with national pricing. We do not 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 severattNdAmerican markets.

Key finding: Historical precedent from other jurisdictions indicates that market participants
may incur implementation costs of c.£0.5bn in the transition to locational pricing. We have
found no evidence of an investment hiatusrdythe 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 computamgl software systems, updated energy
procurement, hedging and billing processes, and staff training and recruitment, among other cost
elements.
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CBAs carried out in other jurisdictions provide a relatively wide range of cost estimates across each
categoryg A UK @I NBEAY 3 LINRPLRNIAZ2YA 2F {h YR YIN]Si
CBAwhich estimated costs of £56Qmall implementation cost estimates were below £300m in

2022 valuesBased on historical assessments, and input from market participasthave

estimated implementation costs of £0.5bn in the transitioning to locational pricing.

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

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 beteen 65 and 100 milliotonnesof carbon dioxide equivalent

0dail/ huSé0v NBRAZOUA2Y AY (GKS LISNA2R (G2 Hannd ¢
granularity results in less renewables curtailment and better use of interconnectors, which

displaces ame thermal generation.

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 carboméssions which is intended to reflect the full societal cost

of carbon emissions and is significarftigherthan the value we have used in our modelling.
CKSNBEF2NBEZ SGIFtdzr iAy3a OFNb2y SYAaarzya 2y GKS
estimat of the benefits of locational pricingwith additional benefits of between.£12bn and

c.£18bn over the modelling perica 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 average wholesale
prices in Scotland would be the lowest in Western Europe.

As discussed earlier, panalysis 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 Europe as showigure ES below.
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Figure ESQ: Annual average prices for GB and other OECD countpesMBNVh, LtW (NOA7)
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Source: FTI analysis.

Note: This assessment does not include the impact of renewable support mechanisms in any
country, whichwould 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 and consists of different components

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

generation in Europe and, under the FES scenarios, a very signifidanttrof zero marginal cost
renewables generation in Scotland is anticipated. Combined with the limitations on transmission
build and relatively low demand (peak demand in Scotland is assumed to be 9GW with generation
capacity between 6BWand 65GW in 2040this means that prices would be significantly lower
under locational pricing. We observe a 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 hawesought 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 usemay find that the benefits of lower electricity costs justify
siting in these areas (even if other costs are higher). This may apply witliim@Bat some large
consumers that would have sited in the south would now site in the north. Equally i atzo

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 disey

to generationwould be toreducethe 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 oussassat

where there are additional potential benefits. Furthermore, there are potential implications for
wider government policieg significantly lower electricity prices in the north of Britain which

induce large industrial consumers to site in the areld seem likely to have kno@n beneficial
impacts to the wider regional economy.
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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
prices¢ with electricity in low priced areas flowing higher priced regions. A move to locational
pricing in GB would therefore have the effect of, for some time periods at least, changing the
scheduled direction of flow on interconnectofgure EQ0 below illustrates this effect for

9 March 2030 at 080 in both the national market design and the nodal market design in the LtW
(NOAY) scenario (a zonal market has a similar impact).

Figure E]0: Interconnector flows between GB and other European countries, LtW (NOA7Y)
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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 flowsrfr Norway and Demark into GB, and flows from GB

out to France, Germany, Belgium, the Netherlands and Ireland. However, for the same hour under

a nodal pricing regime, the bottlenecks in the GB transmission system are reflected in the
prevailing locationalvholesale priceg with prices in Scotland at ffer MWh, around £4.9er
MWh innorthern England, and around £81pér MWh in the south. This impacts on the flows on
the interconnectors; there is a now a 2.3GW flofrom northern GB to Norway (rather thaa
2.8GW flowto northern Britain from Norway under a national pricing markeinplying an overall
change of 5.1W in flows between Norway aratthern GBfor this hour. The opposite effect is
observed with scheduled flows to France in this sample @aaheduled exportfom GBto

France of 7.7GW under a national pricing regime are instead, under a nodal regime, ito[@®®s
from France of 6.1GW implying an overall change in net scheduled flow to France of 13.8GW.
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83. 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 ES1.

Figure EQ1: Net change in imports and exports between GB and European countries, LtW (NOA7)
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84. AsFigure EQ1lillustrates, the most significant impacts are on flows to and from Frgmeith
between a 20% to 50% reduction exports from GB over the forecast peripdnd to and from
Norway¢ with exports to Norway frormorthern Britain increasing by between 20% and 30%.

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

85. All of the scenarios we model envisage large scale electrification of the transportation sector and,
AY LI NIAOdzZ FNE GKS NIYLAR FR2LIGAZ2Y 2F @f SOGNRO
constitute a major proportion of electricity demand and also offer the possibility of providing
flexibility to the grid. Such flexibility can result from charging only when electricity is relatively
L SYyGATdzZ = FyR |faz2 7T nNiyge edeighatkdntdilie GetwOrk &tdindes o I (0 G
of relative scarcityFigure 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 ESQ2 illustrates a transition to a nodal price regime would lead to higher prices in this

particular hour in the south of Britain. iBhleads EVs to cease charging in this lggarexpectation

of lower prices later in the eveningwhich serves to alleviate the transmission congestion on the
network. By contrast, under a national price market design, the lower price means the EY fleet
the south of Britain would continue chargiqdhus exacerbating the transmission congestion. We
find that overall, for modelled year 2035, there is a differemceshenEVQ & chalyiig between a

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

13 This calculation fixes the amount g@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 relatdtbtesale

prices that cause EVs to operate differentiyg(,extended periods of £0 prices), but we do not consider them to be

material.
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87.

88.

89.

Key finding 1. Greater locational granularity in wholesale markets has the potential to
reduce the need for transmission investment relative to a nationadgpregime. 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 saenario modellechas 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 dal basis, the main differences are represented below in

Figure EQ3.

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 Z68@n the underlying
generation backgrounds were the same for both transmission plans, we coutfahe 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 evaied atc £28bn over the &-year modelling period
(undiscounted)This represents the difference between the two forecasts of constraints costs
under the different transmission plapasshown above irfrigure EQ3. By contrast, under a nodal
regime, the sme set of transmission enhancements have a benefit of £3bn.
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90. 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 highétEither case would, everything else equal, reduce the
need for additional transmission and therefore the benefits of @giransmission enhancement.

91. 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 E]1, the wholesale market nationg@kice may encourage imports from Norway into GB
and exports from GB to France at times of system constraittiereby, in practice, worsening
congestionln a locational wholesale market, the transmission constraints are reflected in the
wholesaleprices meaning that imports into and exports from GB can only work with the
transmission system rather than againstiit.essence, locational pricingnd in particular nodal
pricing, allows thevholesalemarket to optimise the use of all the flexibdeneration and demand
assets of the system in a way that national pricing simply ca@igen this greater éctivenessn
usage of the current asset base across the entire value chain, a given incremental transmission
asset can only be relatively lessrigficial under a locational pricing regime than under a national
market design.

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

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

94. We should emphasise that this conclusion on transmission investment does not suggest that
upgrades to the GB transmission systara no longer required under locational pricitgstead
our findingsshowthat, alocational pricing regimean be complementary to transmission planning
and investment, reducing the requiremerfts additional transmission.

Key finding 12: Globally, z0rand nodal electricity market designs have become
increasingly prevalent over the last 20 years.

95. As part of our work, we reviewed the historical and current electricity market designs for other
Organisation for Economic @peration and Developmert & l6%/0 02 dzy i NA S& ® h dzNJ
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 incentivisetb site nearer larger, and more remote, generation (whpriees
tend to be lower) This effect is not modelled.
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96.

97.

98.

99.

Figure ES4: Installed capacity by markdesign 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 Zaland and the New York market (NYI§Operated on a nodal basis. Sinben, zonal

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

markets that operate under a national 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 egtveal or nodal

pricing. Sweden, for example, adopted zonal pricing and in the US, the markets of Texas and
California switched from zonal pricing to nodal priciflgis trend is continuing, for example with
hydFNA2Qa GNIYyaAlA2 I 2AYFREF (IKBOIFEAINYRKE QS
wholesale electricity market dispatch systewia 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 thevestipart 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 imé 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 fECOT) and the Souwtlkst Power Pool (SPP) have high proportionsiot
generation; and

< California (CAISO) has recently observed significarmubbf solar andbattery storage.

C. Conclusions and final thoughts

100. The UK has set itself the ambitious goal dfiaving 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
complexityasmore 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 are determined.

101. Ultimately, prices provide sigtgthat convey information to producers and consumers of a
product. When a product is plentifglin that the supply of the product is abundang low price
signals that more of the product can be consumed at relatively low cost 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 this respect, electricity prices aneended to be no different to the prices of
products in other marketg they signal when, and where, the product is relatively scarce and
relatively plentiful.

102. As we evolve towards Net Zero, the intermittent nature of renewables generation will likell res
in our electricity system rapidly and frequently switching from periods of abundant supplies of
electricity to periods of relative scarcity. We have shown in this study that within GB, these
fluctuations will frequently also be regional in natugé 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 relative scarcity. The current design of our electricity market seeewglipped to
manage these fictuations, as wholesale prices do not reflect locational imbalances in demand and
supply.

103. 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 consumasefits in GB under all
scenariog; with consumers benefihgin all region®f 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 dias quo would likely impose very significant additional costs on
consumers, and could delay the decarbonisation of the power sector.

104. There would inevitably be challenges in transitioning to locational wholesale pricing in GB.
However, our review of interrteonal experience suggests that such challenges can be overcome
with costs that are small relative to the potential benefits. The experience of other countries
should provide confidence that locational pricing could play a significant role in facilithéing
more efficient functioning of a decarbonised electricity market in GB.

105. We trust that our assessment will be informative to policymakers, industry and consgraats
hope that our findings can contribute to delivering Net Zero ambitions on behatinsiueners and
citizens in the UK.
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1.1.

1.2

1.3.

1.4.

15

16
17

18

Introduction

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 large-carbon
emitting power stations that prevailed in most of the developed world until recendiych as

those fuelled by oil, coalnal gas; 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.

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 pumpg{"HPs" /¥ 2 NJ KSIF dAy3 K2YS&a FyR St SOGNRO 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 congaimNotably, the era of

digitalisation offers the possibility of much more sophisticatedsumerdemand management,

while technologicadevelopmentsallow forgreater potential to store electricity.

The United Kingdom is one of the world leaders in theatbonisation of the electricity sector. The

share of electricity produced by zeoarbon resources has more than doubled since Z0hile

emissions from the power sector have fallen by more ti#&% over the last three decadé&s.
a2NB2@SNE (KS D2 @S Nients/cantriButioh to gighd WarniikgyS RA yi @ N R dzC
legislation that creates a legal requirement tarihg all geenhouse gas emissions to net zero by

2050' and, more recently, committing tdecarbonisehe electricity system by 2033.

While the ways in which we produce and consume electricity are undergoing radical

transformation, the way in which producers trad&ctricity with consumers has remained
NBfFGAGSE @ dzy OKFy3aISR Ay DNBFG . NAGFAY 6aD. €0
designed to enable producers of electricity to compete with each other to sell electricity to

consumers (both large indusit consumerand retailers that serve domestic and small business
consumer$. Known as the New Electricity Trading Arrangements ("NETA"), the current GB

wholesale electricity market arrangements were developed in the late 1990s, going live in
March2001®

National Grid'¥Energy Explaingdaccessed 24 February 2023k). According to National Gridero-carbon sources
provided 48.5% of electricity usea 2022 up from ¢.20% in 2.

BEIS2021),'2020 UK greenhouse gas emissions, provisional fig{ires.

BEIS2019),WK becomes first major economy to p&det Zero emissions la@/ink). HM Government (2021),
British EnergysecurityStrategy(/ink). Note, the 2035 decarbonisation targets are subjecetsuringsecurity of
supplyin the GBenergy system.

NETA replaced the previous market arrangements known as the ;Rttedduced at the time of privatisation in
1990.
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1.5.

1.6.

1.7.

1.8.

19
20

21

and Wales; Scotland sat outside of this market, with its prices administered to match those in
England and Wales. Following its perceived sucé@¢&TA wasxtended to Scotland in 2005,
creating a single GB electricity market, operating under the British Elecfrieiting and
Transmissioh NNJ y3SYSyia o0a.9¢¢! €0

of the NETA market have remathbroadly 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 increasingtgated?® Without reform, there are

The original NETA design (and its predecessor) only applied to the electricity markets of England

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

concerns that the costs of achieving Net Zero may be materially higher than they need to be, to the

detriment of consumers and citizens.

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 varies for eatindfe settlement period;
reflecting prevailing national demand and supply condiiamthat half hour. However, in many
other electricity markets across the globe, wholesale prices vary by location as well as by time

period. In these electricity markets, wholesale prices reflect local (rather than national) demand

and supply conditionef the electricity system for each settlement period.

The issue of location in wholesale electricity prices has received further prominence since
March2022 as the National Griddgetricity SystemOperator ("ESO") completed a Ifonth

programmetitled Net Zero Market Reforms. This programme explored how GB electricity markets

may need to evolve to support a carbfnee electricity system by 2035 and to enable whole
economy decarbonisation at an acceptable cost to consumers by. ZB&0third phase of the work
identified a number of significant problems with the operation of the current electricity market

0K { asishiyiecadse the wholesale market price is missing a key component: dynamic real

time locational signafs?®

Ofgem(2002) Weaflet for British Electricity Trading and Transmission Arrangei@ients.

For example, see ES Catapliit, Institute For Global Changénk), Policy Exchanger(k), UCL|{nk) and Oxford
Energy |(nk). The recent summary of responses to REMA (published March 2023showed that 80% of
respondents agreed WitPESNZ K § OdzKBB ¢ii YI NJ SG F NN» y3ISySyida I NB
CKS F2dzNJ AadaddzSa ARSY (A TA G@naticénd dcéeleratdginoreageSnNdnsmiigsioni G
constraintmanagementosts despite significant transmission investmeirisreasingly challenging balancing of the
network, with growing levels of inefficienlispatch market signals leading to twevay assetsquch as
interconnectors and storage) sometimes exacerbating transmission constraintg<uficient signals from the
current market design to fully unlock sources of flexibility required to facilitate Net Zsee National Grid ESO
(2022F Wb S (arkétRBefaBn, Rhase 3 Conclusicfis k).
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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. Fuli KSNXY2NBX (GKS 5SLINIYSydG F2NI 9ySNHe& { SOdzNA e
Departmentfor. dza Ay Sdasz 9y SNHE& 9 LYRdzZAOGNARIE {GNIGS3e
al NJ Sd ! NNRBEVE SvABriy 2022 whict seeks texamine potental options to reform
the GB electricity markedesignii 2 Sy & dizfabthepirpode ®f maintaining energy security
and affordability for consumers as the electricity sector decarbani$@&his consultation opened
in July 2022ndput forwardthe @ GSNY YSy i Qad 202SO0GAPSa TFT2NJ St SOI
an initial assessment of reform options. One of the refotmder consideratioris the potential
introduction of more granular locational signals in the electricity wholesale market.

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

1.11. It is in this context that Ofgem has engaged FTI Consulting ("FTI"), supported by Energy Systems
[ I G Lzt G edfdrmd gn/agsesdineni & the dosts and benefits of introducing locational
pricing into the wholesale electricity market in GB. This report is our independent assessment of
the expected costs and benefits, informed by substantial stakeholder engagememt-dadth
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 wholegarice of electricityo one 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 studiesohe
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 estthmaimpact
on producers 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 meansgbaerators at different
locations wouldikelybe paiddifferent prices for electricity. It also means thander 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 ould vary, and we have
alsoassessed the expectedgionaleffectsof different locational market design options.

1.14. Finally, we have considered some possible transitional measuaésnayaccommodatehe shift
from the current market design to a locatiomahkrket designand assessed how these might affect
the overall expected costs and benefits.

22 BEI2022),'Review of Electricity Market Arrangememt€onsultation Docume|ink).
23 Ofgem (2022)Wocational Pricing Assessmgéitik). This assessment arose frahre Full Chain Flexibility Strategic
Change Programme.
24 C2NJ AyaidlyOoSs (GKS 'Y BYSABeVHUBEISE NOKI/ SKSNEOBE NBLBRA 2 Y
St SOGNAOAGEQ Fa LdzbHAaKSR 2y n hOG206SNI HauH O
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1.15. The findings in this report are intended to provide Ofgem, and in tienGovernmentwith an
objective and wetkvidenced 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 bi#SC submitted a proposal and, after being
shortlisted and interviewed by Ofgem, were selected to undertake the assessment in R0#2h
The FTI teafficomprises UK, Europe and US experts with bimeskd and irdepth global
experience in both the desigrf electricity markets and modelling of these markét3he 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 assessmenbt least from our experience from other
electricity markets that have transitioned to locat@nwholesalgrice<® ¢ 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 toa 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 asasonably possible of our methodology, our assumptions 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 modellingol, Plexos, taquantitativelyassess different possible
designs of the GB electricity market;

< sought, wherever possible, to use thifghrty publiclyavailable information as inputs into our
modelling. In particular, we have used widelgcepted, industrstandard data produced by
ESOand KS 9dzNRPLISIY bSig62N] 2F ¢NI YyaYENTESERY { &4/l
for potential scenarios dhe evolution ofelectricity generation, demand and transmission
components of the electricity sector over therécast period. Furthermore, we have sought
advicefrom industry stakeholders as to which scenarios are most appropriate to use in our
modelling;

B h¥FIASY OHNHMO foPBEdBE Rriging iGBIATdcknital Assessment: Contract Reference Numbeg2021
MpoQ

26 The FTI experts involved in the report include Jason Marii),(Joe Perkinsi{ik), Martina Lindovskai(ik),
William Hoganl(nk), Scott Harveyii(1k), Susan Popeayiitch DeRubisnd Fabien Roque&i{k).

27 previous work includesResource Adequacy Mechanisms in the National Electricity ME@@20) (ink); Essential
System Services in the National Electricity Ma@@220) (ink).

28 The Energgpystems Catapult experts involved were Gleyvey(link), BenShafranand Georgeéay

29 Members of the FTI team have been involved in the transition to maeudar locational market designs in several
energy marketsn North AmericancludingOntario (ESQ, California CAISQand Texas ERCOT
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https://www.fticonsulting.com/experts/william-hogan
https://www.fticonsulting.com/experts/scott-harvey
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
https://es.catapult.org.uk/about/slt/guy-newey/
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1.18.

1.20.

1.21.

1.22.

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

< held bilateral discussions with a wide range of GB industry participiactading 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 Européde industry group, the European Federation of
Energy Traders;

< held meetings with senior executives of-b0&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 er the modelling periodyvhich includedneetings with senior
management and control room personnel;

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

< met DESNZrequently to discuss our gpoach, 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 ofdtte@dology 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 robustness and analytical inpjefctiv
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 consequencgany person other than Ofgem acting or
refraining to act in reliance on the report or for any decisions 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 keypéissis (ink); oursecond
workshop in August 2022 provided anitial overview of our emerging assessment resutts<); and our third
workshop in October 2022 set out an updated view of assessmenti(1k). In June 2023, we conducted two
further workshops in London and Glasgow to present a summary of our findings to stakeholders.
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https://www.ofgem.gov.uk/sites/default/files/2022-09/FTI%20Workshop%202a.pdf
https://www.ofgem.gov.uk/sites/default/files/2022-11/Workshop%20Slides%2020th%20October.pdf

ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 38

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 redat 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 afethe report.

We accept no responsibility for updating the report or informing any 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 Chapter 2 describes the background of locational wholesale electricity market design.

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

Assessment approach and methodology:

T Chapter4 sets out our @erall 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 apacity 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 Chapter9consoliddesourY2 RSt t Ay3 NBadzZ Ga Ayaz F /240
expected impacts on consumers and GB as a whole.

T Chapterl0sets outour indicative assessment of the benefits of incremental transmission

T Chapter llsets out the results of our setisity analysis.

Gonclusions of our analysis and final remaskhich isset out inChapter12.

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.

31

32

34

Background: locational options for electricity market design

From the 1980s, policymakers in numerous jurisdictions acresgltbe wished to reduce the role
of the state in many sectors of the economy, believing that privadgiped businesses were more
likely to be efficient and deliver better service to voters than statned monopoly businesses.
This led to avave of privéisations and liberalisation& whichGBwasat the forefrontq
successively privatisirits telecoms, gas, water and electricity sectors between 1984 and ¥991.

In the electricity sector, GB policymakers were concerned that the -stateed Central Electricity
DSY SN} GAy3 ,tiatolded andiopeaied dll the electricity generators and the
transmission network in England & Waless inefficient in both its planning and development of
the sector and its operatioff.As well as harnesng 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 transferredvhdically-integratedgas
company, Brish 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 through lower electngtrices.

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 cagtipve. The proliferation of electricity
generators adopting different technologies of varied vintages (typically coal aficedithermal

generation, nuclear, hydro and pumped storage) afforded policymakers the opportunity to develop

competition in thegeneration of electricity®

CKSNBF2NBEz (GKS /9D. ¢4 RAGARSR Ayid2 bl OGA2Yylf

the transmission network, which was subject to monopoly regulation, and twenuatear
privately-owned electricity generating conapies each owning a portfolio of power 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 providetd platform for generators to compefé.

Armstrong, Cowan and Vickers (1998egulatory 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 generats in 1995.
Armstrong, Cowan and Vickers (1998egulatory Reform: Economic Analysis and British ExpetE Press

(

See Naton DNA RQ& ONRST 2y GKS W A&G2NE

).
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https://mitpress.mit.edu/9780262510790/regulatory-reform/
https://mitpress.mit.edu/9780262510790/regulatory-reform/
https://www.nationalgrid.com/about-us/what-we-do/our-history/history-electricity-britain
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/910153/gb-electricity-market-implementation-plan.pdf
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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 typitha chose not to separate (or unbundle) the transmission business from the
generating companies. Instead, to introduce competition between generators, policymakers
separated out the system operator part of the electricity companies into an independey.enti
¢KS LYRSLISYRSY(d {2aiGSY hLISNIG2NAR 6aL{hat¢ovz I a
(but not owning) the transmission system and ensuring that all generators in their region had non
discriminatory access to the network through the operataira wholesale electricity market.

2.6. It is the details of how these wholesale markets for electricity waitke design of the market
and how they allow electricity to be traded between producers, consumers and storage providers
that is the subject of thi 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 participantsSection B.

A. 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 palygperation of electricity
systems, consisting @itentiallythousands 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 physicatonstraints 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 frin the nominalsystemfrequency (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 rtisktut the
entire system blacking out.

< Law 2:Second, in Alternating Currerd{&) systemseglectrical current is distributed over all
possible pathways in inverse proportion to their impedan&a implication of this is that a
power stationA Yy 2SOl Ay 3 LI2gSNI 2yiG2 | YSAKSR 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 aidoe 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 been developed across the
globe, the laws of physics rae that there is one common theme across all market designs (and all
market structures either liberalised or ndiberalisedci KS ySSR F2NJ I a&adasSy :

2.10. The need to balance on a secebgsecond basis across the entire network (Law 1), takito
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 dispatclas it is most commonly termed) of all
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2.11.

2.12.

2.13.

controllable planson the system at the moment ofetivery (known as redlme).® 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 renewhles output), outages of transmission cablesunexpected changes in
demand. Increasingly, the SO may also have a role in encouraging derdarftxibility, which

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

Aheadof dispatch, electricity systems need to plan for riiade by identifying the combination of
controllable plans and demanekide flexibility that will enable supply of electricity to meet the
demand in the forthcoming period. This is known as scheduinipe context of this study, we
discuss, first, the approach to developing the schedule and, second, the approach to pricing within
an electricity market.

Scheduling

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

< Centralised schedulingllowsthe SO to schedule the intended running profile of ptatiead
of reaHime ¢ typically at the dayahead stage on the basiof offers(and usually other
technical information) submitted by generatofsThe 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,1fe 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 gatesure.After gate closure,
the SO takes control of the system, which might involve adjusting the output of some plant
away from its intended operating profile to ensure compliance with the physical realities of the

systemThe SO has arange oftoolstb h S (G KS&aS | R2dzaGYSyda G2 LI

running profilecy 2 i 6t 82 Ay GKS D. O2yidSEGET GKS . If
contracts with market participants (known as ancillary services).

We briefly discuss each approach in turn.

35 We define controllable (or dispatchable) plantaagenerating 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 wig@#2/23¢seeb | G A2yl f DNARQ&a ONAST
Flexibility Servicei(1k).

37 We describeliese different approaches as centralised or8efD K SRdzf Ay3Id ¢KS@

dispatckE 2 Ndlispatc& i this terminology can be misleading dispatchis in practice centralised for all
controllable plansin all markets. Rathat is the scheduling of plasthead of real time that is either centrally or
selfscheduled depending on the design of the market.

38 QOther 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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https://www.nationalgrideso.com/electricity-explained/electricity-and-me/esos-demand-flexibility-service
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Centralsed scheduling

2.14. While theSO may release advance warning of certain system stress conditioresyarhoose to

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

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

cannot always select the lowepticed offers. Rather, the SO has to consider a latgeber of

other factors in choosing which offers to select and therefore which plant to schedule to run. These
include incremental energy offers of power plants (particularly thermal generztbsgstem

stability requirements, and the finite capacitytbe transmission networki.e.,the need to respect

Law 2 abovk Where there are transmission constraimteneaning that there is insufficient local
demand to consume the output of local power plants, and insufficient transmission capacity to
convey thatoutput to other parts of the systemthe SO will often chooseffersfrom relatively

costly plant in areas thare not impacted byransmission constraints, in order to meet the
geographical pattern of demandhe term for this scheduling is secufitgnstrained economic

dispatch which is used in the dagheadstageas well as in real time

Seltscheduling

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

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

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

39

40

41
42
43

over a set time paod 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-8@inute period is less than or greater thaéhe

LI NI AOALI yiQa O2y i NI ©Oihénibaladee priaiSeloreffettively &cksas LIS NJ
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 electricitather than, say, being scheduled for outagestiow for
maintenance.

In the case of storage, the SO would take account of retipcefficiency (losses) and operation and maintenance
costs in scheduling the resources.

European Commissiq2017),' Establishing a Guideline dhf SOG NR OA D). . It yOAy3IQ o

The EU normally requires 4Binute balancing periods, under its 2017 guideline on eletyrizalancing [(nk).

The imbalance price has evolved over time, and GB currbafig single imbalance price across the countryethc

by all market participants, whether long (oveenerating / undeiconsuming) or short (undegenerating / over
consuming). Until 2015, there were two separate imbalance prices, with a higher price paid by market participants
who were short than those wdhwere long. This provided particularly strong incentives to avoid the imbalance price.
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2.18.

2.19.

metered output or offtake ofhe market participant? This means that electricity consumers and
their suppliersare incentivéed to contract to buy éectricity from generators ahead of reéime in

a way that best matches their expected consumption in a future peftederators 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.

This approach isomewhatconsistent with respecting Physical Law 1, in that theeeincentives

on individual participants that encourage the aggregate balancing of supply and demand every
30minutes?®*However, Physical Law 2 is entirely ignored in the current GB wholesale electricity
market. This has the potential advantage that nergarticipants do not need to consider their
respective locations when contracting with each other. However, it has the disadvahttge

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 netwaqitke 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 maidetiermined €hedule 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 systel@mand

As a result, the SO makes adjustments to the nominated running profiles afecigsure 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 process often termed redispatch, to either
increase or decrease intended output @nsumption) from the notified outpuor consumption)
profiles submitted at gate closure. The costs of these trades by the SO are recovered through a
charge across all electricity consuméts.

4 The design of an imbalance price can highly challenging and contentious as can produce distortionary incentives for
market participants to keep the system balandadach locationSome of theséssues are raised in this paper
Chaved At SG Ffd® OoHnmMoUO WEKS AYGSNLI & 0SiG6SSKnalksigo I €

27T

(KS DSNXIYy S0SOGNROAGE YINJLSGQ 6

45 This is obviously some way from the secdnyesecond balance needed to respéttysicalLawl fully, which is
partly why the SO takes control dispatchafter gate closdilS (2 aFAy S GdzySé AyiSyRSR
46 The Balancing Services Use of SystiB8\(o$ charges.
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2.20.

2.21.

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 kalance injections of gas onto the network with offtakes of gas (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 snilarities 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 national transmigs®i 6 SY 6 dab ¢ { ¢ 0
operate at pressures between 40 bar and 90 Barhe electricity sector equivalegtfrequencyg
has a tolerance of +/1%.

Furthermore, while gas does flow around the system to equalise pressure (akin to Law 2 of the
electricity systen) it does so very slowlyat about 30 mpH2 Combined with high tolerances, this
means that, in contrast to the electricity system, there can be material variations in pressure in
different parts of the system at the same point in time. Furthermore, c@sgorsand valvesan
0S dzaSR (2 GRANBOGE I & Ay OSNIIAY RANSOGA2YyA:

Pricing
A further fundamental market design decision is the extent of locational granularity of prices across
an area.There are thee broad optionghat electricity market$ave adopted:

< Nodalpricingo I f a2 {y2¢y Fa €20 GA2¢dctfnodébnNEBA Yy I £ LINA ¢
transmission system (typically defined as each injection point, offtake point and transmission
line intersection atransmission substations) can face a different price. Examples of markets
with nodal pricing are New Zealand, Singapore auaahyall organisednarkets in the US (such
asCAISH9 W/ he¢X {2dziKgSad t26SNIt22fFf -NEafdPIM 0 b Sy

< 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 | NB f | Y R 0 @ Indéfmedént SysfeR Ofieka®r New
Oy At I yIRIHBGLIEF2NBE NI yarAdAz2yAy3a (G2 | y2REE Y

< Zonal pricing The market is divided into several different pricing zones. Within a zone,
electricity prices are identical, but they can differ between zoBesmples of markets with
T2yt LINAOAY3A AyOftdzZRS ! dzAaGNI E Al O0AY GKS Dbl GA
{6SRSy® ' { YINJ]SGa adzOK Fta GKS /FEAF2NYAlL Ly
9f SOGNRO wStAIO6Af AGE hadXaal fritifg befofe tranSitioming tod & 9 w/ h
nodal market.

We discuss these in more detail below.

47 National Grid GSO (2018pperational Overvief|ink).

48 The actual flow rate varies and is a function of a number of factors such as upstream amstrdam pressures,

friction of pipelines, and gas flow temperaturEhe panhandle equation is used to calculate flow rate (detailed in

).
9 ¢KS IS23INF LIKAOFE NBFOK 2F /! L{hQa ¢K2ftSaltS St SOGNKOA

do so) into neigbouring regions, collectively known as the Western Energy Imbalance Market (
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https://www.nationalgrid.com/gas-transmission/sites/gas/files/documents/Operational%20Overview%202018.pdf
https://www.pipeflowcalculations.com/pipe-valve-fitting-flow/compressible-gas-flow.xhtml#:~:text=The%20Panhandle%20friction%20factor%20is,using%20equation%20for%20isothermal%20flow.
https://www.westerneim.com/
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Undernodal pricing there are individual electricity prices for eattajor injection or offtake point

on the system. The price at each noddeefs the cost of meeting an incremental unit of demand

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 ahdrmal 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 Wigiherdemand and
limited low-cost generatior?! The extent of price differences will depend in particular on whether
there are transmission constrainggf the transmission network is built extensively relative to
generation and demandegionalprice differences will usually be Iowriven primarily byechnical
losses in transmitting energy across the coufitdy.there are significant transmission constraints,
there will also be significant price differences, reflecting phgsicaimpossibility ofconveyng

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

centrallydetermined schedule. With nodal pricirgypply and demand are cleared with reference

to transmissio and other security constraints to produce an initial schedtilee intended running

profiles of generators are in line with expected demand on the system (Law 1) and the intended

GKS GNIyavyiraairzy ySig2N

Nodal pricing
2.22.
at that specificnode in thatspecificbalancing period?
2.23.
electricity from areas with surplus generation to those with high demand.
2.24.
running profiles of generatoralsoNB & LJS O (i
(Law 2)3
2.25.

50

51

52

53

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

and settled on that basis. After the schedule is set, the SO refines it in the torregHtime in
light of improved information as to the actual likely level of demand and updates to generator
availability and transmission capability.

The duration of balancing periods in many nodal markets has reduced over time. Margpaoate 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 efdttricity 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

AAAAA

generationandi NI YA YA &&a4A2YyY 2NJ dzy SELISOGSR Tt dzOlidzZl GA2y-da Ay 3ISy¢

2LIGAYAAlLGA2YE 2F
intended outputs in the energy market.
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2.26. A final set of nodal prices is therefore set in riide. 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 the dayahead market and the metered volumes faah participant at each node.
Hence, a participant that is shoitg.,has undergenerated or oveconsumed relative to its day
ahead contract volume) at that node pays the raale nodal price for the volume of the
deviation. Converselyhose participatsthat are long i¢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. In a national pricing market such as @t wholesalemarket operates thragh participantto-
participanttrading either as bilateral trading or through exchanges. The wholesale price is
therefore presented as the clearing prices by the marginal plant in auctions (typicaldhdag
auctions) conducted by power exchanges. Magsatticipants are not required to subrrainy
financial informatiorof these trades to the ES{istead,they arerequired to submit their physical
notifications to the ESO up to gate closuls.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. Marketasticipants can bid in the prices specific to each unit and
location that they will accept to be constrainedf (for their generation to be turned down, or
demand increased) and offer the prices that they will accept to be constrainggor their
generdion to be increased, or demand reduced). The SO then chooses the combination of bids and
offers that it determines will minimise system costs, taking into account the locational constraints
on the system, as well as other factors such as the need to pFa@ncillary services.

2.30. ¢ KS . a-agtdA RELI &Y S yAy3a (KIFG &adz00SaaTtdZ @ RRSNA
opposed to a payasclear pricing market).

2.31. As well 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 s0), how much information to gather from market participants, and which market participants
are able to participaté&?

54 Prenvious work for Ofgem has found limited participation in the BM by providers of Demand Side Response, for
instance¢ CRA(2017),W! aaSaayYSyid 27F GKS Sidepsriigaticd inthe Bata®ing2Mech&B8n | y R
and an evaluation of options to improveO O Si@®m Q 0o
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2.32,

2.33.

2.34,

2.35.

Zonal pricing

Under a zonal price structure, thearketis divided into several differeqtrice zones. 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 orethalance of supply and demand across
different zones, and the capability of the transmission systbetwveen the price zonesThe

number of zones could in principle be large (up to the number of nodes on the transmission
system), but in practice countrig¢sat have adopted zonal pricing typically operate fewer than ten
zones.

Zonalpricing marketsancombinedwith a selfscheduling desigras is the case in the NordPool
system across Denmark, Finland, Norway, Sweden and the Baltic couBélissheduling such as
the NordPool system typically occurs within the zdnghesemarkets, there are two broad
approaches to allocating transmission capagcityarket participants could either book crezenal
transmission capacity or be subjected to a masgetiding algorithm that incorporates the value
of transmission capacity into the zonal spot priee.

Alternatively,zonal price markets can betegratedwith 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.

While zonal markets introduce stronger locational signals than national pricing, they can face some

additional issuesparticularlywhencombined with selscheduling. This includefifficulties in
determining the zones, and in altering zonal boundaries as th&thransmission network and
patterns of generation and demarevolve over timeé® Moreover, there will usually remain some
need for the SO to carry out redispatch within zones to reflect intnaal transmission
constraints®’

51y SELXFYyFGAZ2Y 2y RAFTFSNBY G FLILINRIOKSE G2 Fft20FiAy3
2y WOELX AOAG | yR AnY)LTheANOriob| syStenh.aHidodte$ #ansmidzdi dagayitRusiag implicit
auctions, see Nofe2 2 f DNR dzLJQa ONRPBTF 2y W/ I LI OAGASaAQ o

6 See, for instancekickle and Schittekatte (2022, aitical assessmendf arguments against nodal electricity prices
in the EuropearR S 6 HiGl$ Q

57 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 zoees®n 16y AY HAHA UV ® { SS ¢ Indhe Besults ok y
Monitoring the Internal Electricity and Natural Gas Markets in 2QE@ectricity Wholesale Markets Volumen().
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https://www.nordpoolgroup.com/globalassets/download-center/pcr/how-does-it-work_explicit-and-implicit-capacity-auction.pdf
https://www.nordpoolgroup.com/en/trading/Day-ahead-trading/capacities/
https://energy.mit.edu/wp-content/uploads/2022/02/MITEI-WP-2022-01.pdf
https://acer.europa.eu/Official_documents/Acts_of_the_Agency/Publication/ACER%20Market%20Monitoring%20Report%202020%20%E2%80%93%20Electricity%20Wholesale%20Market%20Volume.pdf
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Box 22: Selfschedulingin nodal markets

While one of the key features of nodal markets is the use of a centradisleelduling system to
facilitate efficient scheduling, commitment and dispatch across all of the nodes in the market
nodal market designs (such as in the Blfw market participants to choose to both seimmit
and selfschedule resources as an option.

In these designs, market participants choose, at aatsgad stage, and again in reahe, whether
to selfcommit and/or seHschedule their resources. Resoas that seicommit in the dayahead
market will have financiallpinding schedules like other resources, covering thecmtimitted
and/or If-scheduled output. The SO then optimises the schedules for individual resources, v
taking the minimum lod schedules of sefommitted units and seléchedules as a fixed input in
the optimisation. The resulting hourly schedules represent binding financial commitments to
YIN] SG LI NI A OA LI y Usare paif Re cledrifig pica fhe noGaNijaleéived_Jt
from the SO clearing algorithm. A key difference from thesgteduling in GB markets is that
these commitments are specific to each node at the-dhgad stage and settled at the dahead
nodal price.

Any deviations from secheduled volmes would be exposed to the retiine price and may be
subject to deviation charges.

Resources that do not sesbmmit in the dayahead market can choose to setimmit their
resources in reaime, selling their output at redime nodal prices. Equallgsources may choose
(or need) to recommit in real time relative to their dajjead commitments in this case the
deviation between dayahead volumes and redime volumes are settled at the retime nodal
price.

The ability to selschedule also allowsf the possibility of market participants entering in ex ant
physical contracts similar to the GB market. In this case, matched physical contract volumes

most

vhile

<,
[t

e
are

nominated into the settlement process (for both production and consumption) and only deviations

between the metered volumes and the contract volumes are settled at thetimal nodal price. A
key difference to the GB regime, however, is that the matched physical contract volumes are
settled at a specific location. To the extent that the seller antsamer are at different locations,
the seller is responsible for paying the difference in the nodal prices between its supply soura

the trading point and the consumer is responsible for paying the difference in the nodal prices

between the trading pait and the location of its load.

However, it is important to note that sellers do not have to-seliedule their resource to cover
ddzOK | & LIK & Aheybuld allove thieir iedoDdde  be economically dispatched by th
system operator and covéneir bilateral contract by purchasing power from the grid when the

[97]

e and

LMP price is lower than their incremental cdBecause all contracts are ultimately financial in LMP

markets, much forward contracting in LMP markets is structured as contracts foedittes

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 p
outages, changes in load obligations and otherdest

¢CRLIAOIEEET aYdzal NHzyléw castoytRuNandiad iNSDilitydtd fal@vdlispatih?

instructions) such as nuclear plantsuld choose to sel€ommit and selschedule their output in
the dayahead market, while thermal units with Igrstart up times may setfommit their

minimum load block to ensure that they are online but allow the SO to dispatch them econon
based on their offer price©ther types of resources, such as run of river hydro, mayssaédule

ant

QX
(0p))

ically

their output in red-time based on reatime river flows.
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2.36.

2.37.

2.38.

2.39,

2.40.

Theoretical impacts of different market design approaches

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

< 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.

In each suksection wecower bothquantifiable and qualitative impact$hese are theoretical
impacts designed to illustrate how different approaches could affect different grdMpsalso
briefly outline the approach we have adopted in this study for assessing the quantifiatdetanp
that is the focus of this repor©Our modelling work, described in later chapters, provides an
in-depth assessment dahe expected impactsf locational pricing in the GB context.

Shortrun impacts

We might expect limited effects ¢dcational pricing on overall efficiency in the short rug.(

when assuming fixed capitaimix across different market desighsThis is because, as emphasised
above, ultimately all systems need to be centrdigpatcted. With the same patterns of deand

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 beéweyenerators, storage providers and
consumers.

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 and wholly national pricing. We then discuss
how efficiency oflispatchcouldin practicechange across different market designs.

Differences in financilbws in different markedesigns

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 sgztion.

capUT R F.T I

Energy Systems CONSULTING



ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 50

Figure2-1: Simple two nodavorkedexample

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: Highdemand

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 b800MW, 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 2vhile

T those at No@ 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 NRxde

< We assume that there are no transmission losses, perfect foresight (so thatdahemno
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 technical limits on its
operation®®

Worked example:ational price market outcome

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

59 Such as costs of ramping up or down generation.
60 200MW*£45 = £9,000 and £300MW*£45 = £18)5
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2.43.

2.44,

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 theiended 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 consistettt thie physical reality, generators at

Node A wish to generate 500MW in aggregate. But only 250MW 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 B¢ 300MWis committed tobe generated (by Generator 3)

and 50MW can be imported, yet 550MW is demanded.

This is the transmission constraint tHa®needs to intervene in the market to resolve. It does so
through theBM. By assumption, Generator 4 Wit prepared to submit an offer into theM
expressing a willingness to genergtéhat is, to sell to the SQat £50 per MW for up to
300MW$5?

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 whiit 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 thigxample, at the time of gate closure, Generators 1, 2 and 3 submit brgsltce
their generation in the BM at their prevailing marginal castd £20 per MW, £25 per MW and

£45 per MW respectively. Given this structure of bids and offers into the B 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 MWWThis ensures that demand

in Area B will, in aggregate, be met wBBOMW 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 theystem. It therefore chooses the most favourabid, which is the
highestpriced bid to reduce generatioqin this case from Generator@of £25 per MW. The SO
therefore accepts £25 per Mifrom 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, 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 e@mand of 800MW in that period. Overall, the following 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 £13,500rfBOOMW 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 corttraarket and generates 300MW to
meet that commitment. It incurs a cost £13,500 insodajigli A a GKS &Yl NBAYL f
the national markethis period that sets the marketlearing price.

< Generator 4 receives £10,000 for 200MW in the BM (and g¢ee200MW at a cost of
£10,000).

< TheSOpays out £10,000 and receives £5,Q0@plying 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.

2.50. A point worth emphasising here is that the cost incurred in resolving the transmission constraint is
Ffgrea + 02adG Ay (KFG GKS {h YdaAad aGodz2z KAIK |\
generatorthat is located in a higdemand location but is too higbost 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 insigifitdemand and insufficient
transmission to allow its output to be consumed. This is the cost of the transmission constraint that
is then recovered fronsonsumers

Worked exampleotational price market outcome

2.51. Under locational pricing, the marketdgsigned 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.

2.52.  The price is set at each location to reflect the incremental cost of meeting a whehednd 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 £25 pehMWerefore the
price at Node A, in this example, is £25 per MWWt Node B, wre demand to increase lmne unit
to 501MW, Generator 4 would need to increase output from 200MW to 201MW. Note in this
example that Generator 2, although it is less costly and has available capacity, cannot serve the
demand at Node B as the transmisslom 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 respectiveyare used to

clear the dayahead market. Hence Generators 1 and 2 are paid £25 pen MWWheir output of
200MW and 150MW respectivebnd demand at Node A pays £25 per MW Node B,

Generators 3 and 4 are paid £50 per M¥gr their output of 300MW and 150MW respectively and
demand pays £50 per MW

2.54. In this simple setting, there is no need for the SO to make any further refinemetite 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 £5,000r 200MW,

< Generator 2 receives £2,500 for 100NW

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

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

2.56. In contrast to the national pricing regime under a more gianlocational 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\Wfor 250MW, totalling £6,250, while demand at Node B pays £50 peh Ko
550MW, totalling £27,500. Thetal 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 peMWh 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 £32,560.

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

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

62 This surplus is the genesis of many hedging instruments used in locational markets. Often referrE@iRs as

market participants caacquire 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 that the volume of transmiss is available. In the context of the stylised example, if
Generator A were to acquire tHeTRfor 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 tieadfretween Node A and Node

B. Effectively, therefore, Generator A receives the Node B price of £50 pérfdfithat 50MW 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 deyuld wi
For example, should demand drop to 100MW in Node A (rather than 250MW), the nodal price would fall to £20 (as
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 spreadvween the nodal prices would widen to £30 so that Generator A still,

in effect, receives £50 per Miafor 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 approaghare conceivable, in many markets
the rights to the surplus are auctioned to market participants with the auction receipts passed bamkstamers

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 this example is still received by consumers.
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2.59,

2.60.

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

54

National market Locational market Percentage
Output / Revenues/ Output/ Revenues / change in
consumption payments | consumption payments revenues
(MW) (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

is no difference in the efficiency dfspatchas the leastost plant is used to meet demand given
the transmission constraints. However, the financial flows are vigigrent. Generators in the

exportconstrained part of the system receive lower revenues under locational pricing. This is
because, first, the wholesale price received is lower and, second, those generators that were
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

| SyO0Ss Ay 2dzNJ SEIl YLX S=

constrained part of the system under a locational market now receive a clearing price set by the
& OlIttSR o0& U(KS

geneNJ G2 NJ G KI

gl & LINBODA 2dzf
revenues increase by 11% under locational pricing. Generator 4, as the marginal plant on the

system, receives the sanggt is either called in the BM (in the nationalrket design) or sets the

clearing price in the locational market design. Overall, the amount paid to generators is*fower.

There is also a change in the payments by deng@indhis 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 pagdnistraintmanagement Demand

in Node B pays a higher nodal price (up from £45 pettMWES0 per MWh), but in this example
also pays less because it no longer needs to pay its portion of the constraayementost
chargeandit receives congestion rent revenu#s.

83 This might be expected to be typically the case, because infranzngnts will typically be lower as a result of a
closer match between local demand and supply. However, it need not always be so. For insta8g8,3fNJ (1 2 NJ n Q&
costwas£79 per MWh or higher, the total amount received by generators would risthe reduction inthe amount
paid by consumeri node A would be outweighed by an increase in node B.
Note thatcongestion costs, constraint management costs eodgestionrents have different meaings We have
adopted the following convention in this repo@ongestion costeefer to the additionalcoston the electricity
systemarising frominsufficienttransmission capacity between two points on the systestricting flows from
lower cost suppl to meet demandConstraint management costsfer to thespecificcosts incurred by the Sio
the BMto addressheseconstraints Congestion rentsefer the financial surplus from revenue collected from
demandlesspayments to generators driven lprice 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 revaues in a locational market design than under 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 exjgortstrained 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 impanstrained part of the network could either pay

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

constraint managementosts and the incremental revenue passed back to it in congestion $ents.

Overall transitioning to locational pricing withangethe direction ofpayment flowsto generators
Generators in expoftonstrained areas receive lower payments, generators in imponstrained
areas receive the same or higher payments. We can ajsdefaitively that demand in export
constrained parts of the network will pay less. There is no directional certainty, however, on
changes in payments by demand in the impoonhstrained 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. nmodielling, we
assess expected financial flows in the context of the GB market the¢hree different market
designs, based on a wide range of assumptions about factors such as the costs of different
technologies, the configuration of the transmissioetwork and the evolution of fuel price$hese
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 costdf instance, the fuel costs incurred by generators) of meeting
demand in the different market designs is identical. This is an abstraction from reality; in practice,
where there are more than two zones or nodes, we would usually exjisgatch and therebre
generation, to differ between market designs with locational pricing and those without. This is
because a system with locational pricing can optindispatchsimultaneously across all locations.

In general, locational pricing should therefore enablerenefficientdispatch 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. Timeant that in the national market example, it

was possible for the SO to use the BM to balance the system efficiently in that it could call on a
generator in the exportonstrained part of the system (Generator 4) to increase output after being
notified & 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 NI (i 2 Wasf50%peONh or higher
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2.67. In practice, relaxing those assumptions potentially presents a challenge for the SO. In the period of
one hour between gate closure and commencemefreal time, it must resolve the infeasible
aggregate schedule notified by individual participants by operating in the BM so that the final
generator schedule is compliant with the technical limitations of the network.

2.68. This short time duration raisese 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, due to its technical charactemistids,
AAE K2dNBQ y20A0S FTKSFR 2F O02YYSyOAay3a 2LISNT (A
the importconstrained part of the network (Generator 5) that could respond in the-looe
timescale albeit with a higher marginal cost of, say, A@0MWh. In 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 {oostr
but slowerresponding Generator 4.

2.69. By contrast, in a locational market, it might be expected that thealssad market wuld be
broadly compliant with the constraints imposed thettransmission system. In our stylised
example, Generator 4 would have been scheduled at theatead 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 ntitiga to try to resolve this issugfor
example, participants need to provide an earlier indication of their intended outputs to the SO
(termed Initial Physical Notifications) that are periodically updated as gate closure approaches.
However, these are ridinancially binding so there are no financial implications of changing
intended running profiles ahead of gate closugmilarly, the SO has a range of tools that it can
deploy ahead of gate closure, suchstat-up contracts, which allow it to contragvith plants
located in imporiconstrained region K+ G Yy SSR Y2 NB (K| afeurttikglBto tie2 dzNI &
economic to operatén the national market.

Our approach to assessing potential differences in dispatch

2.71. In our indepth modelling work, we angde the impact o 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. This therefore 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 securigonstrained economic
dispatch, unliken a national or zonal marké&t.Forward 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 constrakwéfipayments would b expected to
eliminate any incentive for market participants to commit unnecessary resources in order to
increase their constrainedff payments.

8 SecurityO2y ai NI AYySR SO2y2YAO RAALI GOK 6da{/ 95¢ modlBBISNE (2 I
determines optimal dispatch outcomes whilst considering the operational limits of both generation and
transmission facilitiesSee Federal Energy Regulatory Commission (2&#&)rity Constrained Economic Dispatch:
Definition, Practices, Ises and Recommendatiofink).
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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 assssall 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 atzout p
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 morasdly than in a secheduling marketand

< IYLINP PSR RAALI G§OK NBadzZ (A ywih filaN@aMinitgpgclic { h Qa N2 f
commitmentsat the dayahead stage (versus gate closure one hour beforetiesd).

Conversely, there could Iszenarios with more efficient dispatch under a ssheduled market

design than a centrallgcheduled 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 intemtitesource

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 ro¥éSuch
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 participants choose to locate and, potentially
also, closure decisions. This might apply to both generatoréaddmand. 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, expded energy prices will not be the only factor driving siting decisibos example, a
wind generator may prefer to site in an imparvnstrained area that is less windy but has a higher
expected price than an expeconstrained area of the network withdh wind resource but an
expected lower price. Furthermore, planning restrictions may significantly limit the range of sites
available in any case, so locating inigh-pricedarea may, in practice, be more difficG.

87 Such considerations were important drivers of the NETA refo8es Ofgem/DTI (199%Fhe New Electrity
Trading Arrangemen€link).

58 A study on the 2011 Swedish electricity market splittifgma shows evidence of wind investaessponding to a
locational wholesale price signal. In the case of Sweden, the stumlysgreater 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 wholesaimarket, 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 the BM, generators also receive copans

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 oursggdiexample, suppose that a new generator enters

in Node A with a marginal cost of £30 per MAhd a capacity of 200MW. 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 ipractice, given transmission constraints. It bids not to generate in the BM, and
pays £3,000 (E30 per MW*100) not to do so. There is no change to the actual pattern of generation
and demand, but consumer costs increase by £1,500 (the £4,500 paid towhgemerator 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 generatorigetinsareas of the network

that are not beneficial to the energy system as a whole, because the transmission system limits the
extent to which they can produce. This could increase costsiisumersas the SO needs to take a
greater volume of actions (atherefore incur greater cost) in the BM.

Storage siting decisions

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

primarily through variability in priceshey rely on buying electricity when prices are langd

selling it when prices are high. In addition, they can earn revenues from some ancillary services
(such asshort Term Operating Resenaxsd Black Stars well aghrough the BM.

This means that a key consideration in the siting decisions of stpragé&lers under locational
pricing is the extent of expected price volatiltfdStorage 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 expectetb locate in such areas. By locating in areas with high price volatility,
storage providers should reduce such volatility over time, with potential system benefits as a
result.

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

69 Pumped hydro storage facilities face similar considerations to battery stohagesver,their siting decisions are
limited to geographical resources.
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Demand ging 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 timetwork 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 impoiftonstrained area, albeit facing the high price of that electricity. That is
to say, it tm will need to trade off the benefits of being inav-pricedarea (that is perhaps less
conveniently sited) with a high priced area (that perhaps is more converfent).

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

wherever it locates which is the wholesale price plus the uplift charge needed to recover the costs
of constraint managementin the context of our stylised example, the impact of 200MW of new
demand siting in Node B would b®increase theclearing price to £50 per Miand therefore
increaseboth the payments by atonsumergregardless of location) and the revenues to
generators. If it were to site at Node A, then the price would also increase to £50 but, importantly,
the cost ofconstrait managementvould 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 costaatricity 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 bis of the expected difference between prices in each &rea

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 unique conditions® 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 geographitfootprint, and in which the amount of revenue it can recover from
consumerss restricted by regulatioft:

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

St SOGNAOAGE LINAROSad {SS YIKYyS alyadz2NJ ounmo0>X W52 f 20L
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For example, the cost of electricity may have a negligible impact on deciding where to build new residential

buildings across GB

LOStlyRQa tf2¢ St SOGNROA G &s stidhgih©iSiadustritsBuch & Slyminlura smielting &d NS
data centres. Fraunhofg020) W9 t SOUNR OA (e O2ada 2F SySHHE AyiSyargsS i
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We note that there have been some attempts to introduce competition into the transmission sector in recent years.

See for example,Ofgem(2016 W v dzAuidq tottiz CATQv S 3 A(Y1§, & National Grid ES@Q021) Barly

Competition Plafy/ink).
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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 whieleconomicbenefits of an investment
in transmission assets manifest differ. In a national market design, the benetinkumersof an
upgrade to the transmission network will result in reduction in constraiahagementosts that
are incurred by th&sO (and ultimately funded lpnsumers.

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

These are:

< First, incremental transmissiowill change wholesale prices at nodeszoneson the system.
Typically, pces in exporconstrained 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 &ese the volume of congestion rent will increase (as there is a
greater volume of flows across the transmission line) but the price spread between the two
nodes will likely narrow, leading to congestion rent with lower prices. Hence congestion rents
couldeither 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 iropstrained regions will
experience price reductions antikely, reduced output as a result of the additioedctricity
conveyed on the incremental transmission lines.

2,91 In a nodal or zonal market there is the additional possibility that participants opt to site in a

different location as a result of changeswholesale pricethat occur as result of theransmission
investment. This effeatvould also need to be taken into account in an evaluatidrerewould be
no such change in sitimtgcisions in aationalwholesalemarketas result of transmission
invegment.”

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

75

76

77

vary depending on which market design is in pldte:

< 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 recoverigdm
consumerg;, and compare these to the costs of the pased investment’

Two caveats, albeit at a conceptual level, are warranted to this. First, it is theoretically conceivable that some
generators that would hee opted to site in an impo#tonstrained area of the netwotik anticipation of earning
revenues through constrainedn payments in the BM would be deterred as a result of new transmission
investment. Second, it is alsieeoreticallyconceivable that transmission charges may be adjusted to account for the
impact on participants of the new transmission investment anchflaénce siting decisionsee ou 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 arisimgnfincreased transmission and incremental transmission
investment is often justified on account of meeting wider public policy objectives (such as connecting renewables
generation).

See for example National Grid ESO (2020)etwork Options Assessmehtethodology(/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 marketlld be evaluated against the resulting
socioeconomidenefits, 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 {atljs is the change in the consumer
surplusthat arises because of the increasedmnsaission

T Second the change in the wholesadwenuesreceivedby producers (again notirgpme
experience higher revenues and some lowdhis is the change in the producer surplus;
and

T Third,the aggregate changa the congestion renearned by virtueof the changes in the
pricedifferentialsand volumes that are conveydmttween 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 chafig®lo$0 A& &S0 G2 LINRE& (f
YIENBAYFf O2a0¢ 2F UNXyaYAaadaArzyd ¢KA& YSIya GKI
network that tend to be distant from main centres of load (and therefore more likely to be behind
transmission constraints) dnlower (or even negative) for generators that are sited close to load
(and therefore are determined to use less of the network). Stmeis true for charges levied on
demand; they are lower in areas of the network close to generation and higher inthedase
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 chesguch as TNUo$ particular, because the price is
fixed on an annual basis, therepiedictabilityof 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 therghort
costs that market participants cause, since the charge is set on an annual basisandtdeflect
the actual conditions of the network and flows. This means thare 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 makinglengthy for instance in the determination of the
administered TNUoS chargind subject to renseeking behaviour by affectesfakeholders

8 This assessment processuldbe, in many ways, similar to the approach adopted currently by Ofgem and the EU for
assessing the socioeconomic value of interconneatars., transmission assets that connect two price zones, See
for example FTI Consulting and Compass Lexecon (28228onnectsocik® 02y 2 YA O 4 St NB A Y LI C
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2.96. Second, the approach to obtaining a connection to the network can influence siting decisions. One
approach isisply to restrict access to the network for thogeneratorsthat wish to connect in
exportconstrained parts of the networlor conversely to restrict access to the network for
demand in imporiconstrained parts of the networkAdditionally, connection @rges can
potentially be used to influence siting decisions by reflecting the cost of network reinforcement
associated with the new entrant (smalled deep connection charging). In principle, such connection
charges can therefore influence siting decisisaghat generation and demand is encouraged to
locate where it imposes limited costs on the system. However, suchuimag by administrative
fiat is difficult in practice.

2.97. Third, theBM can provide at least some locational signals. Generators mayadmaweentive 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 import-constrained areas more attractive than in
export-constrained area® Equally, it is conceivable that some large consumers could choose to
site in exporiconstrained 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 realworld 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 moddransmissiometwork and connectiorcharges but in practicecurrent
expectations about the impacts of charging on the location of demand and generation are
accounted folin the Future Energy Scenariosa C thét felat the core of our modellingilthouch
TNUOS charges are nexplicitlymodelled 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 when individual connection locattaken 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 pricingn the GB context. In turn, we briefly disciés:

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

< interactions with other policies.

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

8 Ejcke and Schittekati@022)W CA I KGAy 3 (GKS gNRBy3I ol GGt SK | odaNdedriki) | f
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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 @mtion

pricing allows significant volumes of electricity to be traded between market participants. This is
because buyers and sellers of electricity can trade in electricity markets unfettered by the physical
realities of the transmission network. Larger voksrof trading between a greater number of

market participants can aid price discovery, provide greater confidence to all market participants in
the prices they are trading gand reduce the volatility of prices to the benefit of consumers.
Moreover,higher liquidity could reduce uncertainty and risk, and thus stimulate investrifent.

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 witlphiysical realities of

the transmission network. By design, this must limit the number 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 pgs and the risk to market participants. Returning to our
earlier example, a generator 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 titeud 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 systé&m)large number of buyers and sellers
can trade at the hub and in so doing increase market liquidity.

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

8 Mathiesen(2011),Wa | LILJA Yy 3 2 F & S tn&l@ prisily onsimial s§sietns Amsirali&, New Zealand and
North! YSNRA Ol y LI2gSNINYIFN] SGaQzr LiboTt 6

83 This doeshowever, leave a market participant exposed to the difference between the hub price and nodal pri
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 any transmission constraints. Market participants can hedge this risk
through FTRsWenote concerns about how far forward these contracts might be availaedence 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 fanvestorsg particularly those in generation assets. This could be as a
result of greater uncertainty about future prices at a particular location, or because of uncertainty
about whether generation will be dispatched. Moreover, some stakeholders h&edraoncerns
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 fingmew assets. This
would likely need to be recovered from consumers, for instance through higher wholesale prices or
through the higher cost of policy support mechanistigis reducing the benefits to consumers (or
increasing the costs) of locational girig. Whether there is an impact on the cost of capital might
though depend on whether investors are able to diversify any increased risk through a portfolio of
other investments. In the canonical Capital Asset Pricing Model ! tused by many regulater
around the world, including Ofgem, risks that are diversifiable typically do not result in any increase
AY Ay@Saiz2NBEQ O2aid 2F OFLRAGHE o

2.109. We discuss potential impacts of locational pricing on the cost of capital of investment in greater
detail inSection8B and AppendiX.

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 participantthan any individual zonal or nodal 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 locationghenomenon that is driven by the physics of the network rather the
design of the markefThe 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 competitars co
potentially exert market power through its bidding in the wholesale market. For generators, this
would most likely be in impoftonstrained areas, while for consumers it would most likely be in
export-constrained areas.

< In a national market, a marketpticipant can potentially exert market power through tBi.
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. Maket participants can therefore exert market power by making high offers to
increase their generatioff.

84 Ofgem has recently expressed concerns about BM bidding inlit®caput on possible options for reformsee
h¥3S200®R/ +ft F2NJ LyLldzi 2y 2LGA2yR. G2 FRRNBaa KAIK ofFfl
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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 giaular nodal markets, measures inclutfe:

T ExlydS YSIadaNBa (2 |aaSaa gKSGKSNI 3SYySNIG2N
9w/ h¢ FyYyR twai0 2NJ20KSNJ GSada F¥2N G6KS SESN
AYLI OG G Sa (vidcodtiae®iR LAYWR JLOSYSRS Y (i MIBG ,iINSIBO dndlJS NI
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 Fecific 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 exportonstrainedareas to earn excess profits.

T  Market monitoring to identify potentially problematic behaviour, with enforcement tools
AyOfdzZRAY3 (GKS wS3dzZ A2y 2y 9y SNBRBank | NJ S
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 markgbower in our assessment of locational 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 interaics with other policies. It is beyond the
scope of our work to analyse these in detail, 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 mogtelevant:

< Support for lowcarbon generatio F2 NJ Ay adl yOS GKNRdAzZAK / 2y NI C
Current CfDs do not incorporate locational signals, and strike prices are based on the national
wholesale price. This means that, if left unchanged, Ciben® would have limited incentive to
change 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 shat they do 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 ofupportpayments®®

8 DN} ¥ SO f® oHnumOX Wal NJSG LR26SNI YAGAIIHGA2Y YSOKIyYyAa
OKIff&wasaq o

8 Ofgem(2017)We¢ N> yaYAdairzy [/ 2yadaNr Ayiid). [ AOSyOS / 2yRAGAZ2Y DdzAR
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88 Alternatively, reference peies could be linked to the tradidwub, so they are exposed to locational risk.
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< Transmission charginginder alocational pricing wholesalmarket, there idessneed to
configure transmission charges to send locational signals to influence siting decisions
explicitly(locational transmission chargesuld potentiallystill be required within zones in a
zonal markebut not in a nodal markgtHence, for the maimon-locationalpart of
transmission chargesecoveingthe costs of the existing grid can be relatively simplistic (a
flat rate per MWh charge, for exampléjow charges are levied to fund the cost of new
investment in transmission more nuanced and there has been considerable research on the
G2LIAO Ay NBOSYylG &SI NBR® Yy 2 8ok 23balowipiidestad Sy STA O
brief summary of the latest thinking on transmission planning and charging in some LMP
marketsc notably New Zealand.

< Distribution network charging(or 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 amtklivery ofinvestments

Inlocational market designs, price signals patentially support the planning and delivgiof
transmission investment. For example, a large price differential between two zones or nodes|would
be some measure dhe value of a transmission asset that contsethe two pointsin theory, this
could lead to more markebased transmission investments apdtentially eveninvestmenton a
merchant basis

While perhapsintuitively attractive,it is generally agreed by academics teath an approach
would lead toinefficient investmenin transmissiorf® The principal arguments against merchant
transmission investments financed by congestion rents relate to two specific market failures in
transmissionCANR G > (GKS FFOG GKFIG GNIXyavYAaarzy Ay@Sai
very large economics of scale (in that doubling size does not double @odfecond, it also
exhibits large economies of scope in that a given transmission invesseeves many parties ano
at many locationsThe latter effect means that the congestion rent earned is tikity to bea
proportion of the overall socioeconomic benefit of a given transmission investment.

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

Transmission changgin nodal markets

Given that congestion rent is only a proportion of the overalldférof 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 gidhis is invariably a transmission charge that is

89 See for example Joskow and Tirole (2003)¥lerchant Transmission Investmeifink).

% This is discussed Rivier et al(2013) Electtcity Transmissiéh  LId¢ Altough 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 thetelisature of transmission
investment, discrepancies between static and dynamic expansion plans, and unavoidable péarorsgrhis
means that the fraction of network costs recovered by network revenues is typically around 20%.
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levied on grid users. Givenahlocational 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 earlier, transmission investmeathetw
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. For
example, transmission enhancements that allow greater volumes ofrality to flow from export
constrained parts of the system are likely to increase prices in that region and therefore benefit
generators in that part of the network.

Thisissue has led to the-€bl f f SR G-lISY BF A IONK WHA LI S oth€Ay I Ay O2!
transmission charging regime in some nodal marlaeis indeed for some transmission upgrades
within the EU electricity markét For example, in New Zealand, the Electricity Authority has
recently implemented a new regime of transmission chargeswapply the principle that
GOKIFNEBSa F2NJ I INARR Ay@SadyYSyid akKz2dzZ R Fff20 G
GAYS AYy LINRBLRNIAZ2Y (2 GKS o0SySTAGa GK®RThis IINAR ¢
therefore implies there may bsome limited need for locationally varying transmission charges
even in a nodal pricing market.

2.115. Inour modelling work, we have not assumed radical changes in policy direction beyond policies
already announced by Ofgem or DESNZ. However, as we discuss iin8kction 5Dwe have had
to make several assumptions on future CfDs given the growing magnitude-bh€KBd
generationto allow locational pricing tinfluencesiting decisions to an extenfFor examplen
locational market designsye assume thaawards forfuture CfDs for generatottske account of
the expected path of locational wholesale prices in different areas

% Inthe EU,crosbordSNJ O2aid Ff€t20FGA2y oa/ ./ ! €0 | NNFYy3aSYSyGa 3Adzil
investments between Member States. In some cases, ACER will decide on how costs will be allocated, placing the
cost burden on entities that are responsible for thieea that the project is sited in (reflecting the beneficiafes
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%, the region may stilllbeated some of the investment costSee ACER
OHnNMpPO W5SOA&aA2Y 2F GKS ! 3Syo0e 7T2N (KandERegyyIonunity2y 2 F
6HAMCO WOELX Iyl G2NE b20Sa 2y (KScallY L3tSONSyARyd. Mg pxTn ¢80
may be the case for example where a neighbouring region could benefit from arstatminvesment in
transmission capacity.

21 23Fy 6HAMYyOIZ We¢NryavYAdaairzy Ly@SaldyYSyd . SySFAOALFNRSAE
t NELEEMTY®R d 231y 6HAamMyoX W tNAYSNI 2y NI yavyAaAaarzy . Sy
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3. Market design in practice: the GB experience and global trends

3.1. In the previoushapter, we explained thatwo key differences between market designs are how
different electricity markets schedulesourcego meet demand ahead of reéime dispatchand
the extent of locational variation of wholesale electricity prices. Markets can baedsdiduled or
centrally-scheduled, and can have national, zonal or nodal pgaeeih the current GB market
design as an example of a ssetheduled national pricing market. We discussed, from a theoretical
perspective, how these differences could have both sientand longrun impacts on the
efficiency of operation and the payment flows between and among consumers, generators and
storage providers.

3.2. 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.

A. The GB wholesale electricity market

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

in this subsection

< FHirst, 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 thigort.

< Second, important recent policy developments relevant to locational pricing.
Experience of NETA since inception

3.4. CKS 2@0SNI NOKAY 3 FAY 27T b dniplace m@dkebiaSeR trading G KS G A Y
arrangements more in line with those being atld in other competitive commodity and energy
markets *#¥As described ihapter 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 imbalancepaymeris if they did not consume or generate in line with their contractual volumes.

3.5. This regime was expected to lead to substantial benefits relative to the existing pool design,
Ay Of delér griges from more efficient and more competitive trading; greeteice of
markets; more scope for demand management; sharper incentives to manage risks; transparency
from simple bids; forward price curves to facilitate new entry; avoidance of discrimination against
fuel sources by acknowledging the value of flexidatplin a competitive market; more liquid
contracts markets; scope for greater-cadination and consistency with gas; and more flexible and

9 Office of Electricity Regulation (1998eview of Elecicity Trading Arrangements Framework Docunggnik).
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effective governan@®4Estimates prior to NETA implementation expectétblesaleprices to
decrease by.10% as eesult of the change in the design of the market regithe.

3.6. 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
(half-hour) settlement period against which contracted and metered volumes are measured. Of
course, this does not imply that demand and supply are balanced on a sbgea®tond basis, so
the SO was expected to fiiane the intended outputs to ensure the sgsh remained secure.

3.7. 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 lezovered from parties deviating from their contractual
volumes through the imbalance pricing regime as part of the settlement process (in line with the
soOFf t SR LRttt dziSNI LI &a¢ LINAYOALX Suvo

3.8. Under NETA it waby designnot necessary for market participtto 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, insufficient
to convey the aggregate scheddlgeneration 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 balance was achieved in real titnéke 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. When NETA was established, itwas iRpell KI 02 F2NJ I ye 3IAGSYy KIfF K2
intended generation and consumption would roughly equal out across the geographical footprint
of the market, meaning that the cost incurred by the SO in resolving transmission constraints
would be relaively 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
NETAgo-live 2697

94 Office of Electricity Regulatiqi998), Review of Electricity Trading Arrangements: Working Paper on Trading Inside
and Outsidahe PoofY/ink).

9% Office of Electricity Regulatiqd998) Review of Electricity Tradidgrangements: Working Paper on Trading Inside
and Outside the PofYink).

% Seefor exampleOfgem (2001)W¢ NI yaYAaaAzy ! O00Sa &kt pabtishgdfome Xmiontrdzy R S NJ b ¢
after NETAyolive. 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 capaNi@&ofedlecting effectively the underlying physical characteristics of the transmission
YSUG2N]l T FYRXd (GKS GSYLRNIf | yR,&LAE SFF AOK S ¢f deNi®iSP ¥ a 8 NI
its aims of nordiscriminatory access to the network. bes on to note that should the reforms of transmission
F00Saa o6S A Ylomdyv&Sapprdprrite b keBugfe odremove the locational differentiation in TNUoS
charges and to move to a per MWh charging arrangement for all generation and déntand

97 Agrin, 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 oNT&neant that some entry
terminals access to the networieeded to be restricted (notably 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 of access
to the gas transmission network. S&égem (1999)\W{ & CSNHdza | yR . | OlG2y XypSaidArdl i
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3.10. Overall, therefore, the role of th8Owas intended tdoe that of aresidual 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. In the initial phase of its aration, 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. For example, in 2008, after seameyears
of operation, the SO needed to intervene in the market for volume equivalent to only about 5% of
demand anctonstraint managementosts were ¢.£150m per annuih.

3.12, However, this picture has changed dramatically in the last decade as the sharewfable
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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Source: ESO Net Zérlarket Reform, Phase 3 Conclusions, March Z023.

3.13. In Figure3-1 above, the blue pixels represent the kafkis, 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 rigatis, that is the proportion of
renewable generation in the GB energy systé&ime figureillustrates that contrary to the aims of
NETAopver the last decadéhe SO has had to play an increasingly large role to ensure the system
remains balanced in real tin

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

% Derived from Figure-3 and Figure 2 below.
% Balancing activities include Bids and Offers, trades and instructions issued Bg@ie Electricity National Control
Centre ENCE) to keep the system in balance
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Figure3-2: GB historical constraimhanagementosts (12month rolling average, £ty
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3.15. 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, foley 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

<l YIFGOGSNMI § AK2NIOFEFEE Ay GNIyavYAaAdaarzy ySisz2N)
ambitions.

3.16.  We briefly discuss these factors in the followingseltions.

100 These costs represent an increase in both volume of trades as well as on prices &xpemsive units need to be
redispatched. Additionally, in 2022, prices were also elevated due tRtssiaJkraine 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 consensum theimplicatiors ofclimate change, expressed through international
commitments such as the Kyoto protocbgs resulted imapid decarbonisatiotvecominga public
and policy priority. This priority was crystalised in 2008, when the Climate Changa®#ct
introduced, introducing legalipinding decarbonisation targets to cut greenhotgas emissions
across the economif? This was accompanied by enesggctor specific targets, such as the 2009
EU Renewable Energy directive, which established a targ20férof 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 transmissiamonnected generation grew from 2% in 2008 to over 20% in
2019. Combined with the shift of thermal generation from efiad to gasfired power stations,
GKAE KIFEIR F ONIXyYyaFT2NXIFGA2y L  AYLI @ds enfisgionDfroda Ol
energy supply falling by half between 2010 and 2818.

3.19. Most renewables generation comes from wind and solar ganhich hae inherently more
intermittent and unpredictable output than conventional sources of generation. In the confext
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 time, for 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 paticipants dispersed over a much wider geographic area to 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 ared @¢alld 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 constraimhagement

Canect 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 pac®of roll
of renewablegyeneration was being delayed by the access arrangements to the transmission
ySiGg2aN] GKIFGT +d GKS GAYSE-O208NT FOREHK REN@SRE
practice, this meant that in some parts of the country access to the network waly lilgited and
dependent on the construction of new transmission assets before new generation could connect to
the transmission network.

102 UK Governmen2008)Wimate Change AElink).

103 European Conmmission (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/g1K).

104 Ofgem(2019)W{ G G S 2F (KS FiglBeNsHE).al NJ Si HampQ
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3.23. By contrast, the Connect and Manage policy implemented a new connection approach in which
generators received a fixesonection 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 thzansmission network had, by
that time, actually been reinforced to support the connecting generattékiVhile this change
might have accelerated the growth of renewables generation, it ran the risk that transmission
network build would not keep pace, leiag 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 constraimianagementosts that would be socialised acrosscalhsumers®
Forecasts undertaken foahe DS LJF NI YSy G 2 F 9y S NH &C@¢ Gfefpredufsdr YI G S/
organisationto DESNyexpected that constraintnanagementosts would total c.£1bn in Net
Present Valu®é & b ttetnés wver the 16year period betweer2010 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 constraintanagementosts incurred in the period constraint
managementosts were aroundé3bn between 2010 and 2020 in NPV teriffsThat is, the cost of
constraintmanagement ultimately recovered from consumers, was arouhcee 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 thatpolicymé&ersmay have
underestimatedhe cost toconsumersf 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 rapithsarguablybeen more
challenging to deliver new investments in transmission network capaégyre3-3 illustrates
planned and actual rethut of boundary reinforcementnpjects over the price control period 2013
to 2021.

58S h¥3aSYQAa 3FdzZARIFYyOS 2y (kS /2yySOG FyR alyl3aS NBIAYS

WSS 59/ /Qa LYLIOG !'aasSaayYSydSAWPWIONRLIZalFfa F2N AYLNRO

107 Calculated using009 pricegusingthe GDPprice deflator) and in 2010 PV ternmsased on a discount rate of 3.5%.

108 Forecasts undertaken in 2009 by consultantsiicgF 3SY ¢gSNBE f Saa al y3dziyST 4SS CNE
W 3aSaaySyid 2F GKS LRGSYOGAlFfT AYLIF OO0 2y iD)2TYiesafé&eaeds 2F O
were dismissed by DECCpuage 12, on the grounds that the assumptions of relatively low network investment and
NBflFiA@Ste KAIK Y2dzyda 2F 6AYyR ISYSNIridAzy O2yySOiGAy3
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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.

3.26. 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 thes@as for this shortfall, factors frequently
mentioned include difficulties in planning, consenting and construaifaassets, iparticular
technological challenges of incorporating new offshore transmission assets into the existing
network.

3.27. Clearly, undr-delivery 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
constraintmanagementosts, other things equal.

Emerging issues andevelopments

3.28. In addition to the above,everal recent developmenigrovideimportant context when considering
the case for and against greater locational pricing

3.29. In 2020, the government announced that it would phase out the sale of new petrol and diesel ¢
by 2030 While EVsstill 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
UKMPEVcharging is likely to represent a rapidly incregsproportion 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 and supply. But it also increases
the opportunities for grater flexibility of demand, for instance through flexible charging and
Vehicleto-Grido & + HeBhnalogies that provide energy from vehicles to tirél.

109 Just prior to publication of this report, the GB government adjusted the date of this phase out to 2035.
110 House of Commons Librafg023) W9 f SOGNA OF t +SKAGHSE FyR LYy TFNF adNUzOG dzNE
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3.30. In April 2022, the flagship UK Government energy policy (British Energy Security Strategy, or
. O{H{N&GMR Odzf F GSR LI Iy F2NJ I NILAR | OOSt SNI (A2
included, among other elements, a significantly more ambitious deployment of offshore wind
across GB than previously envisaged, reaching 50GW by 2030. This amlsédragmtential
concern as to how such a large volume of offshore wind would in practice be delivered to
consumers.

3.31. As a result, in July 2022, the ESO announced its platteefbiolistic Network DesigritiNCE) 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 how 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 pubitished
NOA2021/22 Refresh, which sought to take into account the HND policyeadiculate 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 2030 offshore wind tdfget.
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 forthe 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
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Sources: OfgerRIIO Performance report; RIIO T2 PCFM:Ha8@vay to 2030 Holistic Network
Design and NOA Refresh; FTI analysis.

111 National Grid ES@Q022, Wt | ( K ¢ | & AlioBsticmetveork design to support offshore wind deployment for
bSi wBENRQ 6

112 The total investment required imade up of £32 billion for the recommended offshore design and £21.7 billion for
the onshore desig see9 { hPa@thway to 2030 Holistic Network Design summary repuage22 (ink).

capUT R F.T I

Energy Systems CONSULTING


https://www.nationalgrideso.com/document/262676/download
https://www.nationalgrideso.com/document/262676/download

ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 77

3.32. The ESO has projected that constraimdnagementosts are expected to continue to rise over the
coming decade. In August 202@forecast that constraintnanagementosts could reach up to
£3bn per year by 2030, as highlightedrigure3-5 below 13

Figure3-5Y 9{ h Qa a 2 R SnarfageRentpstsyidEBNI A Y (i

N\

Source: ESO (2022) Modelled Constraint Qo5tgust 2022((1k)

3.33. Even with the very significant volumes of additional transmission {mwitdinder the HND plan,
the ESO expects annual constraiminagementosts to reactt3bn, 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).

3.34. Recent GB experience makeslear that the balance between new transmission network capacity
and new generation capacity is a key driver of constn@iahagementosts; in the 2010s, the lag
in the delivery of transmission network capacity relative to generation was an importaset dri
the increase irtonstraintmanagementosts. To the extent that future network capacity is rolled
out more slowly than generation capacity, as has been the case historazaibtraint
managementosts might be higher than currently anticipated n@ersely, if future network
capacity is rolled out more quickly than generation capaciystraint managementosts could be
lower than expected. With growth in electricity demaas well asn new generation and
transmission network capacity expectedhe significantly greater in this decade than in the 2010s,
the stakes are even higher than previouglyag in transmission network rediut couldcause
constraint managementosts to escalate to levels that are considerably higher than currently
forecad by ESO.

113 National GId ES®a 2 RSt t SR / 2y &G NI AVimQ)BaGa F2NI bh! Ay HAHAK

capUT R F.T I

Energy Systems CONSULTING


https://www.nationalgrideso.com/document/266576/download
https://www.nationalgrideso.com/document/194436/download

ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 78

B. Evolution of market design in other liberalised energy markets

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

3.36. We have limited oursurveyto NBF YA &l GA2Y FT2NJ 902y 2 YA GECE® LIS NI
member countries (as of 2000) except Icelamdl categorised for each country:

< the volume of installed capacity in eacbuntry from 2000 to 2020 at fivgear 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 desigas0in
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 AustrafiéiNorway 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 instafld capacity undemarket design options across the OECD countries
with liberalised electricity markets
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114 We include the National Eleatity Market of the Eastern states (of Tasmania, Queensland, New South Wales,
Victoria, South Australia and AGdi 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 nlilmeralised or having a national, zonal or nodal market
designt'®>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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Source: IRENA, CAISO, NYISO, ERCOT, MBIE NZ, Potomac Econdi¢E & FEBRC, SPR, ISO
NE
Note:Chart includes OECD member countries (as of 2000) except |€&fahd.
3.39. By 2020, the proportion of installed capacity in natiepate markets had fallen to 41%, with 32%

of capacity in markets with nodal pricing, and 2&8h 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 marké&s: 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 nonliberalised 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 figarésyfarly 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 capacifyr 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 nodalakzand national pricing markets reflact
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
locatioral granularity being incorporated into wholesale electricity marketsr the last 20 years
Notably, instances of liberalised marketderethe level of locational granularity of their
wholesale electricity pricesas reducedare extremelyrare.1*®

A maindriver 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 and in thehe&arkets 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 desidfor instance, the market of thaid-west part of
the US, MISO, liberalised its market in 2005 and immediately adopted nodal pricing.

We also observed that growth in generation capacifyequently of renewables generatiorhas
occurred under all market designs and there appears teeH#en 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 gedation 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 geeration, 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 significartubbf solar and battery stage.

118 We are aware of only two instanceghe expansion NETA to include Scotland in 2005, and the merging of the
generation onlySnowypriceregion withprice regions oNSV and Victoria in the NEM (Australia)2008
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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 sigmificapact 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 ifdBeholesale
market We have undertaken this assessment with an awarenéfiseoneed for it to be critically
examined and subject to a high degree of stakeholder scrutiny.

As such, our assessment approach and methodokgget out belowfollows from an extensive
stakeholder engagement across the industry. We have soughdveldp 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 thekey impacts of locational market designs that we have captured in our
assessmentSection B; and

< our approach for evaluatinthe overall consumer impact and net socioeconomic impact
(Section Q.

Overall approach and key principles

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

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

The assessment presented in this report is based on a detailkaatitative 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 ovall approach is set ot Figure4-1 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

Locational market
model designs Power market ComELines e

Inputs

modelling socioeconomic
Energy scenarios impact

Input assumptions

Source: FHnalysis

As indicated irFigure4-1 above, air approachstarts with the development of input assumptions

for the modelling and analysi$hesenputsare drawn from a range of publicly available sources,
confidential information provided by thESO, and stakeholdéredbackcollected across the
assessment. Where possible, inputs have been derived from external, crediblpaniydsources,

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

These inpud have fed into the power market modelliag well ashe multiple strands of
guantitative and qualitative analysis thassesshe broader impacts of more granular locational
pricing.Where possible, we hawaught tointerrogateour resultsviainternationalprecedent

Thisanalysis forms the overall results for the CBA, which captures both the consumer impact and
the wider socioeconomiignpact, which accounts for both the consumer and producer impact

From theseresults, we explore the regionamhpact 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
counterfactal, i.e.,relative to the current GB market design with a national@@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 designtuder

distinct Net Zerecompliant scenarios, based on the Leading the Way and System Transformation
A0SYyIFNA2A& | a &BF021pdulicatibnyin ardérSo peeeh r@rige of outcomes for

GB

Key principles of our assessment approach

Given the importance and firgf-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 thEES(i KS 9t SO0 NRA OA (i @ ET¥S&SIMMOA aBAIENTSEF (G S Y
TYNDP ahERAA assessments

T  Where public sources of information were unavailable, we heeeded to useonfidential
sources of informatioprovided to us by the ES@ particular, we rely oa dataset
regarding thdocation of existing and future generation atsas well aproject specific
data on new transmission projedtsat have beerprovided to us by the ESO under a non
RAaAOf 2adzNB FANBSYSyild 06abs5! £¢0d

T Where additional modelling assumptions needed to be made, or a methodology
developed, by FTive have recaded these in the reportWhere 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 perceivetizad on
policy decisions regarding the extent of demaside exposurgfor exampleve have not
consideredhe potential benefits of more granular locational pricing from demandgitang
or greater investments in energgtensive industries.

T We rely on the use of leasbst economidispatchto simulate reatime outcomes of the
power market model (i.ewithout reflecting any market power in the wholesale market
balancingmechanisn.

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 presnting 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 thetpntial degree of change.

T On the impacts that are not quantifiable, we have also endeavoured to be clear on the
gualitative 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 scanarios
Leadingthe Way (HND)¢ coversan acceleratiorandincrease irthe capacity of the GB
transmission networkd I & SR 2 y NGAKRSfregpfblicaian.All three scenarios
seive ashead o &S OF aSé¢ Ay 2dzNJ | 4&Saa ¥cenaioiorel YR 6 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 twefls#imsitivities
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 wrdage of impacts that a transition from the current GB market
design towards more granular locational wholesale pricing would Fadéhe key impacts
considered in our analysis are summarise#igure4-2 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

Policy
interactions

locational Wider system

pricing

operational investment
impacts impacts

impacts

Source: FHEnalysis

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 dhe 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 mpacton key policy mechanismshat are linkeddirectlyto the wholesaleslectricityprice,
namely CfBandA y 4 SNO2yySOU2NJ / ' LJ YR Ct22NJ 604G/ 3 C£0

< 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 ssédxtions.
Shortrun impacts

4.16. In our analysis, we have modelled outees in both the wholesale market aM (where
appropriate) for each market design in order to capture some of the storeffects set out in
Chapter2. A change in the total cost of serving electricity demand across the two markets forms a
core part ofthe consumer impact in our assessment. This has four effects as setkigtine4-3
below.

120 In our assessment, we assume that a locational pricing regime is implemented on 1 January 2G#6wEhisto
capture al6-yeartime periodbased on the expected evolution of the transmission grid to 2040
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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 signalsicross all resource types includiftgxibility resources \Y
impacts
Surplus revenuefrom congestion rent and losses \%
Cost changefom centralised scheduling

Source: FHEnalysis
Changes to wholesale electricity prices

4.17. First we have evaluated the change in houkligolesale electricity pricesesulting from the level
of locational granularity captured by the relevant wholesale market. In the nationaletahks is
a single price for the whole of GB, calculated assuming no transmission constraints on the GB
network (vith the cost of transmission constraints addressed in the.Br the zonal market, the
wholesale price reflects transmission constrainggvizeen zones, but not the additional constraints
within each zone. For the nodal market, the settled wholesale electricity price at each node reflects
all transmission constrainend associated losses across the transmission netwislsuch, more
granula locational pricing woultbe expected to

< increase wholesale electricity prices in areas that are importstrained (i.e.where demand,
combined with maximum import capacity from neighbouring areas, exceeds availabtm#iw
supply);and

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

Reduced cost @bnstraint management

4.18. Secondwe have estimated the impact of each market design orctiss of resolving
transmission networkconstraints As described i€hapter2, under the current GBiarket 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) interveigions
recovered through a charge across all elediriconsumers.
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4,19, Under a zonal market design, an increased proportion of i@tBatransmission constraints would
be accounted for in the eante wholesale market settlement, reducing the required volume (and
associated cost) of SO interventions. Under a haakrket design, all transmission constraints
would, by design, already be accounted for in the wholesale market, removing the need for
additional SO interventions?

4.20.  As highlighted above, for each locational market design and scenario, we have modelled th
expected volume and associated cost of the redispatch actions that the ESO is required to take in
the BM to resolve intr&dGB transmission constraints. Further detail on the methodology and
assumptions of our modelling of tH&M can be found in SectidsD 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 faoth flexible consumer demand and tweay assets such as storage
and interconnectors. Under the current national market design,-ivay assets can often be
exposed to wholesale price signals that may (from a system perspective) induce the assets to
exacerlate, rather 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 demandiaxport 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 B, with the ESO required to either direct the
interconnector to reverse its flows or constrain off more domestic generation than would
otherwise have been necessas.

4.24, However, under a zonal or nodal market, more granular locational prices pouile price
signals to the interconnector in the wholesale market to instead export power, providing additional
export capacity for the expoitonstrained 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 intercormqnector
which we calculate as part of our overall assessment.

121 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 asinexpected 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 hagnded toopt to constrain domestic generation on or off in tBa, 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 indheerted market, which, in response, will need to
alter generation in its own market. While bilatef D to S@ades have been employed very infrequently across
2022, these have typically attracted a much higher cost than the redispatch of domestic timmefarthermore,
we note that the outcome of current discussions among policymakers relating to the allowed ramping 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 tdo#eefits of more granular
f20FGA2yFE LINAROAY IS ¢S-2H@% [afSay2 AGA YR AZ@ IS R KIA A
Section 1A
Surplus revenues fromtia-GB transmission congestion rents

4.27. Fourth as set out in Chapter 2, a more locationglignular 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 bthe relevant generators at an exporting node. This surplus comprises two
componentsg intra-GB congestion rent and a loss residual. The latter arises because the nodal
price at the importing node includes a marginal loss factor element to account féoghef
power when transporting between the two nodes.

4,28, We describehie 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 in practice choose to redigtdétsome (or indeed all) of the
surplus rents to other stakeholders 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€hapter2, a 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 gpatch, unlike in a national or zonal market. Similarly, forward
commitments in nodal markets are based on a combination of seetwitgtrained economic
dispatch in the dayahead market and intralay scheduling. This may lead to different dispatch
outcomes than would otherwise occur in a ssttheduling 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 thatfficial
incentives of market participants to do so). This information could potentially be used to
produce more efficientlispatchoutcomes.

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

< Fouth, centralised scheduling offers greater opportunities teogiimise energy and reserves
more efficiently.

123 This is because the securitpnstrained economic dispatch algorithm optimises dispatch outcomes across all nodes
simultaneously with respect to transmission constrajimfich maymathematicallyproduce different outcomes
versus the two stage sedichedulingapproach where dispatch is determined on an unconstrained basis, followed by
corrective balancing actions.
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4.30. As we also noted in Chapter 2, arguments hareviouslybeen advanced in favour gfeater
efficiency inselfscheduling relative to central schelthg. These principally relate tine view that
individual participants may haweore reliableinformationaboutthe way in which the assets they
own can perform than can be conveyed to theiB@e formaty SSRS R T dinisatioS. { h Qa
This in turn nay allow more optimal use of the assetsder selfscheduling relative to central

schediling.

4.31. Given these uncertainties and conflicting views, ravenot sought to model these effecia
deriving our overall assessment of the costs and benefitgedterlocational 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 St d i i Istoi tivisde d to siteat
RS ronger and more accurat@ice signals to incentivistemand to siteat more
. efficient locations
impacts
Improved signals faransmission developmentdue to transparent wholesale Vv
prices between different nodes)

Source: FHnalysis
Note: The @ange tick represents additional analysis that is not included in odiansel
quantification but is presented f@dhapterl0.

Incentivising improved siting of generation and storage

4.33.  As described ihapter2, under the current market design, all generatdispatcted in a given
hour receive a single national wholesale eledlyigirice 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, but regularly 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 generatqincluding TNUoSand (ii) forecast
climate conditions in the area (in the case of renewable generatétBhportantly, 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. TNUoSas\ptions are implicitly embedded in the locational siting of generation in
the FES datasets confidentially provided to us by the ESO, which we have agreed, through the stakeholder
engagement process, to rely on in our modelling of the current market desig
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4.35, However, under a nodal mieet design (and to a lesser extenindera zonal design), localised
wholesale prices reveal the marginal cost of meeting demand at that lociateechtime period
In hours where there is a high volume of excess generation in an espastrained regin, the
wholesale power price will fall. In areas that require additional generation in these hours, power
prices will stay higher. The electricity price reflects the demand for, and value of, electricity in a
given hour in each location.

4.36. Generators are inentivised toconsider the benefits dditing either closer to demand sources, or in
areas withsparetransmission capacity. In this sense, locational price signals can help incentivise
generation to site in more optimal locations from a system perspeciv®, G Ay G SNy f AdA Y
of transmission constraints to some extent. This effect is compounded for storage assets, given
their participation as both a buyer and a seller of power in different periods on the wholesale
market.

4.37.  As aresult, in our modéllg of the zonal and nodal marketse allow a limited proportion of new
build generation assetghat are not currently in developmehtand all gricconnected storage
assets, tesite in different location$n response to wholesale price signals, relativéhe location
set out in FES. We recognise that broadteal g 2 NJinfkations will inevitably apply to the siting
decisions of generator and storage assets, in particular constraining the total amount of capacity
that can be built in specific areasdditionally, we assume that all projects in development do not
site in different locations than as set out in FES/E&.therefore place a number of technolegy
specific constraints on asset-siting decisions, as detailed further in Section 5D.

4.38. The effet 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 modeling sensitivity in order to assess
the benefits of nodal pricing without the +&iting of generation and storage assetdich is
discussed further in Chapter 11.

Incentivising improved siting of demand

4.39. The incremental cost of accommodating new sourcdangfescale electricity demand, such as
electrolysers or data centres, varies greatly at different points on the network, depending on the
availability of spare generatiozapacityand transmission capacity to meet additional demand.
Under the current market design, thetarge consumerwiill face the same wholesale price at any
location, despite tk variation inthe marginal cosbf meeting demand at different points on the
grid.

4.40. 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 physicaktamts of the transmission network in
meeting demand at each point in time.

4.41. In effect, locational pricing can potentially provide improved economic signals to electricity
consumersby aligning the private and system costs of a gewsumersiting at a jarticular point
on the network. Newconsumerswill 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.

443,

4.44,

< First newconsumersnaybe encouraged to site inkport-constrained areas, where the
marginal cost of serving additional demand is relatively low. In exgmrstrained areas, with
regular periods where local generation exceeds available demand, low average wholesale prices
would be attractive to new soges of demand, while additional demand in these areas could
help to reduce curtailment of local generation.

< Secondnewconsumerdhat continue to site in importonstrained areas, where the cost of
meeting current demand is already very high, will faggeater cost for doing so. By
& Ay G S NM prdpdrtion ofti 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 trgdnigher prices irsome 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 Ofgei modelling, we haveot
sought to capture thitiypothesised benefit of locational pricinghe reason for this is that it is
more difficult for us to makénformedassumptions on the price sensitivity of demanmelative to
that of generation and storage in which we have detailed cost assumptionsalatbeen verified
by the ESO and other third parties. We therefdirethe size and location of all demand sources
across the three modelled market arrangements to that foretgsthe ESO in the relevant FES
scenario. By maintaining this consistencyoasrthe market arrangements, we are able to better
capture the impacts of locational pricing on the efficiency of both stern 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 trther hypothesisedmpactof 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 consumeissite in a way that
takesinto account persistent bottlenecks on the transmission netwtwkational pricing can
encourage a more efficient use of the existing transmission network, thereby reducing te nee
for incremental transmission investments.

< Secondthe financial surpluses earned via inted8 congestion rentsiay potentially serve to
highlight specific transmission boundaries where there is a large discrepancy between the
demand for and availabilitgf transmission capacity. As a result, locational pricing may
potentially provideimprovedsignals to support more efficient transmission network planning.
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4.45,

4.46.

4.47.

4.48.

4.49.

However, we havaot sought to explicitly capture the impact of locational pricing on the
developmen of the transmission network as part of our core assessment. Instead, we have relied
on external data sources, thereby assuming the same transmissiondudifatofilesover the

period 2025 to 204@cross each locational market model, to provide a bettamparison of the
locational effects of different market designs on dispatch and generator siting. This approach is
aligned with feedback from several stakeholders. As such, in our modelling, all transmission
capacities, including expected commissioning apgrade dates, are derived from and aligned to
ESO forecasts. The forecast topology of the network vagéseenthe three modelled scenarios,
but, within each modelled scenario, the network topology is consistent for each of the modelled
market designs

We also noted in Chapter 2 thtte introduction oflocational pricingould potentiallychange the
way in which the merits of transmissi@mhancementsre assessed. Undemational market, the
business case for a transmission investmetikédy 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 likely assess the costs
of the asset relative to the changes in wholesale prices on the syatehthe change in congestion
rent.12°

We set out, m Chapter 10our assessment of the impact on the need for transmission investment.
Key policy interactions

Government hagreviously 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 sdielerices) in
order to encourage their development. The cost of these schemes is ultimately borne by
consumers

In particular, two such policies as showrFigure4-5 are1¢
< CfDs, which provide a degree of price stability to-ttasbon 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 ungl both 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 includesdpadity Market RAB funding
models, Dispatchable Powegfeement, Renewables Obligation (as it tapers off) among othéeshave 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: FHEnalysis

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 policiess&¥eut our approach to
assessing these impacts below

Contracts for Differences

CfDs were introduced to accelerate the development of newdavbon generation capacity,
aiming to ensure that developers could be confident they would receive the revesesed 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 developdrom 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 strii price, CfD generators redistribute excess revenues earned on 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 howtiplesale prices

The size of the impact on support costs depends on the following assumptions, which may be
different for existing and new CfD contratiased on the

< approach to CfD generatein the wholesale electricity markget

N

duration of CfD contrets,

N

definition of the strike price

N

definition of the reference pricd.€.,how it relates to the locational wholesale pricand

< forecast generation volume.

In our analysisje assume that CfD generators participate in the wholesale electricity mayket
biddingat a price ofzero in all hours and are prioritiseddispatchahead of merchant renewables
This separates the analysis into two pagthe 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.

4.57.

4.58.

4.59.

4.60.

4.61.

4.62.

Tocalculae CfD support paymentsve assume that all existindCcontracts 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 generatorsvould 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 constraineaff paymentsin the BM(or none, in the case of a nodal
market design)t?’

Similarly, new CfD generators built across our modelling period receive an assumed strike price for
all noncurtailed generation across &-ear period. As above, CfD support payments are

calculated relative to the hourly wholesale pricetla¢ connected node. Further detail on our €fD
related assumptions can be found in Sectidn

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 paymerustinthe consumer and producer
sections of our net results. We continue the assumption that the cost of CfD support payments is
spread across all GB consumers, rather than targeted to specific consumer cohorts.

Cap and Floor agreements foterconnectors

h ¥ 3 S ¥Rragime 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, interuetor earnings can substantially vary
from one year to the next dependent on broader power market dynamics, increasing thakeisk
on byinvesbors.

Under theC&F each interconnector is set a maximum and minimum allowed set of revenues to be
earned across a given perigdi KS  a Ol LJE | Yy R HArMn@aRrév@&nuel&EmneddO i A S €
the interconnector are periodically compared to tbap and flootevels and, snilar 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.

With annual revenues closely linked to the GB whdtegaice, a change in wholesale market
design campotentiallyimpact both the annual revenues accruing to the asset ovamel in turn,
the net support costs transferred between producers and consumers.

We have not sought to augment our analysis with aseasment of the impact of locational pricing
on the expectedC&Fsupport payments of each interconnector. The details of existing
arrangements are commercially sensitive, aagh and flootevels are yet to be agreed for many of
the interconnectors that a captured in our modelling but areurrently under development.
Additionally, there is considerable uncertainty around the regime design for future-purhiose
interconnectors

127 1f policymakersdecideto compensateexisting generators fahe loss inconstrainedoff payments this will be
represented by a on#n-one transfer from consumerenefitsto producerbenefits The socioeconomic benefit will
remain the same. We discuss tfisther 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 vadesss 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 matkdesign may affect certain areas of the wider GB energy system. In
the following suksections, we discuss the elements showrigure4-6 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: FHnalysis
ESO and market participant implementation costs

Transitioning to a zonal or nodal market would inevitably mean ithatementation 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 theregjeent 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 forecasj more volatile prices (both for energy and for
transmission capacity); and/or

< updating the arrangements for other market design elements (suchilas)C

We have estimated implementation costs based on both a mewdtexperiences in other
jurisdictions and discussions with stakeholdébhough 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 ahplementation 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 itChapter2, some stakeholders have raisem issuethat a move to zonabdr 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 design, driving greater foasting complexity of wholesale prices and volumes at
different locations. The argument follows that this could lead to investors demanding a higher
return on investmentslue to the greater uncertainty associated with thevenues generated by

their assetincreasing 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 sEfqurei7

below, these have been grouped into consumer impacts and producer impacts, with the net total
providing total GB socioeconomic benefits.

Figure4-7: lllustrative consumer and soeiconomic impa¢tNPV of benefits between 262840

B
i
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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 examplef-Tlanalysis

The overall impact on consumers from more granular locational pricing is composed of the
followingeffects

< A reduction in thecosts of resolvingransmissionnetwork constraints by reducing the volume
and associated cost of required interventions by the ESO iBkhe

< Changes imholesale pricesresulting from the increased incorporation of the physical
constraints of the transmission network in the wholesgtice 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 new locational market desidrnis includes both
the costs incurred by thESO as well as market participants (both of whighassumed to then
be recovered from consumers at the start of the modelling péeriod

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 assessmemif producer surplus captures the change in producer
surplus on both the wholesalmarketand BM, as well as 50% of the change in congestion rents
earned by GB interconnector owners.

CATAPULT ﬁ CONSULTINITM

Energy Systems



ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 96

< Changes to th€fD paymentseceived by generators due to changes in veisale prices at
connected nodes.

4.74, As noted, we do not include in our assessment any potecfiahges in the need faransmission
capacitythat might arise as a result of a transition tor@re granular locationavholesale market
Howeverwe do provide a assessment of thdifferences in the benefits cader a given set of
transmission enhancements when assessed under a national and nodal marketakesign
indicator of the likely difference in need for transmission.

4.75. As the quantitative assessment abaedlects the aggregate impact, we have also conducted
analysis that assesses thistributional impacton consumers located around GB. This is set out in
Section 9B.

4.76.  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 periblaerefore, ve have not quantified
any transitional or mitigation measurégyond the baseline appaeh discussed abov&his
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 theyéar term
according to lhe 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 exqgdos
full merchant risk.

< No other cohorts of market participants or consumers will be shielded from the impacts of
more granular locational prices. Hence,ralh-CfDgenerators would now be exposed to
constraint riskt?°

< We do not consider the impact offer generation contractsuch as ancillary service contracts
or Capacity Market contracts

4.77. We discuss in Section 9D a range of policy options for transitional and mitigation measures that
could be introduced when implementing locational pricing, inclgdimeir 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 Sé&zion

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 modebnd assumptions

As discussed in Chapteradkey part obur assessment approach and methodolegas todevelop
the maininput assumptions foour modelling and analysisn doing so, we have relied on
well-established and credible thirgarty sources where possihlen consultation with stakeholders
andin agreament with Ofgem®° The input assumptions feed into opower market modelling and
multiple strands of quantitative and qualitative analysis covering the broad impact of more
granular loational 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 FE®1 andhe TenYear Network Development Plan
0 BYNDP P022)!*tand

< hilateral engagements with ESO (ETYS,,NB&eams) andDESNZ

Thischaptersets out the setup of our power market model and the assumptions used to théde
gquantitative analysis adhe impacts discussed in Chapter 4. The following sections provide further
detail on:

< our overarching power market modelling to@ection A;

< the geographical seip of our power market model and its configuration for each market
design(Section B;

< anoverview of the scenarios and sensitivities asse¢Segtion (,
< our key inputs and modelling assumptiof@ection D; and

< the modelling runs undertaken, and the key outputs produ(®ettion [

A more detailed description of our input assumptions barfound in Appendig.

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 platfor#? 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 Plexpktform is widely recognised and utilised by European lagus,

¢CNF yavyrAaairzy {eaidSY hLISNIG2NR 6ac¢{hagd YR (K!
including in Australia and the US. We have previously deployed the Plexos softweaatoomal,
zonalandnodal locational pricing engagements in GRirope, Australigdsiaand parts of the US.

130 Thjs includeshree stakeholder workshopsif0 'y R hF¥3SYQa / kf)f F2NJ Ly Lddzi NI Ij dzS8
131 For more information ontte TYNDP, see the ENTS@vebsite [(nk).
132 This software wadevelopedand licensedy Energy Exemplali(k).
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5.6.

5.7.

5.8.

©

8

The overall objective of a power market modelling tool is to determine the Jeastt 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 tsderecast the least

cost generation profile and associated clearing price in each hour 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 model{{f K S -6 € &3 3 Y@hRISdetérmines the
optimal evolution of generation capacity to meet demand at least. This optimises the
investment decisions of new generation and storage assmetikey inputassumptionsuch as
local climate pofiles and transmission build.

< Secondwe runa shortterm dispatchY 2 R S €

6 GUKSSNXVG &YreRidEkes the

capacities from the lonterm model as an input and determines the leasist generation
dispatchon an hourly basis, based on a definetl &gfenetwork and generation constraints. The
short-term model also estimates transmission flows (including across interconnectors),
generation costs, wholesale prices and flexible demand profiles, among other factors.

A simplified overview of the how oyower market modelling fits into the overall assessment is

summarisedn Figure5-1 below.

Figure5-1: Overview of oupower market modellingpproach

Locational granularity
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Energy scenarios
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5.9. As shown irFigureb-1 above, our power market modelling approach covérge key steps These
are:

< setting up themarket modeldesigns which requires defining the
T locational granularitghat we modej
T modelling scenarios and sensitivijesd

T key input and modelling assumptians
< running the Plexos software platform for the modelling runs required; and

< generatingthe modelled outputshefore analysing thempact of locational prices on consumer
and soaeconomic welfare.

5.10. The use of ay power market modelling toahecessarihjhasto take account ofrade-offs ¢
particulaty between modelling detail and practicality (in terms of data needandputational
requirementy. In particular, we note that:

< The Ilmgterm model is a cosbased model and does not implicitly consider the financial
viability of generating units, rather it focuses on meeting demand atleast to the system.

< The use of Plexa® optimise the buildout anddispatchof generation capaty implicitly
I dadzyrSa || RSINBS B2t isthafddel §a8 & cofmeMeBidwiobsknies =
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 ldiegm capacity expansion model necessitates a
trade-off between the number of years that capacity siting is optimised across, and the
granularity of load profiles used within each year. Based on this toffdend discssions with
stakeholders, we model a full set of outcomes for an entire year, every five years, between
2025 and 2040i.e.,2025, 2030, 2035, and 2040).

< We have assumed that generators prioritise lontgmm price signals to inform rsiting
decisions, vith reduced visibility of intraday market dynamics. Following stakeholder feedback,
one exception is for batteries where we have assumed that they prioritise the granularity of
load profiles as thetypically have much shorter asset lives and place greater value ordayra
price volatility. Further detail on our capacity expansion modelling can be found in Section 5D
and Appendix 1.

< The shorterm modeldispatctes generators using ashednmargy’ £ 024G 6 a{ wa/ &
algorithm. Under this methodology, generators bid at a function of their SRMC anduptart
costs and will belispatcled if the wholesale price is greater or equal to their bid. SRMC pricing
assumes perfect competition between geators, 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 modelling'ta®!3 NB 3 | ( S dblodcRsdath. A y (i 2
are then optimised in step3his means that the optimisation tfe capacity obcarce resource®.g.,hydro,
biomass or hydrogemnyould beaggregate into weeksor months which means that the modelling tool woutahly
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 assesasémy have
been well established intber assessments particularly over long timescaleadditionally, 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 setup 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 weve assessedrigures-2 below provides an illustratioof the
modelled marketarrangements

Figure5-2: Geographicasetup of our three locational market models

Locational granularity

National Zonal Nodal
market MEG market
—~——
National Zonal Nodal

] /
I°\7®,
@9 'e-’
Single price So
% - @,
= ST
Ges / , .’.\

; s 1 yard [ )
\ , ,?-0- ? 1
\ ./ 1
Ges /.-.\. -o-0-0
\\.’.4.L. - oA
66 e®_ o , /.' ]

0% oyl
\ ,‘~.—‘o~.%\~‘o

Source: FHEnalysis

As shown irFigure5-2, we have constructed three separate locational wholesale model designs
with increasing levels of granularityhese are

< anational market model desigmvith 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 desigmvith a GB electricity system divided into ¢.850 nodes with

individual nodal wholesalprices and outcomes

These locational model designs have been integrated with owEranpean market model to
ensure that modelling outcomes capture the dynamic impact of interconnector flows between GB
and Europe under each market design. A Hegrel stiematic is set out below iRigure5-3.
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Figure5-3: Highlevel schematics of our overall geographical meeelip

National

Source: FHnalysis

5.15. AsFigure5-3indicates, our GB power market model® integrated into our paifEuropean 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
counterfactualof the assessment; and

< thelevel of granularityfor the zonal and nodal market model designe.(the number of zones
or nodes).

Baseline counterfactual

5.17. To undertakean assessment of the casind benefits of changing thenarket design in GBye
needed todesigna counterfactual against whigharket design changes would be asses3dis
involved decisioson whether to include further policy reforms to the current GB market design as
the counterfactual. If further policy reforms were includedhe 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 Ofgemhenee used theurrent status
quo GB maket designwithout further assumedpolicy reforms(i.e.,i KS ay | GA2y | £ ¢ Y2
counterfactual Ouranalysis othe two more granulatocationalwholesaleelectricitymarket
RS&aA3y 2 LI A2y a VYis dompangd afainst thiy Baseling @udterfaétual.

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 méets are assessed relative to the outcomes in the national market, assuming 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 aBM. 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.

102

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 forGBepower 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 (NOA7Y) as baedamunterfactuals, and therefore treat the cost and benefit
assessments from the three scenarios equally.

Level of granularity for thdocationalmarket model designs

There was a range in the degreé locational 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 GSH A Does not fully align with
0 & D{ dnlEe) which arewell defined and transmission network
onlyinterfacepoints well understood within the topology
betweenthe industry A Calculation of the losses will
transmission and ALikely to be sufficient to deviate from actual observed
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 | AA large number of nodes are
in9{hQa t 24| network model as used for defined historically and may
model system planning (and not not be relevant as it does mo
necessarily for market represent the actual system
modelling) configuration
Include all the 10,000+ A More accurate representatiorf AESO has no visibility over
distribution-level of the combined transmission  distribution level nodes
nodes and distribution network Ab2 SPARSYOS 2
St asé G2 AydN
locational price signals at the
distribution level
A No international pecedent
for distribution nodal pricing

Source: FHEssessmerased 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 transmission
transmission interfaceg)nd areat or above 275kV in Englarahd Wales orat or above 132kV in

Scotland
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5.23. 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 soifstati
(i.e., Option 2)Relative to using only GSP poiritss increases the complexity and associated
computational challenges of our modalit doesallow us tobetter reflect the network topology
while capturing transmission constraints.

5.24. Similarly the locational granularity of a zonal market model desadgo 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 theaatlvges and
disadvantages on the firggsuein 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 yeaysvhen
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 andchence 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
laaSaaySyi on Security and Quality of or represent the subset of
Electricity Ten Year Suppl{ G I Yy RI NR 0| larger constraint boundary
{UFO0SYSYUu ¢ requirements AHighly fragmented
Zones o Aldentifies 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 A Zones do not reflect constraif
depending on generation eUGlEtes
fleet)
Source: FHEssessmenbased on discussions witakeholders and agreement with Ofgem
Note: For NOA & ETYS zones, NOA defines 18 active constraint zones in the latest NOA7 assessmen
while the ETYS defines 23 zoW¢R2 &4 L 5 oa@el zones are based 6nK S Brgtena
market and network constrat modelling.
5.25. Given the advantages and disadvantages for each zonal market model design option highlighted

above, we agreed with Ofgem (following consultation with stakeholders) that the s
option was an appropriate configuration, as it sufficigribvers the most constrained boundaries
and reflects a more realistic zonal market compared with other jurisdicfitins.

134 Options for locational granularity of zonal market design were discussedmitisiry and stakeholder feedback
following the first workshop organised by Ofgémk).
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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 pdtisdpossible to identify the
optimal zones in each year modsd, 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 shomtihal

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 semitivities to account for future uncertaintiesor this modelling assessment, we have
defined scenarios and sensitivities in the following way:

< Energy scenarios refer to theet of supply, demand and transmission input assumptiahat
reflect different vews on the future evolution of the GB energy matket

< 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 pricimg.

In agreement with Ofgem anid consultation withstakeholderswe model several scenarios and
sensitivitieswhich we discuss in turn in the following siglections

Scenarios

For thescenarioghat we adopt inour modelling, we considereal number of aproacheswith

Ofgem and industry stakeholde®ptions includedvhetherto adopti KS 9{ hQa C9{ F2N
create our own scenario (in consultation with stakeholdeusganotherthird LIt NIi @ Q& F2 NB Ol
combination of these approaches.

Rather than adpt scenarios thatould potentially be considered to favour one view over others,

we concluded with Ofgem and in consultation witakeholderdhat it would be most appropriate

to incorporate theFES scenarios.a A y 3 (0 KS 9 { h Q genetally{agrée®t8 pfdvitkhaz a & |
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 durihgir development.

CAdINIKSNXY2NB> (GKS C9{ RIdFaSia O0LINRPOARSR o0& (K
the size and location of every generatocation specified at the locational granulardf/the

transmission substatioout to 2050 Thk is therefore in line with our agreed approachmodel

nodal market toa locational granularity af.850 nodesThe assumptionare developed in line with

0KS 9{hQa @GASg 2F FdzidzNBE (N} yaYAaairzy NBI dzi NB®
networkthat underpin our modelled network topology. As a result, the FES scenarios provide

internally consistent assumptions across generator locations and transmission capacities that
NBY2@S (KS ySSR (2 RAOGSNHS FTNRY (uBoddlifgh* Qa G NI \

135 As described in Chapter 2, under the current GB market design, locational TNUoS charges provide a level of
locational investment signal. TNU0S assumptions are implicitly embedded in the locattonabf generation in
the FES datasets confidentially provided 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. 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
generatorampactsthe estimated benefits of locational pricing.

5.33. As such, all three scenarios have been constructed on the basis of external publicly available
information, in combination with confihtial information on the network topology received from
the ESO. Each of these scenarios reflects a combination of assumptions on total electricity demand,
the generation mix and volume to meet that demand, GB and EU-barsler transmission
capacity, ad internal GB transmission network capacity.

5.34. Our scenarios are based on FPRSas this was the latest published version of FES at the outset of
this project.While FEQ2was availablérom July 2022ywe would nothavebeen able to use those
scenarios athe detailed underlyingetwork datasetsequired for the nodal modelling(g.,ETYS
and NOAT7yvere only available for FES 2f the time of undertaking the work

5.35. To select the appropriatEES 21 scenasto model we chosdwo scenarios that coved a
reasonaby wide range of the evolution of potential outcomes in the GB energy sysikns 9 { h Qa
forecast constrainmanagementosts in FES 21 as showirigure5-4 below:

Figure5-4: ESO forecast constraimanagemenicosts in FE&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

5.36. As shown in théigure5-4 above FES 21 is made up of four key scenagibsading the Way
Oa[ /22y083dzY SN ¢ NIF yaF2NXYIFGA2Y 0 &HEWED I y{RE § HiS¥ RENJI
t NEINBAaA2Y 0aG{t £hé dhektiBee geanarids, tihekKIP Scerdayo is hdt @mpliant
with Net Zero, and hence we have excludei$ from our assessment.

5.37.  Among the other three scenariothe LtW scenariocorresponds to the most constrained &&ergy
systemwhile the SysTscenario orresponds to the least constrainggB energy system. As such,
following consultation with stakeholders, we have used the LtW scenario as tizeJLIS NJ 0 2 dzy R €
scenariain terms of the likely extent of system constraimisd theSysTscenario asi KS & f 2 6 S NJ
02dzy Ré¢ F2NJ 2dzNJ FaaSaavySyiao
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5.38. After the selection of the two scenariosith Ofgem and stakeholders early on in our assessment
the ESO subsequently published a new HAstbwayand NOA refresin July 2022 which
NBLINBAaSyida I kesdékersijera@ionadtkaBsmissdi investment required to help
RSt AGSN) KS D2 dad dupW &f yonrecied bffghori wirdd 2apacity by 2030.
Following discussions with @fign and stakeholders, then combined the portfolio of additional
transmission projects identified in the HPogrammeand NOA?7 refrestvith the network and
ASYSNI GAZ2Y |aadzYLliazya Ay GHNDE[ &0 SEpieSEhtAdNa 2 = T ;
future where an ambitious level of transmission build is successfully delivered with no delays.

5.39.  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 dai/ey 2030. We provide
further detail on the transmission network topology that underpins each of our scenarios in
Section5D.

5.40. Therefore,in our assessment, we have a total of three scenarios:

< The Leading the Way scenabiased on NOA7 transmission buslssumptions (which we refer
G2 Ay GKS NBYIAVIRENOAR PG KS NBLR2NI & a

< The System Transformation scenario based on NOA7 transmission build assumptions
G{ealiNI)T L E

< The Leading the Way scenario based on NOA7 Refresh transmission build asssimpti
AYO2NLIR2 NI GAy3a (K821 6 bBINEINI YYS 04a

Sensitivities

5.41. 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 Ofgerstakeholders:*® These
sensitivities are:

< adispatchonly sensitivity to test the benefits of more granular locational pricinbile
controlling for thebenefits of resiting generationt?’ and

< aload shielding sensitivityo test the benefits of more grarar 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 depmatability, allowing
total capacity to flex by locational market designs, generat@msgivities (amending nuclear or interconnector
capacity build profiles), transmission sensitivities (optingishe level of incrementairansmission builjj and
alternative scenariose(g.,using DESNZ assumptions).

137 This sensitivity assumes that Iticanal signals are delivered perfectly through other mechanism such as central
planningunder the national pricing modghnd therefore generators are sitedentically under both the national
and nodal market designs. This allows us to assess the beofgfitce variation across GB, while removing the
benefits caused specifically by the more efficient siting of generators.

capUT R F.T I

Energy Systems CONSULTING



ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 107

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 atage could be&entrally planned perfectly and/or
deliveredvia other policies or mechanisms such as through TNUOS refptimesefore negating
the needfor (and potentially benefit offocational signals in the wholesale markbatinfluence
siting deci®ns

5.43. We test this sensitivity by modelling outcomes under each market design using an identical
capacity profile, using the capaciiting decisions as specifiedtire nodal longterm model. This
sensitivity assumes that the size and location of atlegationas well as théransmission capacity
is identical across each of the locational marttesigns optimised assuming that generatand
storagesiting investments can be made based(tre modelled)perfect locational investment
signals.

5.44, Aload shieldingsensitivity tests the impact @&hielding consumers from the locational price at
their connected node, instead exposiallj consumerso a single average national wholesale price
in each hour, while retaining locational pricing for generatetsrageand electrolysersThe
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 chargingso@dHPs 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
thencompareg K2f S&A1 £ S YINJ] SO 2dzi02YSa dzy RSNJ aAKA St R
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 aseset out inFigure5-5 below. These areas are
(1) transmission capacity, (2) demand, (3), generation capacity, and (4) commodity prices.
Additionally, we also set owtur assumptions foour 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 tin

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: FHEnalysis

5.48. We summarise each of these in turn in the followsudp-sections, with a more detailed discussion
of our input assumptions set out in Appendix 1.
Transmission capacity inputs

5.49.  Assessinghe impact of different locational market design outcomes requaesccurate
definition and evolution of the GB transmiss network topology across the modelling period.
Figure5-6 below provides 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: Thediagrarh 6 2 S Aa 2yfte AffdzadNI GADBS o6FasSR 2y
documents.

5.50. Asindicatedin the illustrative diagram above, weave defineél 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 trammsmbsildout
information set out iNNOA7%38

< the LtW (HND) scenario follows the transmission boiltdinformation 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 ad 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 2Q22k).

capUT R F.T I

Energy Systems CONSULTING

Ay


https://www.nationalgrideso.com/research-publications/network-options-assessment-noa/key-documents
https://www.nationalgrideso.com/research-publications/network-options-assessment-noa/key-documents

ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 110

Figure5-7: Sources for our transmission input assumptions

2020 2025 2030 2035 2040

nationalgrid
ETYS, NOA7, NOA7 Refresh, HND

Network topology

Seasonal nationalgrid

availability ) .
nationalgrid WE.T.

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 irFigureb-7 above, we have relied on the E52021as a starting point between 2022
and 2030 which includes detailed information of the transmission network paramstetsas
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 pdedi through the HNRnd NOAY refresh
plansin our LtW (HND) scenaji& These input assumptions have been validated directly with the

9{hQa NBESOIy(l ySis2N] LEFYYAYI (SFHYs 205N 45

140 National Grid ESO (2028 TYS Appendix B; System technical dag#link).

141 Circuit characteristic (e.gseasonal ratings and impedances) for the reinforcement proposed byax&hased
on standard parameters faransmission assets based on type (eQ@HL, Cable, Transformer) length, and
nominal capacity.
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5.54,

5.55.

Box5-1: Holistic NetworkDesign

¢tKS 9{h RS@St2LISR GKS I b5 a LI NI 28dapw{ltb|.Q4
seeks to delivethe coordinated onshore and offshore transmission network required to suppoft

the connection of 50GW of offshore wind by 2030 in GByelsasNet Zero by 2050 for GB and by
2045 for Scotland.

Development of the HND has been guided by the terms of reference set out IGYTINE It
includes the four objectives of minimising the whole system cost (Objective 1), while meeting
network planring and operational standards (Objectivea®)well 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 coalinated 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 level of onshore

reinforcemer 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 developments to 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 rélae to NOAY. In total, there are more than 3000km of new circu
with up to 63GW of additional capacity across 25 projects which would reguendituregreater
thanthe NOA7 estimatgeas 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 Standeeduirements and to accommodate
flows under loth planned and unplanned circuit outages, we have adjusted the circuit capacity
uniformly across the network by the Locational Onshore Security Fataliscussed in
Appendixl. The calculation of the Security Factor is regularly performed by the B&(® a$ the

TNUoS wider tariffs under the methodology scrutinised by the industry and approved by 8fgem.

ts

.
z

hyS YEAY EAYAGEGARZY (2 GKS GNIYAYAZAAA2Y | &adzyl

2041. This meant that to be able to model outcomesdya/2041, we would either have to
assume no change in transmission buildt, orassume a transmission buitlit profile using
either exogenous assumptions endogenous calculains ofan assumed transmission roll out in
the 2040sBoth of these approactsewould bedeficiert, in thatthey would risk a high degree of
spurious accuracyl hereforejn consultationwith stakeholders, we have limited the modelling

period to 2040 to ensure that modelled outcomes remain grounded in the key principles outlined

in Section 4A.

421y D2 @S N¥fskdseyfranEmis#ion network reviewz f I & 0 dzLIREKG SR Wdz @ HAHH
143 National Grid ESO (202@%uidance on TNUOS Locaab®nshore Security Factor Calculafmk).
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Demand inputs

5.56. To modeldispatchoutcomes, 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.

5.57. We set out our data sources for the demand input&igure5-8 below according to each demand
type, which we have split intfiour categories.

Figure5-8: 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: FHssessmerbased on discussions with stakeholders and agreement with Ofgem
Note:Baseline demand refers &l consumer dmand (including domestic, commercial and
industrial), except for the lowarbon technologies, which are modelled separately KIPg,
electrolysers)

5.58.  AsindicatedinFigure5-8x ¢S NBf& LINAYINARf& 2y (KS219{ hQa I a
directly under @ NDAfor the annual demand levels arlde level of flexibility associated with each
kind of demandWe havealso usedgublicly availablédourly demand profilalata fromENTSEE,
published as part dPan9 dzNB LISy / f A Y I (i $3*Demaind piofilepteledtralfts@s 5 £ 0
require no exogeneous assumptions, as these are optimised endogenously in our model.

5.59. In order to accurately represenethand, we split consumer demand into four main components
baseline demand,\s, 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 prdile is based on th€ ECDThese profiles are optimised by the model, using
flexibility assumptions developed FES 2Which are presented iiable5-3 below.

4 ThePECDs 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

Baseline demand

A

>

Flexibility assumption

There are wo tiers ofdemand shedding from baseline demaingluded in
the model,which areactivated atvery highprice levels

Maximum capacity from demand sheddirand price levels are based on
FES1 and discussions with ESO

>

>

>

Someproportion of EVs optimise demand acroske day to minimise cost,
consuming at times when powerl®vest cost(the share of these\& isas
specified iFER1)

Someproportion of EVs can provide generation to the electricity grid (the
share of these EVs is sgecified in FES 21)

OtherEVs follow a fixed hourly demand profile peaking late at night

HPs

>

>

Some proportion oHPsoptimise demand within each day to minimise cost
consuming when power igast cosfthe share of thesélPsisas specified
FER1)

OtherHPsfollow a fixed hourly demand profile

Electrolysers

> >

Electrolyser capacity artdtal annual consumptiors fixed toFES 21
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 inputseaequired in our modelling assessment:

N

N

The total generation capacifyer technologyused acrosgacd scenario

The generation capacityer technologyat each specific locationsed across each scenario

< Theconstraints aroundaiting decisions (reflectingchnological and geographical constraints).

< The technical characteristicd generatos.

We set out our key sources gure5-9 below.

Figure5-9: Sources for generation capacity input assumptions

Capacity build-out
assumptions

Capacity split
between nodes and
constraints on new

capacity siting

nationalgrid FES 21
entso® TYNDP 2022 (for Europe)
. - L= _— Lo
nationalgrid e, TEOMY /ofgem W E.T.!

Developed based on public sources and discussions with ESO and agreed with stakeholders

Technical

characheristics

entso@®

PEMMDE (thermal and

nuclear plant characteristics) PECE) franeiiatia prosied)

Source: FTI analysis based on discussions with stakeholdeagraedhent with Ofgem

capUT R F.T I

Energy Systems CONSULTING




ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 114

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 natimal 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 bisome newcapacitycan ke sited at different locationin response to locational price
signalswhen it is economic to do so.

The ability of new capacity tite in different locations unddahe zonal and nodal market modats
subject to assumptions of real world technologiaatl geographical constraint¥hese constraints
were developed based on several sources, inclulifig{ bCarigh Capture, Utilisation and

{ G 2 NXaJs ddster roadmap and Crown Estate lease informatisditionally, we assume
that all projects in development do neite 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, drinstead 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 timmn terms of location)
Biomass

Biomass (&bon

Location optimisedcrosshe clusters and nodesorresponding to each cluster
Capture and Storage

identified based orthe government strategy

"CCS3)
Hydrogenfuelled Location optimisedcrossnodeswith hydrogenproductioncapacityin FES 21
generation and/or as withinhydrogen clusters

. Does respondjmited byhistoric CfD Allocation Round resuétsd Seabed lease
Offshore wind availability

Does respond, limited by:

A New onshore wind in Englansl fixedto FES 21i.e., a limited increaseand

A New onshore wind in Scotland and Wales can locate on any wibim
Scotland and Walesith onshore wind capacity iIRES 21

A Maximum additional capacity per node in Scotland and Wales set at twice
of FES 2forecast

Does respondjmited bymaximum additional capacity per node set at twice th

of FES 2forecast

A Does respongnew capacity can locate on any node with battery capacity i
FES 21

A New capacity aévery 5 years atach node isimited to 400MW(this
corresponds to the largest increase idified in FES)

Onshore wind

Solar

Battery storage

Hydro and Pumped

Storage

Interconnectors Do not respond; capacity andanding pointlocation as peFES 21
Source: FHssessmenbased 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 winds indicated irTable5-4, we havecarried outan additional crosscheck to ensure
that:

< all committed projects (i.e.under construction or awarded under a CfD contract) are paiit

< offshore wind capacity in eacdea arealoesnot exceed tle current seabed leaseas the area
or the capacity set out in the F23 until 2030. Increases up to 2040 are limited to twice the
currently leased amountr by FES 21, whichever is higher.

5.69. For the technical characteristics across all generator type$iave sought information provided
by public sources as far as available:

< For technicatharacteristicsegardingthermal plants we have relied othe ENTSE® (Pan
9dzNB LISFY al N} SO PEMMDBIOAY I 5F0GFo6lasS oa

< For renewable generatofavailability profileswe have relied othe PECDTheseprofiles are
0FraSR 2y GKS wHnmo Of AcholcdioBclindate yediEed fonthe FESYaRI ¢ A (1 K
NOA. The PECD includes climate dat& fiifferent onshore GB regiorend 13 offshore
regons.We have assigned each node to ondlw 5 onshore regions

5.70. The assumptiompadopted allow direct comparison across the three locationatket model
designsunder considerationHowever, they are alspotentially conservative as more granular
locational pricing could trigger a change in thenerationcapacity mixather than assuming it is
held constant Restrictingnostnew buildsto locations with prior new build is arguably also
conservative, as it limits the optimisation of sitiMye discuss the siting decisions under the
different market designs in further detail in Appendix 1.

Commodity prices

5.71. Commaodity price forecasts (mairdgrbonand gas) are the main determinant of the shawn
YIENBAYFf Oz2aia 6da{ weratars, and thisin tlrk, & pridvidrytdriveddfes SNJ ISy
wholesale electricity price’s®

5.72. For these assumptions, we have relied on fineire curvesandlongterm benchmarks to reflect

recent market developmentThe choice of futures and loitgrm benchmarks were ts@d on
TYNDP, which uses the same sdterichmarks.

5.73. Ourgas pricdorecastbelowis based a combination of these sources as set obigare5-10
below.

145 Other relevant commodities include coal, oil, and biomass. We have used the same appebadoh on future
curves and longerm benchmarkgo form our set of assumptions.

capUT R F.T I

Energy Systems CONSULTING



ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 116

Figure5-10: Gas price forecaste per MWh
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Source: WEO; TTF; TYNDP; BIB&nbergfFTI analysis
Note: The prices in the figure above are in real terms, as 2022 Euros.

5.74. As shown irFigure5-10, the gas price forecagpllows the forward curves up to 2025 andovid
EconomicOdzli f 2 2 1 langitérr forécésts from 2030/°

5.75. Similarly, our carbon price assumptions are based on a mix of future curves arérang
benchmarkdrom the WEQ This includes an adjustment for t&arbon 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.

148 The forecast gas prices rely on 2021 and early 2022 data sources. This héashegwith stakeholders and agreed
with Ofgem

¥7While we have considered the market impact from forecasted carbon prieefave not considered the
policy-administered carbon values which are intended to reflect thesfodlietal cosbf carbon. This is explored
further in Section 9C
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Figure5-11: Carbon price forecaste pertCO2
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SourcesWEO; TYNDP; FES; Bloomberg; FTysaima
Note: The prices in the figure above are in real term20@2 Euros.

BM assumptions

5.76.  To modekonstraint managementosts that arise in national and zonal market desfgfwe have
alo assesse®M outcomes noting the particular challenges in doing so. This is due to the unique
features of the BM, includintipat 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 undertakegwo model runs per scenarigan unconstrained model run assuming no
O2yaiNIAyGa 2y GKS ySGg2N]lZ FYyR | O02yaidaNY AyS
model run) acconting for the physical reality of the transmission netwcdrkis provides the
congestion volumes.

148 As set out irBection2, a nodal market model design does not requii@Mto manage constraints as the value of
constraints are included in the nodal priéke note that under all market designs modelled, there may be instances
where the SO is required to intervene to accotortunexpected changes in supply and demaasiell as
unexpected outages of the transmission lines, int@ak. This occurs under national, zonal and nodal pricing
regimes, and we have not sought to model any impact on the costs that arise frormseicientions.
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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 rungo calculate theconstraint managementost.

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
CCSs i
CCS Biomass h Carbon price; Fuel cost Offer Uplift +p(r'i:cl§)>l coggcarbon
\ (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
EMON K €MAYf €EMON K €M

Source: FHssessmenbased on discussions with stakeholders and agreement with Ofgem

Note:We assume the following technologies do not participate in thegEMmand Side Response

0 OBSR ,0uclear, hydro (rumof-river) and smadkcale thermat?®

I KS ydzYoSNJ 2F wSySgloftS hotAIFraGA2y [/ SNIAFAOLI G
simplicity, ve assumed 1.ROCs for offshore wind and 0R@®Cs foonshorewind which is the

average per technology from DESNZ).

Thecod 2F NBGSNBAY3I Ft2ByRFemmonAy dAAYSRIRKFNHY &
discussed in greater detail in Appendix 1A

19We 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 instee, we assume multiplier offer uplift for fossil fuel generator° This

offer uplift may reflect a range of factors, includistgrt-up coststhe payasbid nature of the BM
(meaning that we would typically expect offers to generate to bexicess of marginal cost
sometimesto 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 fac, 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.
Historicallyjinterconnectorparticipation has been very low reflecting the inherent complications of
SOs trading with each other in the BM close to real tiife.have therefore assumed a relatively
high cost of reversing interconnector flows in line watlr 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 assessitigs is based on:

< aprofile ofthe evolution ofCfD generator capacityver the malelling period and

< assumptions on the future CfD regime design.

Our projected capacity of CfD generators is set out by technoldgigume5-12 below.

150 Our approach rimics the approach adopted by the E®@fional Gridd { h 6 H n marnd markst prel yieAvork
02y &l NI A Y, ip.15¢2RMA Btated yh e report, the ESO appligdadfer 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 generatarslerLtW
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SourcesfFES 2IDESNGeneration Cost Report 2020; FTI analysis

5.84, As shown irFigureb-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 Cflbontracts

< all proposed offshore wind projecevarded 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.
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5.85. We haveassumed thab0%of future solar and onshore wind projedtiseyond existing auction
rounds)will be awarded CfD contracés a balanced assumption to representincreasing
number of awards in recent CfD auctigas well as the increasing potential for more merchant
investrents. We note that amending thassumption woulchave no net impact oour
assessment of the ovall change irsocioeconomic welfararising as a result of a change to
locational pricing. This is becausevould reflect apure transfer between producersnd
consumersFor example a 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 atamality 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 ogonsumerssiathe following equation

0 QDONNRELOGQE O i Yo i RIQQRGMQQI i I00E Qi dE90& Q

5.87. Our assumptions for calculatirige CfD support paymentare set out inTable5-6 below.

Table5-6: Assumptions focalculatingCfD support payments

National market Zonal market Nodal market

Strike price Srike pricesfor future contractsare6  a SR 2y 59 { b %Qa f {
St SOGNROAGE 6a[/h9é¢v SadaylriSa ¥
< We take an arithmetic average across the LCOEs by technology type.

< We assume the same LCOE across all locatiopsattice, this might differ
based on capacity factors and constraint risks.

Reference pric&? National price Zonal pricé® Nodal pricéss

Generation volume Constrained model output

Actual output
(i.e. redispatch model ruriy® P

Source: FHEnalysis

151 Changinghe proportion of mishore wind and solar projects with CfD contrastsuld 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 negativeémpact on consumer benefits in the transition to a locational magkst
greaterCfD support paymentare required and a positive impact (as consumers incur lower constraint costs).

RBEI HAHNOY WOf SCHAEI@RIS® DSYSNIGAZ2Y

153 The specific design of CfDs, and their implications for investors and consimaegsbeen discussed with
stakeholders at a high level. Wave 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 waysn@ignal price with an allocation of
a price hedging contract to zones).rBimplicity 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 waysttegrading hub price or a national
price with an allocation of FTRsrodes). 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 naldmarket 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 calculationgn our power market model, Cffenerators 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 behdour due to policyguirks. We would not expect a more
complicated model of bidding behaviour to haarematerial impact on our assessment.

Modelling runs and key outputs

Bringing together the approach and set of inputs above, our modelling assessmens taee
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 points.

The inputs in our model, and consequently the outputs of the model, are 20Zxprices Any
input assumptions based on other price yehave 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 modekecbétween 2025, 2030,
2035 and 2040). These interpddd benefits and costs are discounted back to 2024, under the
assumption that 2025 would serve as the first year of implementatidause a discount rateof
3.5% astipulated in the GreeiBook.!%8

Our outputs reflect hourly outputs for each modelled yeahese outputs include the followirtef:

</ FLIOAGE | yR 3ISySNI (icoenng aapatidk geaekaton, fcurtaiimehtzi O2 Y S
emissions and interconnector flows.

< Pricing and financial outcomesovering wholesale prices and cost to consumessistrairt
managementost, intraGB congestion rent, impact on the cost of CfD and producer impact.

Given the assumptions used in our own moded, set 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 weeles, 364 days or 8736 hours).

158{ SS

iKS 12da8 2F [2NRQ& fAONI NEY.F20dza 2y G(KS D2OSNYyYS

159 gpecifically, the power marketodel produces capacity, prices and generation profiles. These profiles were then
GLINPOSaaSRé YR IylrfeaSR o6& C¢L G2 F2N¥ Y2NB YSIyAy3aF
constraint managementost, intraGB congestion rent, impaon the cost of CfDs and producer impact.
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6.1.

6.2.

6.3.

6.4.

6.5.

Capacity and geneattion 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 @acity 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 cagtESO redispatch actions in the BM, for both the current and
zonal market designs.

As discussed above, we have fora@asctricity market outcomes for each market design under

three distinct scenarios in order to assess the impact of locational elégiiiting across a

credible range of pathways. These three scenarioslaW® (NOA7)LtW (HND)and SysTr (NOA7).

l'a | NBad#Z 6 ¢S KFH@S | 1 NBS @2tdzyS 2F |yl fea;
YIEN] SG RSarAday Ay G2 VK RIOBNVEINRA2EI O RS di KEF aY2 Ay
market design to a locational market desigfiie consider all three scenarios modelled in our
aaSaayYSyd | a ol eahive ds8edsgdiabthNdelsc@rindas égaaly@ndo not

place a greater welging on any of themhowever,for ease of exposition, we present a full picture

of outcomes under the LtW (NOA7) scenario in the main body of our réfd¢t.the end of this

chapter, we summarise the key results of our other two scenarios, with a &deptation 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 (NOAY7) scenario for each market design, namely the:

< capacity mix and itgifferent locatiors under the three modelled market arrangements
(Section A;

< generation mixin the wholesale markednd the BM(Section B;
< constrainedon and off generation in the BN&éction ¢,

< curtailment ofwind generation Gection D),

< emissions asxiated with the generation mixSgction g and

< interconnector flows in the wholesale mark&éction F.
We then summarise the key results of the LtwW (HND) and SysTr (NOA7) siareition G

160 The Ltw (NOA7) 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 mauaiglthe 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

i KS 9 {21 assumpidnsn response tgrice signals from the wholesale market, subject to
the technologyspecific constraints set out in Sectibb.

Figure6-1: Installed capacitg LtW
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Source: ESGES 21LtW.
Note: Wepresentinterconnecors separately to focus on generiiand storage resources only for
certaincharts beforea fuller treatment of thempactson interconnectors.

Figure6-1 above shows the aggregate GB installed capacity uni¥r Thisishe9 { h Q& Y2 &
ambitious scenario in terms of decarbonisation and includes:

< an early phaseut of the existing fossil fuelegeration 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, suchraal®ModularReactois6 & { 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 byhighly engaged consumers.

Figure6-2 below shows the evolution of interconnection capacity under the LtW scenario. An over
15GW increase is forecasttiveen 2025 and 2040, which makes interconnectors one of the main
sources of flexibility on the GB system.

Figure6-2: Interconnector capacity by regigrLtW (NOA7)
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Source: FES 21
Note:North-West Europe includé3elgium, 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 (NOA7¥cenario. Total interamection

capacity is forecast to increase to ¢.22GW by 2030 from the current c.8 mp@udminantly due

to the installation of new cables to France and Newest Eirope. Interconnection capacity

further increases to ¢.28GW by 2040, following new linksdah-West Europe and Norwain the
remainder of this subsection, we discuss 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 undewatienal

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 includesleneladata on the
expected size and location of generation ceipaacross GB in each year out to 2050, which we

have incorporated into our power market model. As an exanfpigyre6-3 below shows the

expected location of wind, solar and storage capacity inLifvé 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 ESEE 2021, 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 agggated zonal level. However, in our underlying modelling and analysis, all
capacities are specified to the nodal level. Similarly, when presenting tbi¢img of capacities
between modelled market designs, we do so at an aggregated zonal level.

6.12. For exampe, Figure6-4 below shows the aggerated versiontb& generation capacity per
technology and zone for each modelled year understagus quo natioal market.
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6.13.

6.14.

6.15.

Figure6-4: Installed capacity grouped by zone undeational marketdesigng LtW (NOA7)
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Source: National Grid EES021,LtW.

As seen irrigure6-4 above, undeLtW (NOA7)he majority of fossil fuel generation capacity is
retired across all zones by 2035, with almostuakbatedcapacity removed by 2040. This
significantly reduces thdispatchable generation capacity in the zones that include the largest
demand centres (GB4, GB5 and GBeigure6-4).

Offshore wind is deployed in all suitable ar¢fa®ughout 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 SO, tie combinel offshore and onshore wind

capacity in Scotland (GB1 and GB2) increases-fifghtompared to 2021 levels, reaching 35GW in
2030 and 56GW in 204¢

61 Total installed wind capacity in Scotland in 2021 is G\0& 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
favourablefor 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 samyear 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 installéderisB6region

Zonal

As mentioned previously, in our modelling of the zonal market design, the total capacity of each
techrology in each year remains fixed to that set out in FES 2021. However, we allow some
new-build generation capacity, and all gigdnnected storage assets, $ite in different zone
response to prevailing wholesale market price signals and subjecettetinology specific
constraints outlined in Section 5D.

Thesiting of new generation capacificross zones are not optimisedthin zonesas we assume
that there is no locational wholesale price signal within the zam&tpad,these areallocated in
proportion to the distribution offorecastedcapacity by technologgicross the nodesver time
within each zoneset out in the relevant FES scendfi®!3

The change in capacity in each zone as a result of moving from the current wholesale market
design toa zonal model can be seenkigure6-5 below.

162 For example, suppose a hypothetical zone contains three nodespwithorewind 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
locate an 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 NodeBhe resiting method for site specific technologies, such as CCS or offshore wind
follows a different approach, whids described in detail in Appendix 1.

163 Conceivably, under a zonal pricing regime it might be possible to send a locationaldngiesignal through the
transmission charge for each zone and hence potentially influence siting decisions within ¥/edreze not
incorporated this feature explicitlyHowever, given the existing FES roll out incorporates a locational signal that

G NASE o0& f20FGA2y NIONRYAE I KSLINBBROKSYZT 21dANI 2QINEAY I OKI

node (albei subject to technology specific siting constraintsph 3 K NBIF a2yl o6f & | LI NIAZ2Y
TNUOoS charge
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6.22.

Figure6-5: Change in location of generation capacity betwaenal and national marketesigng
LtW (NOA7)

z —.

= —

o

=

0

1

5 =

s

Yol .8 —

5 —_

<10

-1%

-0

035 W0 203%
*5 | Ll

W Fossil fuel M Biomass W Muclear W CCS Gas B CCS Biomass B Offchore wind
Onshore wind Solar Other renewables B Pumped storage B Hydrogen Battery

Source: FHEnalysis

Under a zonal market design, a proportion of solar capacity is expected to relocate to the southern
zones (GB6 and GB7) in ordebenefit from both the improved local climate conditions

(increasing annual capacity factors) and the higher average wholesale prices in the zones south of
the B9 boundary (relative to the average zonal prices further north).
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6.23. We also forecast a relocatiorf 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 capacéiyesin
GBlrather than GB2 (as expected under RERO benefit from higher average capacity factors
with minimal impact to the average price received (the capture prit‘@dpproximately2GWof
new onshore wind capacity aldocates inWales to benefit fronhigher average zonal prices in GB4
and GB6 relative to GB2, but this is limitedooy assumeduild limits and local network
constraints.

6.24. Our zonal modelling forecasts that some new offshore wind capacity wmtldcate inthe
northern zones (GB2 toB#)but rather inthe Celtic Sea (GB7). Capacity factors in the Celtic Sea
are comparable to other higtvind potential area¥® and resiting to the Celtic Sea allows offshore
wind farms to benefit fronboth higher capture prices and reduced transmissionstoints
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 ah @aea.

6.25. Combined offshore and onshore wind capacity in Scotland is still expected toaBa&W by
2040 in the zonal model, constituting a less than 10% decrease under zonal market arrangements
compared to thatset out inFES 21 for the current market design.

6.26. A key finding of our zonal capacity expansion modelling is that an extensive propufrgad-scale
batteriesopt to siteaway from demand centres southern GEind site inScotland (GB1 and GB2)
instead As detailed further in Box 5, Scottish zones see much higher price volatility between
hours, with wholesale prices regularly droppitigse 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 famsorthern Scotland can have@41.8%annual capacity factor
compared toc.40.4% insouthernScotland based on the 2013 climate year.

165 According to the PECD, new offshore wind farms ardbechorth-eastScotland can have@53.1% annual capacity
factor compared tac.52.2% in the Celticéa, 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 Ig
renewable generation or high demand. This usually means charging oveandtiischarging
during the afternoon paks when prices are higher.

As a result, batteries locaia areas which experience higher pridéferentialsin the shortterm.
This traditionally happens at locations either around demand centres or in areas with high
intermittent renewable capacity. Bincludes both areas with high demand, such as London or
Midlands and areas with high intermittent renewable capacity, such as Scotland, Wales or Ea
Anglia. To understand why batteries choose to locate at one of these areas rather than the o
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 (NOAY) scenario at a
within the largest demand centre in GB, London (Bajkimgl at a node with high wind capacity i
the northernmostpart of Scotland (Dounreay). The comparison of these two nodes provides &
explanation regarding whg large proportion othe gridconnected batteriesend to sitein
Scotlandn our modelling

Figure6-6: Hourly price profiles at selected nodes in 22BN (NOAT7)
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Prices at Barkingre higher in the afternoon peaks than the prices at Dounreay, allowing batter
to sellat a higher price. However, ¢itifference between the Barking and Dounreay higices is
below £10per MWhon most days. At the same time, prices in Dounreay decrease peE@I\Wh
more often than at Barking due to high installed wind capacity in the,aakowing batteries to
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@& MWH compared to Barking (c.£2%&r MWH) also
illustrates this point.
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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 #tat pric
frequentlyfall to £0per MWh At the same time price spikes in thauth of the countryare also
limited by other forms of flexibility that are embedded with the LtW (NOA7) scexaspecifically
the FES assumptions on interconnectors and demandrsgf®nse. Both of these are centred
around thesouthof the country and high demand areas and affect these areas more.

Under the LtW (NOA7Y) scenario, most of the flexibility on the system is not provided by grid
connected batteries, but rather by thermgéneration in the early years and by the demand side
and interconnectors in the later years. Since these are located mostly in England and Wales (and in
line with our assumptions set out earlier do notlozate 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 Scotlantthe assumptions in FES 21
regardingthe ability of interconnectors to respond flexibly to prices and the extent of demand side
response (particularlyy2Q were ovely optimistic, then we would anticipate higher price volatility
in the south also¢ whichwouldin 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 froma system perspectivas in their absence, more wind generation would be
curtailed.Furthermore, beingn an exporiconstrainedocationdoes not prevent batteries from
generating at high priced hours when wind is low, as most of the constizettseen Sotland and
Englandare caused by wind generation.

Nodal

Asexplainedabove, in our modelling of the nodal market desitie 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 sigaakach 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 #hoptimal nodes on the system, subject

to the technologyspecific constraints detailed in Chapter 5.

An example of this relocation of capacity between nqdefative 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 (NOA7¥cenario in 2030 when moving from the current market design to a
nodal model.

As mentioned abovdpr presentational purposes we aggregate capacity impacts to the zonal level
for the remainder of this sulection. However, our underlying modelling results include the re
siting of capacity at the nodal level.
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Figure6-7: Change innstalled capacity under nodal markasign(2030 ¢ LtW (NOA7)

Wind Solar Storage

D Increase in capacity . Reduction in capacity

Source: FHnalysis
Note: The size of dots represents the change in installed capacity at each location, but dot size is not
directly comparable acrosschnologies.

6.31. The 2030 examplm Figure6-7 showsmore onshore wind farms being locatedriarthern
Scotland and Walesompared to the national modelMore new onshoe wind farns arebuilt in
northern Scotland, as the capacity factors are higher in this area and thesprittee two Scottish
regionsare broadly similain most hours. As a result, wind farmsniorthern Scotland benefit from
higher volume of generativpand are not penalised by lower capture pricektive 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, even though titimg would beeconomicdly
attractive. The extent of resiting from Scotland to Wales is limited by th&sumecdcapacity limit
placed on each node and by local network constraiwtsilst keep capacity between market
designs constant on a technology basis

6.32. Solar generabn capacityincreases 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 installedtapacity betweera nodal and national markedesigng
LtW (NOA7)
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The optimal capacity evolution forecast by our nodal mpdbbwn inFigure6-8, isin linewith the
evolutionunder the zonal market desigAttracted by higher nodal prices atige better climatic
condition assumptions as per the PECDrarthan 20GWof new solar generationapacityis
forecastto site inGB6 and GBiather than inother zones by 2040vhilec.6GW ofonshore wind
does not site irsouthernScotland but rather into northern Scotland and Waldaastead

Offshore wind projects connecting at timerthern shores of Scotland lead to increased stress on
boundaries ithin 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 buidit 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 are availabléis relocation is natbservedn the zonal modelling, as
these intrazonaltransmission boundaries are not considered for siting decssion
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6.35. 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 bsduthern
Scotand relative to the results of the zonal-siting, following relatively lower buidut of wind in
GB1 under nodal markets compared to zonal.

6.36. Combined offshore and onshore wind capacity in Scotland is still within 10% ckthadt in
FER1in 2040 ad is forecast to increase more than seviefd compared to the 2021 level. This
compares to an eigHbld increase undethe9 { h Q& [ G2 &AO0SYyINA2 Ay C9{

B. Generation

6.37. In this section we compare traispatched generation mix under each market arrangeméidr the
national and zonal markets, this includes the effect of generation being constramadd off by
the ESO in thBMto ensure thatdispatchis compatible with transmission constraints on the GB
transmissiometwork.

National

6.38. The generation mix posBM®® under the status quo national market is presentedrigure6-9
below.

Figure6-9: Generation by technology undamnational marketdesigng LtW (NOA7)
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Note: There are no CCS gasgyators in the Leading the Way scenario in the modelling period.

¢ KS SNMQYINBAIINS &aSy (a (e thaSOyhasMdcaurtet yor chalstiaifts, £eS it 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 arrangemerstsown 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 crdagatiis phaseout, as well
asthe steadily increasingemand 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 Aigure6-10 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 orfrigure6-10, 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 comparedo the FES modelling. In 20284 of the total generation is from fossil fuels
our modelling compared to 5% in FES\2hile bothsets ofmodelling predict that the contributior
of fossil fuel generation falls below 1% during the modelling periodFt® 21 modelling reaches

this level in 2035, but it is only reached in 2040 in our modelling (and remains at 3% in 2035).

Secondlyye forecasiower wind generationmelative to FES 2TThe difference increases with the
level of installed wind capacity reles the highest level in 2040. In this yeme predict 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 2830e believe due todifferent underlying
commodityprice assumptions. FES 21 relies on commodity prices from early 1808id while the
FTI modelling uses commodity pricesnfr April 2022. As a result, some of the effects of the
Ukraine crisigire reflected in our commaodity price forecasts, but not is2R. These effects were
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 likely to be more cortigitive
those in connected countries (such@srmany), leading to an increase in domestic generation
export.

Lower wind generation anadh turn, increased fossil fuel generation from 2030 onwards is a
consequence of different underlying wind capacity profiles. As we describe in Appendix 1lreve
not able to rely on the renewable capacity and demand profiles used in the FES 21 modelling
instead we used hourly profiles published by ENES@While we have adjusted these hourly
profiles to have the same annual capacity factor as the ones nsbeé IFES 21 modelling, the
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

for

2 we
) and

generationtechnologies as well.

The transition away from fossil fuel generators relies on increased flexibility from alternative
sources. By 2040, undetW (NOAT)

< residential and industrialemand side flexibilitypbecomes 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 nationahodel with the equivalent generation mix in a zonal marRéte
chart on the rightompares 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 @alditio

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 (NOA7)
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6.42. Figure6-11 shows that moving to a zonal or nodal market could reduce the amount of power
sourced from fossil fuel generators 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 assimed inFER1. 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 afinThin
reduces the amount of flexible generation required from fossil fuel generators.

< Amore efficient use of twavay assets such as interconnectors and storage:

T As detailed irBox6-3 below, underthe current market desigrwholesaleelectricity price
signals can cause/o-way assetso exacerbatepower shortages in impostonstrained
areas in some hours’

T Under a zonal or nodal market design, locational wholesale price sigatdadenable
two-way assets to s@dule flows in a morésystemoptimal way, helping to alleviate
constraints in both exportonstrained and importonstrained nodes across the yehr.
our modelling, this results in a reduction in fossil fuel generateimg constrainedn 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 fossilgaakrators are required to meet

1871n our moddling the ESO first prioritises the redispatch of domestic generation,saitedulednterconnector 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 flexiblelectricity supply, with the flexibility provided by fossil fuel generation largely
retired by 2035. As a result, the reversakohedulednterconnector flows forms a key component of ESO
interventions in the BM in our modelling in 2035 and 2040.

capUT R F.T I

Energy Systems CONSULTING



ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 139

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 opsed on both sidgof the 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@nder both the national and nodal wholesale
market designslt highlightsthe net interconnector flows to each connected country and the
prevailing wholesale market price in eaciarket.

Under the national model, a single wholesale price applies to all @&nolearing at a price of
£13.9per MWh. Whileit isa 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 pric€Bis scheduled tamport 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 additiGoaibined Cycle
DI & ¢ dZDIJGE geSeration must be constrained on in the impaonstrainedsouth of GBto
make up for this shortfall. Thus, in the wholesale market, interconnectorsdreduled tamport
additional powerfrom an exportconstrained region (from Norway) and export power from impart
constrained regions in theouth of GB Interconnectors to Belgium, Netherlands and Germany are
flowing at maximum capacity, while 7.7GWimterconnectorcapacity to France out of the total
8.8GW is also utilised to export power. Thesbeduled flowexacerbate 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 transmissiwstraints
in the initial price settlement. As a resyfirices 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 Englduprices fall to £4.9er MWh. Accordingly, GBlorway
interconnectorsand some of the GBeland interconnectors instead export power from GB,
therefore increasing expastfrom the northern GB exportonstrained 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
constrainedon. 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 exports tevasttrn
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 thabecause of the change sthedulednterconnector flows, prices also
change in the neighbouring countridsar this hour, the prices in Norway decrease by c.£26
MWh, as Norway can consume wind generatimm the north of GBhat is otherwise curtaild,
rather than consume its own reservdiased hydro resource and export to GB. Given the huge
potential of storage of the Norwegian system, this arguably would seem to allow a significant
better use of the Norwegian hydro system by the predominantheresbles GB system than und
the national pricing regime.

<

%)
=

The net position o§cheduled=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, thedost electricityscheduled taexport to
France from GB that occurs under the national market designataim 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 exportbeadelivered toFrance. Notably, the
cost of this ESO intervention iscasered from GB consumers. We observe a similar situation ir
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 leadgschange in the total volume of GB
generation, with effects varying across our modelling periodhe earlier years of our modelling,
total GB generation falls, with improved price signals to interconnectors enabling imports from
neighbouring countrig to displace some fossil fuel generatitmlater years, because of more
efficient dispatch and some generation siting in different places, total GB generation increases
under a zonal or nodal market design, driven by increased interconnector expartekport
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 bothzonal and nodal market designs, thus resulting in an increase in total GB generation
locationally granular market designs relative to a national market deSig;mdemonstrate this via
the worked example in Box4 below.
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Box 64: Worked example of dmand 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 designs
with the cansumption of smart charginBvs 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, cemanted with imports
from Norway and gemation from batteries. Smart EV charging decisions are made based on this
national wholesale price, and total consumption fré&vesis a function othe number ofEVs in
each region rather than locational price signals. As a result, electricity consurbgtgmart
chargingeVs is similarly high on the southern and northern side of the boundaeto 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 constrg[;nt
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 congiaiff in the BM.

Figure6-13: Indicative snapshot &V behaviouander National and Nodal market designs
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Source: FTI analysis
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6.45.

6.46.

6.47.

6.48.

However, with nodal pricing, the wholesale market implicitly accounts for transmission constraints
in the initial price settlement. Prices north of the constraane slightly lower thanvhat they were
under the national market, at c.£1&per MWh, refleding the low marginal cost of electricity.
This causes the demand fragvsin the north of GBo 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 the
wholesale market. In response to the higher price, smart EV charging is completely shifted tg a
different hour, when the same transmission constraint is not present on theisyst

Congestion impact

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 decational wholesale price

signals would be expected to reduce the volume and associated cost of intervention required of
the ESO.

Following extensive discussions with both the ESO and industry stakeholders, we have deaeloped
¢redispatcti 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@rahd Appedix 1.

In this section, we present our forecasts of the volume of generation expected to lspatzhed
by the ESO undex national and zonal market desidwoken down by technology

National

The figure below shows the evolution of constrairmtand-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 aitross the modelling period
Constraineebff generation inceases fronc.17GW in 2025 toc42GWh by 2040This takes place
despite significant investments in the transmission netwdule to a combination of factorss
described in SectionBabove such as thaprice signals in the wholesale marketquentlyresult
in two-way assetbeingused inefficiently from a systeperspective.

This requireshe ESO to constrain on additiormltput from alternative generatorsia redispatch
interventions primarily provded by fossil fuejeneration 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 actions®®

We havediscussd our approach with ES@garding themodelling of theBM and validated our
findings thatinterconnectors become the main asset to be constraiopds gas generation is
phasedout.

Zonal

A zonal maket would, by designbe expected tseelower 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
inourmodelingg A i K (G KS 9{ hQa 2Guyreshly drSciddely alignEd2oNBoth khéréniamhd
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 wholesalgrice settlement, a zonal market will reflect some of the physical
capabilities of the transmission network to market participants, particularlyway assets, to
operate in assystemoptimal way, reducing the volume of ESO interventions required for
redispatch.

6.54. Second, in the lonrterm, 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, reduciogngestion on the transmission network ovhe
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 constraioedgeneratiom, and negative values represent
constrainedoff generation.

Figure6-15: Constrainedjenerationundera zonal marketdesigng LtW (NOA7)
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6.56. Similarto the national model, under a zonal market desite requirement forESO redispatch
interventions increases across the modelling period, witshore and onshore wind generation
increasingly anstrained off as transmission boundaries become more cstegeHowever, the
volume of wind generation that is constrained off remains significantly below that forecast for the
national model.
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6.57. Thetechnology mix of constrainedn generation follows a similar profile to that forecast for the
current market desigmalbeit at lowervolume 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 propartiadispatch
flexibility is performed by interconnectors.

6.58. A key result of thdorecast constrained volumes of the zonal iketrdesign is that, whilthe
selected zonal boundaries appear to eliminate the majority of required redispatch actions in the
eanly modelling yearsincreasing constrained volumes in the 2030s suggest that newziotnal
boundaries emerge on the system over tinde. noted in previous chaptenshder a zonal market
designre-zoning wouldikely need to be considered eggular intervad, to ensure that the zonal
wholesale market continued to reflect thahysical network over time.

Box6-5: Effect of theBM on interconnector imports and exports

As we describe in Section 5D and Appendix 1, interconnectors can particifgaéeBM, 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 used for balancing than interconnectors.

Figure6-16 below shows how interconnector flows changes a result of redispatchinder 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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Source: FTI analysis

There are essentially no changes in flows in 2025 andliomtgd 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,interconnectos rarely
need tohave their flows canged by the SO in the BM
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However constrainedoff volumesacross technologidseep rising in the 2030s under all scenarios,
due to the increase in installed wind capacity in tieeth of GB whichconsequentlyincreasethe
need for constrainean generation in thesouth. This increase coincides with the phame of
fossil fuel generation (c.10GW in 2035 and ¢.1GW in 2040), requiring interconnectors to provide
increasing amount of constrainezh generation. Interconneots provide this flexibility by
reducing exports to France and Nottiest Europe and increasing imports from the same
countries.

Theseinterconnectord N3 & OKSRdzZ SR -d4Re Fft @80l &SS a@ KB Y@l GA 2
able to observe transmission estraints on the GB gridhead of gate closuré-or instance, in
hours where GB has a relatively low electricity pricgerconnectors aresometimesscheduled to
export to countries where the price is set by higher cost units. However, once transmission
constraints are accounted fothere may not be sufficiertransmission capacity to cover the total
demandin the south of GBndthe scheduledexport Thereforegither export has to be reduced
(or even switched to import) or other higher SRMC units hauveetturned on in GB as weéllle
return to this issue in Chapter 10.

D. Curtailment

6.59. Under the status quo national market, wind generation can be curtailedgme postgate closure.
Pregate closurecurtailmenttakes place if there is more renewable genesatacross 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 actioageguired. As part of this balancing
action, wind generation is constrainedf while flexible generatiomt the other side of the
transmission boundaris constrained on

6.60. Pregate closure curtailment is expected to increase under zonal and nodal mar&agaments,
as more of the transmission constrasiare 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 ancheed at all under nodal markets. This
reduction is expected to outweigh the increase in-gage closure curtailment, as demand
flexibility and twoway assets scheduling will be optimised while considering renewable generation
and transmission constrais at the same time.

6.61. In Figure6-17 below, wepresent both preand postgate closure curtailment across all modelled
market arrangements.
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6.62.

6.63.

6.64.

6.65.
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Figure6-17: Wind curtailment; LtW (NQ\7)

§ 80
}_
70
60
50 .
30 I
20
—
10
T T I T T T T B T T T T
& 5 3 5 5 3 5 5 3 & 5 3
2 2 e =z
2025 2030 2035 2040

Curtailed pre-Gate Closure m Curtailed post-Gate Closure
Source: FHnalysis

For the reasons described $ection6B and 6Clocational pricing allows better utilisation of

intermittent renewable generation, especially wind generatiand reduces theircurtailment, as
illustratedin Figure6-17.

Specifically, under national pricing, aboufld8h of wind generation are expected to be curtailed
off in 2025with the figure expected to rise to almost 70TWh by 2035

Over the modelling period, moving to nodal markets reduces wind curtailmeoB82y TWh or
40%, while zonal markets lead t@209TWh or 26% reduction, indicating that under more

locationally granular pring, 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.
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6.67.

6.68.
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Figure6-18: Emissions from electricity generatiohtW (NOA7)
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Note: Emissions fromvaste plants are excluded, as these are not currently part of the UK emissions
trading scheme.

As shown irFigure6-18, all market arrangements reach the same emissiteveldy 2040,
representing an average reductiaf 52.3 MtCO2drom 2025 levelsThis reduction is a result of
the fossil fuel generation fledteingphasedout and the negative emissions froBioenergy with
/[ F NDb 2y [/ I LI dzNBECOSWiich {sliin@eti by Thé available biomass supply.
However, nodal and zonal markets reduce emissions in all other modelledrg&stige to the

status quo national markeT his is predominantly becausergeration from fossil fuel plants is

replaced bymore efficient utilisation ofrenewable generation and interconnector imports, as
described irSection 6C

Thefasterreduction in emissions would allow the UK to reachNi$ Zero targets earlier or to
create extra headroom for other industries, where emassieductionmay 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
geograhic 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 acsasultiple regions.

Interconnector flows are optimised on an hourly basis in our model based on the prevailing price at
the two connected nodesnd depend on both the intermittency of renewable generation (arising
from weatherpatterns) and structural ffierences 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 countries and nodes, as
these albw us to highlight the most 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 setion focuse®n wholesale market outcome3he 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 analysitgrconnector 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 interconnedar individually.

In the charts belowgexport<s refers to interconnector flows from GB to connected electricity
markets, whiled A Y LJ2efels & flows into GB from connected markets.

National

As discussed above, interconnectors enable the trading of pte®veen connected electricity
markets, with power exported from the lowgariced to the highespriced 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 modéhe difference in the balance stheduledlows

between GB and connected markets is driven by the differences in the national wholesale price of
the connected market.

Figure6-19 below shows thenodelledannual 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 anexportsscheduledinder a national markedesign
grouped by regiog LtW (NOA7)
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As highlighted ifrigure6-19 above, under thettV (NOA7)scenariq GB is generally a significant

net exporter of electricity to France, NoriVest Europe, and Ireland across the 22280

modelling period®® This is drien 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 @asliage, 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 generation. French prices are less dependent on
gas prices due to thextensive 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 yeaesetttensive deployment of
GB renewable capacity itW (NOA7)eadsto GB becoming a net exporter.

169 FES 21 predicts GB to be a net exporter of Tk in 2030 and 110.BWh in 2035 under thetw (NOA7}$cenario
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6.80.

6.81.

6.82.

However, as discusseadbove 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 impoonstrained 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 desigchtionally 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 under a zonal market model, thetmsivef
electricity leads to higher net flows out of these zones. Conversely, in areaswdig€e®zonal

prices rise relative to the national model, interconnectors receive price signals to increase imports
and decrease exports, in response to scarce atEt.

Figure6-20 below compares interconnector flows under the zonal modehtwse undetthe
current market design

Figure6-20: Percentage change in interconnector import and export volwsoksduleds a result
of switching from a national to a zonal market design, grouped by regidW/ (NOA7)
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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 modgb better reflect the higher marginal value of
electricityin those zonesUnder a national market model, prices in gwith are lowerthan the
marginal valueand often send the wrong signals to interconnectors. This results in excessive
exports to Frane and NorthWest Europe in 2025 and 2030, while the resulting congestion is
typically managed by constraininog fossil fuel generation, as explained8ox 65 in Section6C
The more accurate price signals under zonal pricing relative to a nationagpmcidel result in
interconnectors reducing exports and increasing imptwt&Bfrom France and Nort#fwest
Europe in the wholesale market in 2025 and 2030.

6.84. In 2035 and 2040, imports into GB frdfrance and Nort#tWest Europe fall, due to the siting of
additional offshore wind to GB7 and solar resources to more southerly parts of GB, as shown in
Figure6-5in SectiorbA as well asmproved use of demand flexibilitp GB. While zonal pricing
sends better signals to twavay 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 exp.

6.85. The landing points of interconnec®io 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 imports from Ireland 0£.20% in 2030 is the
result of an interconnector connected tme 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 $cotlandcomes 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 markely ¢.20%
and 5% in 2030 and 2B3espectivelyrelative 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 locatioossacr
GB. Although there are some trends which are common across a zonal 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 wholesal&et signals to twavay assets,
notably when there are transmission constraints within zones.

6.89. Figure6-21 below compares interconnector flows under the nodal maoaddtive 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 expedlumesas 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 imports GBfrom France and NorthWest Europe, as well

as a significant reduction in exports to France and Nuvist Europe, in 2025 and 2030 under a
nodal marké model. Nodal prices increase relative to national pricesouthernEngland, 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 transmissiostradmts and intraGB losses

are taken into account. Combined, these lead to higher prices isah of GB Relative to a

national pricing market, this therefommarkedlyreduces 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 Ndkteast Europe fall under a nodal market model
(as they do under a zonal market model) relative to a national marketinAthis is due to
increasede-sitingof generationto the southern zones, as well esproved demand optimisation
under the nodal model compared to the status quo national model.

Additionally in 2035 and 2040, exports to France and N@v/est Europe farelative to the status

quo market design, a result which is not seen under a move to zonal pricing. As sHdexnah,

under a national market model, interconnectors provide constrainadyeneration by reducing
exports to France and NodWest Europén 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 geographicallyicEheffects 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 umai#ala
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 wztnaal congestiorNodal 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 sectio we highlight a set afapacity and generatiooutcomes similar to those represented
above for LtW (NOAT7om the SysTr (NOAANndLtW (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 assessm@ys,Tr (NOA7)epresents a slower transition to
Net Zero tharL.tW (NOA7)brought aboutby supplyside flexibilityas well asncreased hydrogen
production and utilisatin.

Capacity

6.97. Figure6-22 below showdoth the installed capacity under the SysTr (NOA7) scelaadothe
relative change from the LtW (NOA7) scenario.

Figure6-22: Instlled capacityunder a national market designSysTr (NOA7)

National Change from LtW

60

20

150
0

100
. -20

= 250
[G]

GW

L -
-40

1 B B ey N
0 -60

2025 2030 2035 2040 2025 2030 2035 2040
M Fossil fuel M Biomass Muclear CCE Gas B CCS Biomass B Offshore wind
Onshore wind solar Other renewahles B Pumped storage M Hydrogen Battery

Source: FTI analysis

6.98. As can be seen in tfgure above relative toLtW (NOAT)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. Figure6-23 sets 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 irFigure6-23above,SysTr (NOABnvisagesesswind andsolaroutput than
LtW (NOA7) driven bylower demand requirements. Howevencreased demanah the later
years(due to delayectlectrification of transport and heatinggd met by additional nucleaand CCS
gas outputt’

Congestion impact
6.101. The congestion impact for national and zonal market models can be folkigune6-24 below.

Figure6-24: Constrained volume under a natiomad zonamarketdesigng SysTr (NOA7)
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170 The difference in nuclear generation under SysTr and LtW is greater in our modefii/{h) comparetb FES 21
(c48TWh). This is driven by different assumptions regarding thdirfgdoehaviour 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 FEgeats these in a more flexible way. Since, SysTr includes higher nuclear capacity, this leads to
a greater difference under this scenario.
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6.102. Similar toLtW (NOAT)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.

Figure6-25 shows the wind curtailment across the three market designs undesgsr (NOA7Y)
scenario.

Figure6-25: Wind curtailment; SysTr (NOA7)
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6.104. As showrFigure6-25above, more granular locationaiarket designs result in lower overall
curtailment of wind. As indicated above, thgeralllevels 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 a8W(NOA7 across the whole of GBs the two
scenarios differ only by the transmission capacity modelled.
Generation

6.106.

Figure6-26 below shows the generation profile under the L{WND scenario, and thehanges
from the LtW (NOA7) scenario.
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6.107.

6.108.

6.109.

Figure6-26: Generation undea national marketdesigng LtwW (HND
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As shown irFigure6-26 above, the LIWHND scenarioconsists of greatewind generationand
less fossifuel generationthat LtW (NOA7n 2030. This is due to the additional transmission
capacitythat primarily @mes online irthe period between 2025 an#030, 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, additiotransmission capacity allows wind generation to be
exported to France and Western Europe, rather than be constraiffeas inLtW (NOAT)This
explains thegreater levels ofotal generation in 2035 and 204€elative to LtW (NOA7Ylespite
the demand prdile remaining fixed across the two scenarios.

Congestionmpact
The congestion impact for a national and zonal market model can be folkigure6-27 below.

Figure6-27: Constrained volume under a national and zonal madksigng LtW (HND)
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6.110. Compared td_tW (NOA7)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 teesolve transmissiononstraints but due to increased
transmission capacitin LtwW (HND)}hese volumes are lower than undtre LtW (NOA7¥cenario
Zonal constrained volumes undetW (HND)nirror the trend observedinderLtW (NOA7)There

is a slight reduction in volumdsom 2030onwardsunderLtW (HND)due to additional

transmission capacity, but this effect is smallerrthader a national market model as transmission
constraints are already partially reflected in zonal wholesale prices.

Curtailment

6.111.

6.112.  Figure6-28 shows the wind curtailmnt across the three market designs under thigv (HND)

scenario.

Figure6-28: Wind curtailment; LtW (HND)

70

TWh

60

50

40

30

20

10

National
Zonal
Nodal
National
Zonal
Nodal
National
Zonal
Nodal
National
Zonal
Nodal

2025 2030 2035 2040

Curtailed pre-Gate Closure m Curtailed post-Gate Closure

Source: FTI analysis

6.113. As is the case undétW (NOA7)more locationally granular pricing reduces overall curtailment of

wind generationDue tothe increase in transmission capacity undé&V (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, wget out the keyphysicalbutcomes forecaed for each market design
under theLtW (NOA7¥cenario, with a focus dmow the location and output of generation
capacitydevelops across the modelled perjazbncluding with a brisfomparison of key results
with the other two modelled scenarios.

Buildingon this physical overview of thelectricity systemwe outlinein this chapteithe resulting
electricity prices and financial flows between consumers and producers undesetofmarket
arrangement.

Similar to the previous chaptefigr presentational purposewe presentherethe full set of results
for the LtW (NOA7)scenarig beforehighlighing key differencedetween scenariostahe end of
the chapter The full set of resultior the LtW (HND) and SysTr (NO#d@naric are provided in
Appendces 2 and 3

In the remainder of this chapter, wexplore the following impacts for each matlaesign
< change in wholesale electricity prices and cost faced by GB consusatioh A;

< reduction in the cost ofonstraintmanagement$ection B;

< changes in CfD paymenfrom consumersSection ¢

< total electricity cost for GB consumers and the impact of K@Bicongestion rent$Séction D;
and

< producer impact, including producer surplusthe wholesalenarketandBM, as well as
changes in CfD payments to produce3sgtion

Wholesaleelectricity prices and cost

Wholesaleelectricitypricesin zonal and nodal markswill, by design be differentfrom those
forecast for thenational markefasthe impact oftransmission boundarlimitationsandnetwork
lossesare consideredn the formulation oflocationally granlar prices The extent othis
difference will depend on the level of congestiand degree of lossashservedon the system in
each hour.

A key output of our power market modellingtiee estmated wholesale price at evenode on the
GBtransmission networkor 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 marketdesign. For the zonal mode¥holesale prices regularly vabpgtweenthe modelled
zones, driven by intezonal transmission constraints, but are always identical at all naitesm

each zone. Under the nodal mod#ie wholesale priceariesat everynode.

We provide details oprice outcomes from our modelling the two following subsections:
< First,we present analysis of how prices vary acifferent locationaimarket design options

< Second, we provide details of average anmurades under eacimarket design
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7.8.

7.9.

7.10.

7.11.

7.12.

Price formulation under each market desigiption

In this subsectioywe explainhow prices under each market design diffEheexample below
shows our results for a nodal market relative to a national market design. Very similar, akeit le
pronounced, effects can be observed in a zonal market design.

Example hours

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.

Figure7-1 below shows thavholesaleelectricity pricesunder the national andbcationalmarket
designs from our modellingt middayon 29 September2040

Figure7-1: Exampleof a veryhigh windhouracross GB
(29 Sepember2040¢ 12:00)

National Locational

q. ..

b- X )

o W 155

£/MWh
Source: FTI analysis

As shown irFigure7-1 above, the high wind outpudcrossGBrelative to demand at each location
is sufficiently high enouglo cause wholesale electricity priceslte set atzero in botha national
andanodal market.

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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7.13.

7.14.

7.15.

Figure7-2: Example of a very high wind hour in Scotland rronthernEngland
(10 Deember2040¢ 17:00

National Locational

Source: FTI analysis

For the example hour shown Figure7-2 above wind generation in Scotlarghdnorthern

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, insefficransmission capacity
betweensouthernEngland andhorthern 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 genetian in southernEngland; this is reflected in the cost of the

BM instead of the wholesale electricity market.

However,in ournodal model, the impact of transmission constraints at particular points of the
network can clearly be observed, causing a detiog of wholesale prices between specific
regions.Hence everthough thesame constrainis bindingwholesale electricityprices insouthern
Englandn a locational pricing marketre higher compared to the national market.

Figure7-3 below showsa selected hour where wind output in Scotlaad northern Englands
high but not sufficiently high to clear thationalmarket as the marginal plant.
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7.16.

7.17.

7.18.

Figure7-3: Exampleof amoderatdy highwind hour in Scotland angbrthernEngland
(17 Jaruary2040¢ 17:00
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In the selectedhour shown irFigure7-3, 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, causiati demand to pay this price. Howevsunrpluswind generation

(i.e., net of local demand$ higler than the capacity of the key transmission boundary leading to
O2yaiN}XAyia o0AYRAY3 0SisSSy {O20-0RPYRIUNYVRYBR®II
wind generators wilheedto be constrained off by the ESCOradispatch Similarly, the ESOillv

require to constrain on additional generatorsdnk Y E@2NLia G NI Ay SRé | NBFa G2

In the nodal market, the price in Scotland decreases to £0 per MWh, while the priogtiern
England andorthern Wales is also lower compared to thational market. Prices here are set by
imports and storage assets. However, the locational prie@uthernEngland i€.10% higher than

the corresponding national price, as some generation and import are paid through the wholesale
market, rather than though the BM, as in the national market.

In Figure7-4 below, we showan example of wholesale electricity pricesispecific hou08:000n
27 February 2025)hen thee is low wind across GB.

CATAPULT ﬁ CONSULTINITM

Energy Systems



ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 163

Figure7-4: Exampleof a low wind hour in Scotland andrthernEngland
(27 Felruary 2025 ¢ 08:00
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7.19. 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 betweeen t
prices still occur, even as no transmission constraint is binding, because losses are taken into
account on the wholesale market.

Price dispersion

7.20. Figure7-5 andFigure7-6 below showprice variation under a national pricing regiraed either a
zonal or nodapricing regime The price duration curves (shoun black) represenpricesmodelled
under the national pricing regime, witin uplift forthe Balancing Services Use of SysteBSU0S 0
charge!’*We plotthe price ineach hour of thenodellingperiod under thenational priéing regime,
as well aghe highest (in green) and lowest (in blue) obserpedein the corresponding houor
the zonal market desigfin Figure7-5)'"2andnodalmarket desigr(in Figure7-6).

171 For the purposes of the charts beloWationalBSU0S have been added to each data point on an equal basis.
172 Far the purposes of the charts below, Zonal BSU0S 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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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 greateeunddal 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 pri¢és
each hour, across nodaes)dernodal 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 undewsdhbnarket design

for the same hour

AsFigure7-6illustrates, the spread of prices under a nodal market desigorisiderabd. Even

under relatively highpriced hoursunder a national pricing regime, the blue dots on thaxis

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 basss price reflets

the effects of network constraints and energy oversupglgnverselywhen the price is lovi.e.,

zero plus the BSUOS uplifihder a national pricing regintbere are still many nodes on the

system where the price would be significantly higher (agcatéd bygreen dots in the top right of

the figure) were the regimdo 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 pricedcalated for each of our four modelled years and for
each market design into annual average prices, to providedinationof longerterm price trencs
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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7.25.

7.26.

Figure7-7: Wholesale market price undamnational marketdesigng LtW (NOA7)
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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$’®

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 volume®f renewable generation coming online in the 2025 to 2030 pergsdwvell asin

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 ar&dd@#&sMWh in 2040.
While renewables generation is assumed to continue to be rolled out at pace over the period
thereby exerting downward pressure on pricgbe demand for electricity increases, as new

sectors are electrified, thereby exerting upwardpsure on pricesn addition 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

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 stegghsa
can be observed from 2030 onwards. This is illustratdeéigare7-8 below.

173 This is in contrast to other results, where we present annual-dwaidjhted averages. However, loagkighted
averages are affected by the mix of demantk at the given area and would not provide a {fke-like comparison.
For example, two nodes with the same price in each hour could have differentlemghted averages, if one has a
higher share of electrolyser demand compared to the other.
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Figure7-8: Annual average wwlesalemarket price undea zonal markedesign¢ LtW (NOA7)
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7.27. As illustrated irFigure7-8, average annual zonal prices in boitrthern 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 prewalent in 2040, as wind capacity in GB1 increases.

7.28. 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
£31.8per MWh in 2035 andbegin to converge to prices in the other zones, as many of the new
large-scale transmission projects come online and thsitiang of generation to more southern
zones starts to take effect. However, a difference remains between the prices even in 2@40, wh
the price in GB1 and GB2 are £45.4 per MWh and £47.2 per MWh respectively.

7.29. 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 wholesatket rather than
the BM. English and Welsh zones are frequently price coupled in most hours from 2025 to 2030
and have an average price of £79.3 per MWh and £29.2 per MWh respectively.

7.30. In 2035 the prices in thewo southern zones (GB6 and GB7) aresexgd to reach £37.8 per
MWh, while the price in GBGBS5 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.

7.31. Limited price differetials between the zones withinrigland and Wales and within Scotland are
explained by the resiting of capacity (see Section G#)ichreduasthese differences.

Nodal prices

7.32. 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 Wwlesale market price undamodal marketdesigng LtW (NOA7)
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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 psibitegnhodes
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
determinaion of the wholesale market price.

Annual averagernesfor 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 202Mnual averag@rices decrease,

as a result of renewable retlut and decreased gas prices. Prinear Thurso and Dounreay

become the lowest in GB due to the expected installation of offshore wind farms in the aiga

an annual average price of £138r MWh.The highest priced areas in Scotland are near the

Endish border and have a price of £17.7 per 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 thedDounreay area, while

the Edinburgh 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 between £23.7 per MWh and £31.0 per MWh, while the price increases
again in the second half of the modellipgriod, ranging fromE32.0 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 tramamiggindary,
but by 2040 new boundaries emerge on the system, even after some capaegyawayrom the
congested arearelative to FES 2T'he main new boundaries are across the Midlandsthern
England and within Scotland
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7.39.

7.40.

7.41.

Corstraint managementcos

As described in Chapter 2, there is a needaf@&Mto resolve congestion unddioth the national

and zonapricingregimes, as ther wholesale marketgo not take into consideration all

transmission boundaries on the GB system. Constraining generat@sdoff in theBM requires
payments from theSQ which are ultimately funded by consumers. We analyse these costs in this
sub-section.

National and zonal constraintnanagementcost estimates

Constraint managemerdosts will be the highest under thrational market arrangement, since no
transmission boundaesare 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 transmissidiroundaries are taken into account at the scheduling stage.
However, someonstraint managementosts will inevitably remain, as there would remain
transmission constraintgithin each zone that would need to be resolved through SO intervention.
Under nodamarkets, the marketiccounts fomll transmission constrainighen settingthe nodal
wholesale priceandthere aretherefore no constraint managementosts incurred by the St

Figure7-10 below sets out our forecast faonstraint managementost for the LtW (NOA7)
scenario under both national and zonal market design

174 We note hat 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 nationabrral 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 managemertdostsg LtW (NOA7)
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Constraint managemerdosts follow the congestion volumes described in Se&©nCosts under
the status quo national market increase steadily in all modelled yedrite zonaktonstraint
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 frei8bn to more

than £5bn in 2040, as the volume of constrained generation increases, as illustrétigdiia7-10.
Most of this cost is made up by constraired 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 constrabiuéfdpaymens to compensate for their lost
subsidesin hours when they are constrainellie 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 comparisonkigure7-11 below).
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7.45.

7.46.

7.47.

Constraintmanagementosts undeia zonalmarket desigrremain under £1bn in 2025 and 2030,

as most of the congestion on the system is capturgdhe zone boundaries. However, as the

system evolves, new boundaries emerge, as we caindeigure7-9. As there would be no

locational wholesale signalgthin zonesthis would lead to potential increased intzanal

congestion, withconstraint managementosts increasing to over £2bn perayeThe 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 systetft.

The nain contributors to constrainnanagementcosts are similar under the zonal markets, with
fossil fuel plants receiving most of the payments in earlier yearsraatconnectorsreceiving the
majority in 2040.

Crosscheckagainst ESO estimates

We have crosshecked our constrainhanagementost estimats for the status quo national
model under all scenaricgainstthosepublished by ES{@ August 2022, which they have

undertaken as part ahe NOA Refreshplan (incorporatingdAND. Figure7-11 below presents this
comparison.

175 We note that this might present some challenges from stakeholdémsvitably there would be winners and losers
in any rezoningprocess.
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7.48.

7.49.

7.50.

Figure7-11: Comparison o Tl and ESO constrainnagementcost estimatesindera national
marketdesign
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Source: FHEnalysiand 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 W@A7 refresh reinforcements (including HND)

for 2030 to 2041. NOA7 refresh only differs from NOA7 from 2030 onwards.

The solid blue linen Figure7-11is our forecasof constraint managementostsunder the

LtW (NOAT7)scenaricthat is also presented above igure7-10 above.The green and turquoise
lines represent our forecasts obnstraint management costsder the LtW (HND) scenario and
the SysTr (NOABcenario (thalrealsoset out in Appendies 2 ad 3).

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 odwa®ysTr (NOA7) 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 (NOA7).

AsFigure7-11illustrates,the ESOorecastof constraint managementosts under the status quo
national market argover the forecast period, broadly in line with our own estimatesaristraint
managementosts.
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7.51. The slight exception B025,whenour forecasts deviate somewhatthere is adifferenceof ¢.30%
underthe LtW (NOA7}¥cenarioand c.15%under theSysTr (NOA scenarioHoweverthe ES@ a
estimatesof constraintmanagement costen the GBsystembetween 2030 and 2040 fartW
(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 E®idesa degree of
comfortthat our methodology and approachassufficientlyrobust estimate othe evolution of
constraint managementosts for the scenarios that we have modelled.

C. CfDsupport paymens

7.52.  As discussed iectiond4B, 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 whidgsacesthe financial flows between
consumers and producers will also chadfén this section, wessesshe extent to which anove
towards locational pricinghangesthe CfD supporpaymentsunder a zonal or nodal market
design.

7.53. In general, the direction of changé CfD support payment depends on the locatioreath
generator. Generators sited #xport-constrainedregions with abundant renewable generation,
for example wind farms in Scotid, will generally receive lower wholesale pricanderzonal or
nodal pricingandwill be compensated with higher CfD support payments as a résuit.
generators in imporconstrained regions, for example solar generators located close to demand
centres in thesouth of GB the wholesale priceeceivedwill generally be higheunderlocational
pricing, and as a result support payments from consumers to producers would be expected to fall.

National

7.54, 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 (NOAY) senario. A positie value indicates a net payment from consumers to producers.

76 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.

174

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 inltty' (NOA7¥cenario, particularly

across the2030s. This is maintjue 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 high@0B0 than in 2025due to asignificant
reduction in average wholesale prices in 2080ichis a result of a large decline commodity
prices and the acceleration of renewable generation capacity outlined above.

Additionally,Figure7-12 demonstrates that the vast majority of Cédpport paymentsre

expected to be paid to offshore wirgknerators which form a significant proportion of overall

capacity with CfD agements in placeCfD contracts awarded to offshore wind generators typically

I ONRP&a&d AYy(dSNYAI

KIgS GKS KAIKSad
higherassumed LCOE

AGNRT1TS LINROSa

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 lowassumed LCOBecond, solar and onshore wind generators
typicallyhave higher avegewholesalecapture prices across the yedrhis is particularly relevant
for solar generators, which benefit from the increased consumer demamnd therefore higher

wholesale pricesjuring daylight hours.
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7.59.

7.60.

7.61.

7.62.

7.63.

7.64.

Nuclear generation is expected start recaving CfDsupport paymentgrom 2030 with the
commissioning of the first unit at Hinkley Poinwith payments amournihgto over £1bn per year

from 2030 to 2040The scale of this payment is driven by the waigparity between the generally
low forecastaverage wholesale prices undeiv (NOAJ and HinkleyPoint @& NBf | G A

price of £106.1per MWh.

Zonal and nodal

@St e

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 CfRupport paymentsindera zonal and nodamarket desigmelative to a

national marketdesigng LtW (NOA7)
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Source: FHEnalysis
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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, whichn turn reducesapture prices in the wholesale markaid therefore
increases the size of the CfD support payment required

Under zonal market<;fDsupportpayments to solar generators increase only margirial3040

and slightly decreasi@ other years Similarly, CfD support payments to solar generatiesrease
for all yearaunderanodalpricing regimeThis is because ost of the solar capacity is located in

the south of GBwhere the wholesale prices increasdative to under a national pricing geme.
This effect is reinforced by the-sting, which under locational pricing regimasioves even more
solarcapacityto these zoneswhere wholesale prices are the highest.

Similarly, thesupportpayments to Hinkley Point C decrease, as the wholgsae increases at
HinkleyPoint@& 1 2yS YR y2RS dzy RSNJ £ 20 GA2Yy | §

Totalwholesaleelectriaty cost

The modelled variable cost tifie electricity generated on the systeoan be calculated bydaing
up wholesale costgonstraint managementosts and CfBupportpayments This metricanallow
us tounderstand how much consumers are payingvitnolesaleelectricity 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 increasinghgctrified through the modelling
period, the total demand andn turn, the total costof supplying demandncreases. For ease of
comparison between the years, Weerefore 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
LtW (NOAT7¥cenario.The calculation of cost of electricity below is based on{aathted prices
as opposed to the timaveighted prices presented in previossctions.

Figure7-14: Total variable cost affholesaleelectricityunder a national market design
LtW(NOAT7)
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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 onwardswholesale prices decrease and
the share of generation with CfD contracts increases. As a consequgfiiseipport 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 discussauSection 7A.

Constraintmanagementosts make up more than 10% of the variable costs in each modelled year
Zonal and nodal

All of the components of the tal 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 seenkigure7-15below.
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7.71.

7.72.

7.73.

7.74.

7.75.

Figure7-15: Changes in the total variable costsadfolesaleelectricity undeir zonal and nodal
marketdesigng LtW (NOA7)
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B Wholesale cost CfD top up cost M Constraint cost  # Total

Source: FTI analysis

As can be seeim Figure7-15, locational pricing leads to a decrease in tunstraint management
cost element of the total variable prices, as the transmission caims are taken into account
pre-gate closure and the need for balancing action pyeste 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 the BMin the status quowould receivgpayments 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 pridiogthe 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 nd section) Under a pnal

market, total variable costare expected tde lower for consumerm 2025,but aresimilar to the
status quoin 2036 and2040 due tchigher constraint management costs

Differencesin prices between connected nodes and zonesll® 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 sek out our estimates of congestion rents
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7.76.

7.77.

7.78.

7.79.

7.80.

Figure7-16: Intra-GB congestion reat; LtW (NOA7)GBP bn

2025 2030 2035 2040

7 0Na|  e—Nodal

Source: FTI analysis

As illustratedn Figure7-16, intra-GB congestion rents under nodal and zonal are similar in 2025
(£2.3bn and £2.2bn respectively), as nodal prices decouple at zonal boundaries most of the time.

Congestionents decreas to £1.6bn and £1.2bn by 2030, as the price difference between the
different areas of GB decrease, as sh@anlier in this chapter ifrigure7-8 and Figure7-9. 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 dfferencesbetweenregionsstart 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 cdiyre zonal
boundaries, as most of the new congestmeturswithin 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 showfrigure7-17 below.
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7.81.

7.82.

7.83.

7.84,

Figure7-17: Change itotal 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 arrangemkrasiding intraGB
congestion rentdeads to an average cost reductiona8% forconsumers 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@gdbeit to differing extets. For instane, the size of thechanges in
constraintmanagement costand wholesale costdiffer due to the varying levebf congestion

under the national market across the different scenar®imilarly the impact onCfD support

payments will alsaliffer 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
SysT(NOA7) scenario, followed by the change in totadts under locational pricing Figure7-19.
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Figure7-18: Total variable cost of electricitynder 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 genenaitrs
CfD contractsConstrainmanagementosts make upc.8% of total annual cost per MWh across
the modelled period.

7.86. As shown irFigure7-19, under SysTr (NOA#A move to locational pricing reduces the total
variable cost of electricitynder both the zonal and nodal pricing regimesder nodal markets,
the total variable cost of electrigitis expected to decrease in all modelled years, even before
taking into account intr&GB congestion rents.
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7.87.

7.88.

7.89.

7.90.

Constraint managemertosts are reduced under locational pricihgwever,some of this

reduction is offset by increasing wholesale costsa lasger 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 tiiae reduction inpayments to southern
generators.

LtW (HND)

Figure7-20 below 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 locatioitathg inFigure7-21.

Figure7-20: Total variable cost of electricitynder 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

Thedirection of change for each componamder LtW (HND) is similar to that observed in our
results for the other two scenaripas can be seen Figure7-21.

Under bdh nodal and zonal markets, consumers pay significantly less for electricity in 2025, as the
benefit of reduced constrainhanagementosts far outweighs the increased costs from other
components.
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7.91. Consumers are forecast to pay less for electricity ineslfy 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 theast 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 Wags, changes to wholesale
prices mean that generators receive different payments through the wholesale market depending
on their location. Second, the reduction or removatohstraint managementosts under zonal
or nodal marketrespectivelyimpacisthe level of revenues earned in the BM. Third, CfD
generators will receive different levels of compensatizna direct consequenc# 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 markder locational pricing
regimes For instance, gnerators located isouthernzones where prices increase under
locational pricingwill see higher revenuesdm the wholesale market, while generators in the
north will likely see a reduction in tlirewholesale market reveras due to the converse effectThe
chart below shows th@npact of thesechangesn the producer surplus fagach technology under
zonal anchodal market arrangementselative to under a national market design.

7.94. The effect of changing wholesale prices on generators before any subsidies is presefigeaen

7-22 below.
Figure7-22: Change in producer surplus on the wholesale mankéér a zonal and nodal market
design¢ LtW (NOA7)
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Source: FTI anais

7.95. The effect on producers follows the changes in wholesale prices described in Séctivimd
generators, that makeip most of the capacity in the areas where the wholesale prices decrease,
are expected to recover lower revenues from the wholesale miaHtowever, 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 dispatchabrough theBM decreaseslue to zonal boundaries

accounting formost majortransmission constraints. Under the nodal pricing regime, wholesale
pricesaccount fortransmissiorconstraintstherefore removing the need for balancing actidhs
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 thairitie uplift for the BM

offers is the result of the pagisbid clearing and is captured by producers as a surplus. In practice,
some of this uplift reflects actual costs borne by gextors, such as statip costs. This
conservativeassumptionpotentially overestimdesthe negative effect on producers amloerefore
underestimaestotal GB socioeconomic benefft®m transitioning tolocational pricing

Figure7-23: Change in producer surplitem the BMunder a zonal and nodal market desightW
(NOA7)
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Source: FTI analysis

Changes in producer surplus through B 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

77 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 #imealThis 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 wholesaégtricity price received
by generators is differenelative to under a national pricing regimghe diection of the change
depends on the location of the generator, @D contract holderseceiveless(more) revenue if
the wholesaleslectricityprice at their nodeor zone increasefecreases)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 generatorsinder the different market
arrangementds presented irFigure7-24 below.

Figure7-24: Change in CfBupport paymentsinder a zonal and nodal makdesigng LtW (NOAT7)
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Source: FTI analysis

Change in CfD revenues mirrors the changes in wholesale revenues for technologies with CfD
contracts as shown ifrigure7-24. Wind generators see an increasesupport paymentso
compensate them for the reduced revenueshe wholesale market, while nuclegenerators are
expected to receive lowesupportpaymernts, as their capture prices increase.

Overall impact on generators

The overallmpact on generators is made up of changes in wholesale reveBlssvenues and
CfDsupport paymens. The overall impact for eatdchnology in each year is shownFigure7-25
below.
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7.104.

7.105.

7.106.

7.107.

7.108.

7.108.

Figure7-25: Change in total producer surplosgeneratorsunder a zonal and nodal market design
¢ LtW (NOA7)
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Source: FHEnalysis

The most significaritnpactis on fossil fuel generatorthat experiencea reduction in their
producer surplus from 2025 to 2035 before thare graduallphased-out. This followghe results
presented inSection 6Bwhich showed a significant reductionfossil fuelgeneration.

Non-CfD onshore wind generatoadso see a significant decrease in their producer surplus in 2025.
Most of these are onshore wind farms with ROCs, who fiefiem 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 marketlong with theirROCs
paymentas a topup, leadirg to an averagerevenue ofover £90 per MWh 178

These estimates are based on commodity 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 GKS&AS AYFNIYFINBAYlIf NBydGda NB FfNBIRS2
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 pricaay

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 surpisssimilarunder the other twoscenarios Hovever, the
magnitude of the changds different, aghe level of congestion and change in wholesale prices
differsacross the scenarios.

178 Assuming payment per ROCs renmgimilar to the 2021/22 levels, when the buyout price was £68r8R0C
Ofgem(2021), Renewables Obligation (RO) Buyt Price, Mutualisation Threshold and Mutualisation Ceilings for
2021-22CY1ink).

179 45% of exceptional receipts over £@8r MWhis set to be returned by electricity generasocovered by the Act
HMRQ2022) Electtlcity Generator Levy on exceptional electricity generation redgipts).
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7.110. The overall effect on generators under tBgsTr (NOABcenario is shown beloim Figure7-26.

Figure7-26: Change in total producer surplosgeneratorsunder a zonal and nodal market design

¢ SysTr (NOAT)
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Source: FTI analysis

7.111. Thedirection of the impact on producers is simitarunder LtW (NOAT7)with any differences due
to the differinggeneration mix, annual demand level and transmission baiildbetween the
scenarios.

7.112. The surplus of fossil fuel generators decreases by deanmahrgin, as the congestion on the
system is lower under the national market aterefore fossil fuel generators receive lower
revenuesn the BM.

7.113. Nuclear generators alsgarn higher revenuesnder both zonal and nodal markets compared to
the status quaational market. This i@consequence of new SMitgat 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 generatonsybe under some form of revenue stabdtfon
mechanism (e.gCfDx) and this extra surplumaythereforebe returned to consumers.

7.114. CCS gas generators are also expetiashrn lower revenues in 2035 and 2040 under locational
pricing, as they lose the surplus they were previously earning on the BM. SorfilRs, it is
possible that theynay alsde under a revenue stabilisation mechanism and some of thisilags
be compensatedfor by consumers.

7.115. The overall effect on generators under the LtW (HND) scenario is shown indfigure7-27.
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Figure7-27: Change in total producer surplosgeneratorsunder 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 generatars impacted to a lesser exterds these
generatorsare constrained on lesfrequentlyunder a national markedesign, due tdhe 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 rartsition 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 costeaefits 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 inpact of locational pricing on wholesale electricity market liqui¢Bgction 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 iplementation 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 syems 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. Theseinvestments can be grouped into two categories:

< ESO implementation costsvhich are oneoff costs to theSOto enhance processeand 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 greatly across
companies dpending on their specific characteristics and requirements.

8.7. In our assessment, we focus primarily on the expected implementation cost of transitioning to a
nodal markef and less on aonal market. We would reasonably expect transitioning to a zonal
marke 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 fronin$tance, 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 gatherethifeam
groups of sources:

< implementation costs incurred or estimateddostbenefit 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 implementeddtional 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 awe¢ ! ¢ 0 LINE NI YY §

Transitioned from zonal pricing to nodal pricing i

ERCOT 2004, 2008 20102
Introduced nodal pricing under its Energy
LYol fFyOS al NJ S{Financial L {
S ALl Transmission Righis 2014 as part of its
GLYGSINF GSR ®F N) SGé NX
hydlF NA2Qa L 2013. 2017 Planning tamplement nodal pricing for generator|
Electricity System 2019’ * | in 2023 as part of its Market Renewal Program

h LISNJ G2 NJ 6 a Odawkt ¢

Considered moving to nodal pricing as part of its

Australian Energy L . .
o Coordination of Generation anfransmission
Market Commission 20192020 Ly GSAGYS Y i 64/ hD! CLEOD

661 9al é0 el

Source: FTI analysis

181 Wolak (2011)Wleasuring the Benefits of Greater &jal Granularity in Shofferm Pricing in Wholesale Electricity
MarketQp.247 (link).

182 Electricity UtilityCommissior{2011),Wexas Nodal Market Implementatigfink).

183 NERA (2020)osts and Benefits of Access RefQp28 (Iink).

B 9{ h RPBENGBtredmBusiness Casi.9, 2426 (link).

185 The inaugural review was completed in 2018. The second COGATI review began in Febru&Sye28EMC020)
Eoordination of generation and transmission investment implementatiancess and chargifjink).

capUT R F.T I

Energy Systems CONSULTING


https://web.stanford.edu/group/fwolak/cgi-bin/sites/default/files/files/benefits_of_spatial_granularity_aer_wolak.pdf
https://www.austintexas.gov/edims/document.cfm?id=152729
https://www.aemc.gov.au/sites/default/files/documents/nera_benchmarking_consultant_report_-_aemc_transmission_access_reform_-_march_update.pdf
https://www.ieso.ca/-/media/Files/IESO/Document-Library/market-renewal/MRP-Energy-Stream-Business-Case-2019.ashx
https://www.aemc.gov.au/market-reviews-advice/coordination-generation-and-transmission-investment-implementation-access-and

ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 191

8.11. Where data is available, we have broken the cost estimates dowrbSi@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.

< SOimplementaion costs have not been adjusted for differences in installed capacities between
the jurisdiction and GB. This implicitly assumes B@tosts are not proportional to the size of
the electricity market in each jurisdiction.

< Implementation costs have noelen 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 subsdyulean converted to 2022
prices?e®

8.12. We summarise our findings Figure8-1.

Figure8-1: Summary of implementation sts from international case studié&m, 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 conduciatplaidentation of nodal pricing. CAISO
conducted an epost assessment of benefits as part of theawid/estern Energy Imbalance
Market but did not assess g@ost 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 | fvére beldnWSBOBNYiB 3082vaive2 y O2 & |

186 All costs deflated using the CPIH annual rate data as published by the Office for National Statigtics (
187 See the Western Energy Imbalance MarkBgnefit<)link).
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8.14.

8.15.

8.16.

8.17.

8.18.

8.19.

8.20.

b2aGlrofé&s 9w/ h¢ Q& Hnny Fmplementatikr gKklightetl signifzany R dzO G S |
unexpected cost overruns, primarily due to issues around integrating different systems in different
regions. These issues were iperienced in other jurisdictions and may be unlikely to occur in

GB due to the national role of the ESO.

In our assessment of other jurisdictions that have transitioned to nodal pricing, we have not
observed any material impact on generatibry @S a4 G YSy iz 2FiGSy RSSYSR | &
As such, we assume that no investment hiatus in our assessmenté.assume that generation
investment responds to locational pricing as soon as it is implemented (subjiae te-siting
limits diswissed in Section 5B% Furthermore, we note that a number afechanisms, such as
CfDs and the capacity mechanissarve to reduce uncertainty for investoiinally, we note that
prices in some areas of the country are likely to increase in a transitimtational pricing which
may encouragénvestment inthesemore favourable locations (e,dmport-constrained areas)
albeit with the corollary that there would bgotentially reduced investment in other parts of the
network that are more likely to expemcelower prices(i.e., in exportconstrained parts of the
system)

Interviews with system vendors and market participants

Second, we interviewed system vendors and market participants to understand their experiences
and expectations of the costs of ning to locational pricing.

We have interviewed twgystem vendorsHitachi and Siemens, with global experience in
implementing IT systems fo08. Both vendors explained:

< the essential elements required for the transition to a nodal market design ingutla
network models, bidding engines, and systems for thealagad and realime markets;

< how the system requirements required for a nodal market design could be integrated into the
0a SEAaGAY3I aeadsSvyaT | yR
< the roadmap to implementing the necessary ngas.

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.

While the amount of information we can set out in this report is limited tueommercial
sensitivities, a highevel conservative estimate of the total implementation cost of a standard
system could be between £40m and £60m.

We issued a request for information fromarket participants following our first workshop held

on 26 Mg 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, we have not noted any unique challenges tht diifer from the

experiences of market participants in other jurisdictions.

18 Arguably, an investment hiatus issue may also be present in the status quo market design. For exagojie,
uncertainties around TNUa®form 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 @cussion with ESO experts at the Electricity

bl A2yt /2yGNREt [/ SYdNB 6da9b//é¢0d 'G GKAA YSSi
markets operate in other countries and requested NGESO provide a view on the difference

between these markets and theBanarket.

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 changeadata exchange, etering, optimisation process (for the day
ahead market, ancillary services and network configuration), settlement processesnreal
processes, and automation processes to maintain system frequency.

Each of these six areas would require consultatiomwitustry 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 futlysted 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 participarisye assumed
that implementation costs would be£500m

This estimate appears relatively conservative compared to CBAs from other jurisdiotitet it

Ad Ay tTAYS SAGK 9w/ h¢Qa H N nGBASSevéral dtafeRolderg hadeA R S NJ
posited that implementation costs in GB would tmeich higher than the costs implemented by US

ISOs, as these ISOs already had centralised scheduling in place. This is only the case for three ISOs
that had fully centralised scheduling and dispatch marketgiesprior to nodal implementatioq

PJM, NYISO and KBIBE.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 systas throughoutbecause 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 1ISO footgtimty even had to

build control rooms when they began operation 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).
Giventhe large, expected increase in balancing actions by the ESO under 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 simflicity, 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 pricinfransitioning to a zonal market would alsmuire 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 irthis study*8°

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 andatiffies 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 méomexample
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 aréther moving to zonal or nodal
pricing would affect the cost of capital for market participants:

< A highlevelassessmenbf the risksfaced by market participants due to locational pricing, and
their expected relationship with the cost of capital.

< Revew 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 isigitg 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 conside

< how transitioning to more granular locational pricing might change the various risks faced by
market participants; and

<K2g (GKSasS OKlFIy3aSa (2 Nrajla YAIKG FFFSOG Ayo@S
Change in risk faced by market participants due to locationadgric
Under locational pricing, market participants could face the following changes in risk:

< Risks related t@rice variability and uncertain dispatchn particular, how the variability of
prices received in locational markets compares to thatrides received in the wholesale
market and the BM under the current market design.

189 By way of context, our assumed irepientation 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 tHgW
scenario.

capUT R F.T I

Energy Systems CONSULTING



ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 195

< Risks related tmetwork charging and buildIin particular, how network capacity changes might
affect the variability of prices under different market designs, and how B\tbharges 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 theavholesale markef our mocelling suggests thantertemporal (hourby-hour)
volatility is often highemunder locational pricinghan in national pricingbutthisis not always the
case For instance, in 2@3n the LtW (NOA73¥cenarig the average volatility of nodal pricasd
zonal pricess 084 and 0.87 respectivelwhile the average volatility of the national price i80*°
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 straightforwardjaalear approach, were
locational prices are likely to be less volatile and more transpaféithis effect might be more
pronounced for flexibility providers with access to more transparent revenue streams reflective of
reaktime locational scarcity conditions on the netvko

8.39. ¢CKS NBY2@Ff 2F ISYSNIG2NBQ FANY | O00Saa NRIKGaA
not automatically be compensated if they are behind a constraint and do not generate; this is
sometimes referred to adispatch or volume risklt means thagenerators 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 deviationué og of hourly prices to normalise the nanrmal
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 betweé¢ad®.9 in2035 In locational
markets, this risk can typically be hedgedsome extenusingFTR®r an equivalent financial derivative product.

192 In a nodal market, imbalances would still occur; a settlement approach is still required where theealdiahe
price would be applied to the locational imbalance volume.
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8.40. In practice, investors have some tools avdgato them to help manage changes in price volatility
under locational pricing, including:

< Policy support mechanismavhichcan mitigate price risk (such as CfDs), dispatch risk or both
(such aC&Fto an extent). For example, CfD holders are guaranteedstrike price if they
generate and hence are shielded from variations in the reference price. CfDs issued on a

¢deemed generatiofdo A 43X SKAOK LI & 2dzi olFaSR 2y | 3ASy
would reduce or eliminate both pricing and disgatgsk, but may give weaker locational
signalst®

< 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 btween 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 TNUOoS tariff as the signal would be
incorporated directly into the wholesaleipe. For instance, if the TNUoS charge were simplified
into a flat tariff, this would reduce TNU@a8&lated 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 pla€ 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 consittee 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 affecshortterm price volatility). In existing locatiorptice systems, such risks can be
partly mitigated through the purchase of FTRs.

8.43.  We expect there to be some degreerefyulatory riskA y D. Q& St SOGNAOAG& YI NJ
market design, as the steture 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 price systems incorporate automatic changes in locational signals theough
local balance of supply and demand, and so typically require little or no intervention to ensure that
supply and demand are balanced at reasonable cost.

8.44. Nationatprice markets may also be more subject to risks that, for instance, the rules of the,BM o
given its administered nature, the structure of network charging will change. panalsystems
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 locafivical system. Selr exampleGill,
Maclver and Bell (2023¥xploring market change in the GB electricitytesys the potential impact of Locational
Marginal Pricin@!inl).

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 theild plans of other generation or demand assets.

19 The extent of this risk would depend on the precise design of FTRs and their allocation pFeaessiission
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 increae 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 risk will depend o
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. We would expect any transitk to be temporary and to fall over

time.

Figue 8-2 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 between 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.

Figue 8-2: 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 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

Variability volatile BM revenues. participants (that would
of BM Constraint costs are have been constrained

revenues instead reflected in the down in a national

locational price. market) receive the

national/ locational price

TNUoS TNUoS charges, which are currently volatile and uncertain in
charging trajectory, will likely be simplified leading to a decrease in
risk related risks

Transmission

network risk Future changes to transmission capacity can affect congestion in
Network a zone/node and therefore prices, which may increase risk for
build risk merchant market participants that do not take account of the

timing of new transmission in their investment decisions

Transition Temporary increase while market participants adjust to new
risk market design, expected to dissipate over time

Regulato! .
& ry in regulatory risk due to lower reliance on the BM

risk

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 reveneerd 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 theost of capital

In this subsection, we consider how any changes in risk as a result of locational pricing could affect
Ay@Saiz2NEQ O2ald 2F OFLAGIEXE RSTAYSR a &®KS YA,
This minimum expected return is atéd 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.

Ly | aaSiaQaisgpcally estnibtedDlj rdfarénée to the CAPRMIhe CAPM expresses
the expected rate of return for a risky asset as:
0 f 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;

f is afactor (@betag) specific to the asset, which is a measure of the sensitivity afsthet
returns to the volatility of the marketturns and

“YO 'Y is ameasure of the return that equity investors expect from holding the market portfolio.

Note that,as an implication ofthe 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 eguand 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
OFLIAGEE o6az2!/ /&0y

w006 p Y O i p O i
whereOis the level of gearing.€.,the extent to which the asset is financed by debtjandi are
the opportunity cost of debt and equity; and T is an appropriate tax rate.
ThecostofdebtNE Ff SOlGa (GKS O2ad 27F NI A @teyhd thé codD& Y LI y & ¢
debt can be assessed asthesBNBE S NI S LJ dza | &LINBIFIR NBFtE SOGA
GB energy market, the cost of debt for generators is particularly influenced by regulatory support
mechanisms such as CfDs for wimdl &olar generation, and a RABsed mechanism for new
nuclear. For instance, CfDs provide price certainty for generators for the first 15 years of operation,
enabling confidence about the level of returns they will earn per MWh of electricity generated.
Smilarly, C&Farrangements are typically designed so that the Floor payments can cover the
AYy@Sai2NNad® 02adG 2F RSoGo®

197 Ofgem(H n m@idssaly of terms: RHDL and GD1 revie®p.3 (ink).
198 While it is occasionally criticised, the CAPM approach rentamstandard benchmark for regulatory decision

Y 1Ay3dd {§8§3 Soaovsr GKS /2YLSGAGAZ2Y al NJn§,pardgeghE.22NA (& Q&
19 See Ofge & inteneamnector Cap and Floor Regime Handbok).
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8.53. Since we would expect regulatory support mechanisms to continue under alternative locational
market designs, we expect limited change iice risk for market participants that are supported
by such mechanisnts°

8.54. Betameasures the covariance of the returns on an investment with the market régln.
FdadzySa (GKFd Ay@Sadg2NB K2t R I RA DS NE AalcAiS&kR  LJ2 NJ
(that is, risk that cannot be diversified away). It is affected by structural changes that change the
correlation between the returns on the investment and the markell else equal, an increase in
correlation will lead to an increase in befehe impact of locational pricing on beta is uncle#r
would not have an impadt 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 demanéf?

855. GearingNBEFSNE (2 GKS LINBLRNIAZ2Y 2F | FANYQa OF LA
O2YLJ} ye Qa TFAyYl ha@hdtdentfic @y NhsanS @ expest locational pricing to
alter the level of gearing materially in either direction.

8.56. Our assessment of the relationship between risks faced by market participants and the cost of
capital suggests that locational prigicould alter the cost of capital, for instance by changing the
correlation between returns on investment in the electricity market 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 provides an indicative suggestion that the magnitude in either direction could
be limited, because of the range of potentially countting factors that we have identified.

Evidence received from stakeholders

8.57.  We receivedsomeevidence on cost of capital impacts from stakeholdepecificallyseveral
submissions via Ofgem, as wellnagltiple claims of potential impacts at our stakeholder
workshops. Investors in generation assketve informed ushat they would expect some increase
in their risk and cost of capitilom 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 pricinén contrast, battery developers have suggested that locational pricing
may lead to a decrease in their cost of capital.

200 Notably, CfD generators located behind constragusld see a change imlume riskdepending on the rules for
support payments for when wholesale electricity prices are negaBuerently, CfD generators do not receive
support paymats only if the wholesale electricity price is negative for six hours or more.

201 Ofgem (2011)&lossary 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 poftfolio
assets in different locations.
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8.58.

8.59.

One challenge with # discussions on the impact on cost of capital with stakeholders is the
potential conflation ohon-diversifiableriskimpact versus the overall revenue impaat the
overall change in risk profiles. As such, although many generators would face aneriorgak or
a decrease in revenues relative to the status quo, we have been unable to place evidential w
to some of the claims raised as they do not necessarily translate to a higher required cost of
capital?® Instead, we consider that only changesthe beta parameter are affected by changes
non-diversifiable risk.

The main quantitative evidence that we received was an October 2022 report by Frontier

eight

in

Economics, commissioned by RWE, SSE and Greencoat Capital. We discuss this repoft.in Box 8

Box8MY CNRBYGASNI 902y 2 YA OaQmijlicatdns fioh Gost bf Capital NH
report24

¢KS NBLEZ2NI o6& CNRYGASNI 902y2YA0a O04CNRYI(A
that could arise under the current market design congghto locational pricing. The report also
examined guantitatively how the volatility of the locational signal may differ by market design

VIt

SNE O

Frontier argued that a regime witbMPsmight be expected to increase the risks faced by investors

around the volatity of their earnings, because of factors such as uncertainty over whether
generators will be curtailed and uncertainty over the level and location of spare network capa
Its quantitative modelling compared riskiness of returns under a proxiNt®*sand the current GB
network chargingegime andestimated consequent changes to the Sharpe ratio (a measure of
returns to an asset relative to its variance). Frontier concluded that the expected return dema
by investors could increase by 2 to 3 penage points, while noting several caveats that could
increase or decrease this estimated range.

A cost of capital increase of such magnitude would have a maiewaict on the expected costs
and benefits of locational pricing. However, we have identifiederal importanshortcomings in

CNRYOGASNRA | LIINRBIFOK gKAOK YSIy (KFdG ¢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.

OHU CNRYUOUASNDa aaSaavySyid 2F GKS &aLINBIR 2
for an investor that igqually likely to invest at any single noale the system. This does not
answer the actual question that an investor faces, which is how volatile prices are likely to be
particular node or nodes they expect to investin, ghéd NJ R2Sa Ad Gl 1S Ay
ability to hedge risks by investing in multiple projects at different locations.

city.

the
nded

Most

T NI

at the
G2 | (

203 gimilarly, 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 forcost of capitad)link).
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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 tokss including CfDs and FTRs. These could enable investors to
lock in prices for a significant period at the point of financial close.
6nb CNRBYGASNRA NBLRNI R2Sa y2di AyOf dzRS I y@
is difficult to be onfident that its results would be replicated in different plausible specification

Uy

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 particul@m previous CBAs.

The case studies of countries that have adopted locatiomal@sale 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 renewalgenerators in recent years. Instead, factors other than
market design, particularly the geographical characteristics of a region and the nature of policy
incentives, appear to be more important drivers of investment in generation capacity.

However, we e not aware of anyobusttestson 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 onour 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 thauthelp investors mitigate 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, amxtreme WACC sensitivityhich considers what the uniform uplift to the WACC
would need to be to negate the expected benefits of locationaipg, 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 sensitivitiesdetail in Appendix 4.

205 These technologies include wind, biomass and solar generators.
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8.68.

8.69.

8.70.

8.71.

8.72.

8.73.

The results of these analyses are that:

< Under theLtW (NOA7¥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, thetearme WACC sensitivity fatW (NOAT7jinds 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 afonal pricing.

Market liquidity

Market liquidity is an important feature of electricity wholesale markets. These markets are
considerediquid if:

< 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 Umder more

granular locational pricing. These concerns are based on #meipe 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 markef® This creates

GKS LISNOSLIA2Y GKIG T2yt yR y2REE YIEINYSGa 4.
each area resulting in less efficient trading and/or higher costs of hedging.

Ly NBalLkRyasS G2 adl 1 SK2ft RS NHghs atgd8oNit)) 3e bighlighya o K 0
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 unconstragd commodity that may or may not be realised. As such, the effect of

many of these trades would either be unwound or courttaded in the BM. In effect, the illusory

nature of liquidity in national markets becomes greater as the proportion of SO balautings

increases.

Moreover, one further deficiency of national market designs is the lack of liquid forward markets
for generating resources in impecbnstrained aregsvho may seek to contract their outputs at
the (higher)BM price.

To addresdiquidity concerns in nodal marketa/e discuss two points:

< A gualitative 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 Chapte
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8.74.

8.75.

8.76.

8.77.

8.78.

Features of nodal markets in the USahsupports market liquidity

hyS 2F (GKS 1S@& FSIHGda2NBa 2F y2RIFf YIFIN)JSGa Ay &
Kdzodé ® ¢NI RAy3I Kdzoa FNB YIN]SGI SEOKIy3aSa oK
buy and sell electricity productbtough these trading hubs to hedge against the uncertainty of

future prices?®’

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 ane feide variety of
exchangeraded products. Unlike the GB national sstheduling market design, the wide spread

of exchangeraded products negates the need to find a counterparty and allows all market
participants easier access.

We notethat when enteing 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 are both allochtexddan
through auctions and rraded in balancef-period auctions coordinated by most US ISOs,(e.g.
PJM, MISO, NYISO and-NgE)?° 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.

Therefore, we consider that the organisation of nodal ke#s 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-alsed nodal markets. Additionally, we note
anecdotally the following:

< PM accommodates over 20 trading hubs with over 12,000 nodes and is widely considered as
one of the most liquid energy markets glob&f.

<¢KS /.0 F2NJ ! dAGNIEAIQA Y208 (2 [ata y2Gi8R
deterioration of contractrh NJ] S R ljdZA RA G & ¢

Analysis of market liquidity between PJM and GB

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 Re@ime offpeak and peak future®!?

207 Products are typically differentiated depending on whether they areal@sad or reatime products, as well as
peak or offpeak.

208 This is discussed further in Box2@nd Section D.

209ClimatePolicyL Y AGA LT GABS O6nnmmM0OA PEYDERYIE G A NKION yigE WRNIK KBS § tMa @
description of their LMP model{k).

210 NERA (2020¥2osts and Benefits of Access RefQmuil01 (ink).

211 Intercontinental Exchangéarket Reports ICE End of Day Futuf@snk).

capUT R F.T I

Energy Systems CONSULTING


https://www.climatepolicyinitiative.org/wp-content/uploads/2011/12/Nodal-Pricing-Implementation-QA-Paper.pdf
https://www.pjm.com/markets-and-operations/energy/lmp-model-info
https://www.aemc.gov.au/sites/default/files/documents/nera_benchmarking_consultant_report_-_aemc_transmission_access_reform_-_march_update.pdf
https://www.theice.com/marketdata/reports

ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 204

8.79. We note that an analysis of forward trading on exchanges does not include trades made within
verticallyintegratedentities nor does it accourfor 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 present in the selected
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 propoicthe total available
stock (defined as open interest). This measuresréhativetrading 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
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*
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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 (siz@ng and relevant hours)

3.82. 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 assessnfegieotricity futures?'?
Adjusting for the contract market sizBJM is shown to be more liquid than in GB, particularly for
AGa LISHF] LISNA2R LINPRdAzOG o0akKz2g¢gy 2y (GKS ST
had more days in the month where a trade was made (shown on the right side of the figure).

212 This is subject to the limitations highlighted above, such as thatineecounter trades in both PJM 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 abeye (
does not include both trades in bilateral contracts and withentically-integratedentities, as well
as data limitations based on information availablenfrthe ICI it indicates 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 desigqindeed, 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.

9.7.

9.8.

Overall @st Benefit Assessmentesults and impact on consumers

As described in the previowsapters, the overall impact on consumers from more granular
locational pricing is composed afrange of differenfactors These are

< areduction in the cost of transmission netwarknstraint managementastransmission
constraintsbetween two areas would be incorporated into the respective locational wholesale
price;

< changes in wholesale prices resulting from greater granularity of pgwees 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 \ehpless
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 compof#dte same impacts above in
addition to thefollowing;

< The change in producer surplus (that is the reductioprafits or rent to generation resources)

< Changes to theevenues fronCfD payments (received by generators) due to changes in
wholesale prics.

Thischapterconsolidates our assessment of each of the areas above to set out the overall impact
on GB consumers as well@sGB socioeconomic welfaf8ection A.

Additionally, we also consider thregionalimpact of locational pricingp reflect thefact that
benefits and cost of locational pricing would nacessarilyoe 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 consumer&SectionD).

Overall impat 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 andfér the LtW(NOAT7)scenario, Appendig for the SysTr (NOA7) scenario
and Appendix for the LtW (HND}¥cenario While we have used thetW (NOA7¥cenario to
present ou findings initially, 8 three scenarios areonsidered to bequalandwe note that this
studyonly covers two out of four of the FIE&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)

Figure9-1 and Figure9-2 below show the breakdown of consumdyenefits and socioeconomic
welfare for both the zonal and nodal market designs in the LtW scenario.

Figure9-1: Overall Cost Benefit Assessmentgdanal market design relative to a national market

design 20252040)¢ LtW (NOA7)
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Figure9-2: Overall Cost Benefit Assessmfimta nodal market design relative to a national market

design (2028040)c LtW (NOA7)
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As shavn inthe figuresabove, our analysisuggestshat, under the Ltw (NOA7) scenar@zonal
market produces a net consumer benefit &#n 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 &ih.
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9.11. In both sets of resultsthe overall consumer benefits aderivedprimarily from theredudion in
constraint managementosts followed bythe gain ofintra-GB ongestion rent. These benefits are
partially offset byhigher wholesale cost&t some locationgas thecostsof transmission constraints
arereflected in locational wholesale pricé$)andlarger CfD support paymentsder either the
zonal or nodal pricig regimes

9.12. This assessmemnglieson several key assumptions and limitatismisich couldaffectour estimates
of consumer benefits and socioeconomic welfadf&We set tleseout in Table9-1 below.

Table9-1: Key assumptionghich could affect the overall CBA

Key assumptions Likely impact on results

if assumption relaxed

Fixed transmission buildBased on ETYS, NOA7 and information provide f
by ESO. Does not vary across market desiesset out in Chapter 10 an

assessment of whiess 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 capacityix acrossechnologieso change
between national and locational market designs could increassumer
and socioeconomic benefitnd reducehe costs of achieving Net Zero

No demand resiting and inward investment We havefixedthe location of
demand across each market design asseés Locational market designs
could incentivise demand tsite in different locationgnd/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 wellodéiser potentialbenefits
from using a securitgonstrained economic dispatch. For example, we d
not consider the impact of the ability to emptimise energy andeserves
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 generatioifCompensang the f‘
investments of some cohorts ekisting generatiorior reduced revenues

would lead to a reduction in consumer benefitffcet byhigher producer
revenues. This would not lead tohanges to socioeconomic welfare unle;
interventions distort market incentives.

« 5 » »

213 UnderLtW (NOA7)the NPV ofvholesale costén a zonal market ikigher thanin anodalmarket. This is because
for a significant amount of the early modelled perjadholesale costs are higher under zonal than under nodal (and
the discounting process used to calculate NPV gjveater 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). Ar
differences between R auction revenues and congestion rent collecteq
the settlement processes would affect consumer benefits (in the form o
direct transfer withFTR holdeds 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 capitalVe 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 bengefits

LR 4

New generation capacitya-siting assumptiors: Assumptions on
technology siting were developed in discussion with stakeholderg.
changes to these assumptionsuld impact the overall benefiia either
direction.

*r9

No other reforms assumedOur status quoassessments 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 zone®ur severzone model is based on the six m¢
constrained boundaries whichfixedin the modelling period. lkernative
zomal 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, colgdd to multiple effects
in either direction. Overall, the net benefitgre uncertain atheywould
depend on the energy system beyond 2048nd in particular whether the
benefits in later years would exceed the foregone benefits in early year

*¥

Source: FHEnalysis

Overall, we expect that these results are a conservastenate given our assumptions. These
assumptions are also applied to our assessment for the other scenatiah we set out below.

Overall CBA impaat LtW (HND)

Figure9-3 and Figure9-4 below show the breakdown of consumers benefits and socioeconomic
welfare for both the zonal and nodal market designs in the LtW (HND) scenario.

catAPULT

Energy Systems

ﬁ F T |
CONSULTING



ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 211

Figure9-3: Overall Cost Benefit Assessmentdapnal market design relative to a national market
design (20282040)¢ LtW (HND)
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Figure9-4: Overall Cost Benefit Assessmentdandal market design relative to a national market
design (20282040)¢ LtW (HND)

80
70
60
50

40

GBP bn

30

H
20

10

0

Constraint Wholesale Intra-GB cfp Implementation Net Producer cfb Total GB
management costs congestion payments Costs consumer surplus payments Socioeconomic
rents (Consumer benefits (Producer Benefits
Impact) Impact)

Source: FTI analysis

9.15. As shown irthe figuresabove, under the.tW HND scenario, a zonal market prodes a net
consumer benefit of £9bn and socioeconomic benefits ofi#n. Similar to the LIVINOATY)
scenario, a nodal market produces a higher net consumer benefit4ifrfE&nd socioeconomic
benefits of £4bn than the zonal markett is worth emphasising it our assessment does not
take account of the incremental costs of the transmission build out associated with the LtW (HND)
scenario relative to LtW (NOA7). This caveat should be born in mind when comparing the results
between the two scenarios.

Overall BA impactg SysTr (NOA7)

9.16. Figure9-5 and Figure9-6 below show the breakdown of consumers benefits and socioeconomic
welfare for both the zonal and nodal market designs in8ysTr (NOABcenario.
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9.17.

9.18.

Figure9-5: Overall Cost Benefit Assessmentdaonal market design relative to a national market
design (20282040)¢ SysTr (NOA7)
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Figure9-6: Overall Cost Benefit Assessmentdandal market design relative to a national market
design (2028040)¢ 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 benefita8bfi and socioeconomic befits 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 (NOAY7) 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 benetibhan 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 costfddND.

9.20. We have also assessed the size of the modelled consumer benefits relative to the modelled
wholesale cost of electricity and constramanagementosts. This provides an indication of the
potential future bill impact of transitioning to more graawmllocational market designs based on
our assessmeniflable9-3 below sets out the relative size.

Table9-3: Size of modelled consumer benefits compared to wholesale component of the cost of
electricity (forthe NationalLtW (NOA7%cenario)

2025 2030 2035 2040 Total
(20252040)
GBPm 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
Totalyvholesale 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 thecost 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 cgqsumer benefit relative to cost 18% 27% 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 théable 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 includedyeflbids the
increasing wholesale cost from 2030.
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9.22.

9.23.

9.24.

9.25.

9.26.

9.27.

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 shavn below inTable9-4.

Table9-4: Consumer benefit relative to the cost of electrick§252040

Zonal
Consumer Consumer
S - Consumer benefit relative Consumer benefit relative
cenario benefit relative . benefit relative .
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 (NOA7) 8% 5% 15% 9%

Source: FTI analysis

This represents a material reductiontite wholesale market component of trenergy bills for
consumerg® By way of comparison, we note that the NETA market reform was expected by
Ofgem to reduce wholesale prices by 18%.

While the aggregate impact on consumer and socioeconomic welfare is clearly positive for each
locational market design and scenario, comers in different locations may be impacted
differently. We consider the regional impact on consumers in each location below.

Regional impact of locational pricing

In this section we considérow the impact of changing to a more granular locational pgaiegime
may vary between regions. We explore two outcomes:

< the impact of locational pricing on GB consumers in different locatims;
< a comparison of GB wholesale prices in each remiarther countries in Western Europe.
The regional impact of locatinal pricing on GB consumers

As discussed abovéhd overall consumer benefits are derived from changes in constraint
management, intraGB congestion rent, wholesale costs and CfD support payments.

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 zaéch 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 bear higher transmission costs under the LtW (HND) scenario.

216{ S é
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9.28.

9.29.

9.30.

215

< smearing the benefits or costs of components on the basisefonsumedoad 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.

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 zoasaket desigrg
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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 priceoasdmer
load across the pective zones.

All seven zones benefit from the reduction in the cost of constraint management, with zones
consisting of a greater proportion cbnsumersacross GB (i.eGB4 and GB6 specifically)

benefiting to a greater extent from the reduction in &iraintmanagementosts 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 (&BR 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 beneafitslised by consumers in those zones. In contrast,
the southern zones hae 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 (arntg)dosrne by consumers
as a consequence of transitioning to a nodal pricing reginfkéguare9-8 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 aliegionsbenefit from transitioning to nodal

pricing, but to egreater 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 andconsumeroad across the respective zones.

We observe the same trend aboweplicated for transitioning to the zonal or nodal market design
under both the LtW (HND) ar8lysTr (NOABcenarios, with the magnitude of benefits realised in
different zones differing on the basis of generation mix, price changes@mlmeroad acros

the different scenarios. We discuss this in greater dé@tadppendix 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 GBewith t
rest of Western Europe, under both a national and nodal market in GB. This is seFauired-9
below, demonstrating the impact that nodal pricing would hawetlee relative wholesale price of
electricity across GB when benchmarked to otjueisdictions

We have calculated wholesale prices for European countries using otEyrapearelectricity

market model, as described in Section 5. The use of consisteusi for calculations relating to

both GB and European countries, such as underlying commodity prices, means that comparisons
are on a likefor-like basigo some extent

Figure9-9: Comparison of Wwolesaleprices in GB and Western Eurapeler anational and nodal
market design2025 and 204Q LtW (NOAT7)
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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 tlwerall prices faced by consumdred portions of the GB
wholesale price indicate the BSU0S component. We are unable to calculate the corresponding cost
recovery otonstraintmanagementcosts 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 Figure9-9 above, under a national pricing regime, GB has one of the
highest whdesale 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 zoneabalsmube 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 Englanddanorthern Wales wholesale electricity prices also
becoming amongst the lowest in Western Europe.

This also indicates that there may be additional benefits from nodal pricing, such as internal
investment changes via demand-s#ing, wherelarge consumebehaviour may adapt in response
to the price differentials across GB.
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9.40.

9.41.

9.42.

9.43.

Collectively, this distributional analysis indicates that consumers across all zones in GB stand to
benefit from lower wholesale prices when transitioning to more locationally gramquieing. The
benefits derived from decreases in constraint management costs and@graongestion rents
significantly exceed the increases in wholesale prices or CfD payments.

Impact on prices in neighbouring countries

As described i€hapter5, we haveantegrated our nodal GB model with our p&tJ model, which
covers all countries that are part of the ENTES®Y This allowed us to model wholesale prices in
each European country.

Figure9-10 below provides the average annual wholesale prices in some of the countries
connected to GB.

Figure9-10: Average wholesale prices in selediaopean countries LtW (NOA7)
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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 Eurgean price zones.

217The modelling of European countries is simplified compared to the modelling of the GB side, as the maie plirpos
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 elettir increases in parallel 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. Breckgher 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 marketee linked, whib would affectinterconnector flovs
between GB and other European countries, as described in Section 6F. Different flows on
interconnectors to and from other European countries impéet operation of generatorin those
countries and, in turn, the wholekaprices inhosemarkets.

9.47. In Figure9-11 below, we present how prices gelectedEuropean countries change, as a result of
moving to nodal pricing in GB.

Figure9-11: Change in average wholesale prices in seldétedpearcountries as a result af
nodalmarket designn GBg LtW (NOA7)
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9.48. AsFigure9-11 above 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 Norwaglecreasaunder the presence of a nodal pricing regimésiB. 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 prigielgtive toa national 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€kéfects increasin size
across the modelling periods the interconnection level between the two countrigereases by
assumptionunder FES 28

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, wehanices increase under locational
pricing.As a result riterconnectors from countries located closer to southern Britain export more
to GBas a consequencdn some hours, these countries experience large shifts in prices (as shown
in Box6-3), which leds 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 marketis limited The change in flows is not sufficient to change thie@materiallyin

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 markétlthough emissions under all matk@&rangements
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 emissionser the modelling period, as shownTiable9-5 below.

Table9-5: Total emissions in 2025040, million tonnes

Scenario National Zonal Nodal
Ltw (NOA?7) -14 -67 -114
LtW (HND) -55 -81 -120
SysTr (NOAY) 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
(andother countries) on account of concerns that such interconnection would increase local fésefr example
the discussion of NorthConnect published in NRK on 16 March 202316 our assessmenNorway would, under
a GB nodal pricing regime, receive significantly greater volumes oforergostrenewables generation from
Scotlandwhich could potentially mitigate thesestakeholderconcerns Greater GBNorway interconnection would
therefore increase the exports from GB to Norway which in turn wéaer wholesale pricein Norwaymore than
if the GB markehad anational price. Furthermore, and as notedeidhere 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. As shown immable9-5, locational pricing markets inlascenariodead to loweremissionghan in

the national market in aggregate over the modelling period. In particular, carbon emissions are
significantly lowe 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 redutiagproportion of electricity
generated via fossil fuels.

9.54. The reduction in carbon emissions in locational pricing markets could have a congderpatt
on overall socioeconomic welfare depending on the monetary value attached to carbon emissions.

In policy appraisals in the UK, these monetary values, known as carbon values, are assigned by

DESNZ with the intention of measuring the societal cbshuissiong!®

9.55. OurCBApresented earlier in this chapter only includég direct financial impact of locational

pricing on consumers and producer®., itdoes notconsider the additional impact on

socioeconomic welfare when assigning the carbaluesprovided by DESNZ to reduced emissions
We show inFigure9-12 below how assigning carbon values to changes in emissions might affect

the CBA of our locational prigjrassessment.

Figure9-12: lllustrative impact of assigning carbon values on our CBA
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9.56. 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

219

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, lhe 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 pricesssumedn our analysisvhich are reflected through
changes in the wholesale pricEhe lower wholesale price, in turn, leadsstinsumetbenefits As
such, our assessment includemanetised portion ofthe 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$8istinct

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 carbonwdgllues
typicallybe higher than forecast carbon prices. In the UK, canmiues have been specified by

DESNZ up to 2058

Our corequantitative analysisherefore does not capture the impacof locational pricingon the
societal cost of carbon emissions based on carbon values

In order to estimate this impact, we multiplize 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, split into the benefits already captured in the
analyss and the incremental benefits due to the reduced emissions, are shown for zonal and nodal
market arrangements under LtW (NOA7Figure9-13 below. These benefitepresent the

expected societal benefits resulting frdower carbonemissiondgrom the electricity market

Figure9-13: Annual benefits from reduced carbon emissions under zonal and nodal eskgts

relative to the national market design, LtW (NOA7)
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220 BEIS (202Naluation of greenhouse gas emissions: for policy appraisal and evalugtian

capUT R F.T I

Energy Systems CONSULTING


https://www.gov.uk/government/publications/valuing-greenhouse-gas-emissions-in-policy-appraisal/valuation-of-greenhouse-gas-emissions-for-policy-appraisal-and-evaluation#annex-1-carbon-values-in-2020-prices-per-tonne-of-co2

ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 223

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 reducemissionssignificantly compared 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 Zerouh#sg in negligible emissions and therefore
identicalcarbon savings between market arrangements.

Impact of reduced carbon emissions on CBA

¢2 Fft26 F2NI O2YLI NR&az2ysS 6S RA&aO2dzydi (GKS &l RR;
on carbon valugsacross 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
LtW (NOAT) 9.7 17.9
LtW (HND) 4.9 11.7
SysTr (NOAY7) 4.3 15.0

{2dzNDOSY C¢L lFylrfeara oFadSR 2y 59{b®%Qa OFINbH2Y
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 oB €ocioeconomic 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 (NOA?7) 15.3 24.0 25.0 41.9
Ltw (HND) 7.1 14.4 12.0 26.1
SysTr (NOAY7) 6.2 13.1 10.5 28.1

{2dzNDOSY C¢L lFylteara olFlaSR 2y 59{b%Qa OFNb2y ¢
9.65. The significant impact on carbon emissions highlightstezal nonmonetised 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 adational 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 aggregaie cohortof
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 theerall benefits to consumersany
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 trangtion and mitigation measures

< the grandfathering of existing investmentas a transitional measure, where one approach to
delivering this policy objective would be étlocate a portion of FTR® specific market
participants over a defined temporary period instead of selling them through a market auction;
and

< providing asinde uniform price exposurdor certain cohorts of participants in the energy
system either londerm 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 lopaibomgl
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 individuaharket participantss uncertain
policymakers might wish to consider rules that cushion the financial impact of the transition. This
may be desired to reduce possible abrdpliff-edget disruptions to revenue streams and cost
profiles or to reduce therisk of contractual disputes and honour tbgrandfathering principléby
allowing existing contracts to beweaned off or tapered down towards expiry. This goal would
need to be supported by a firm decision to transition to a specific market desigwjrailceveral
years for market participants to plan around the change.

9.71. This effecttould be realised during the implementation period of the locational market design,
GAGK yed GNIXyarxdGA2yl (£ XBB5a8dzREaS®Y R2 ¥ 3 OiSh8GE 2 NB f |
extend transitional measures beyond this date, for example to allow contracts entered prior to the
discussion of implementing locational market designs to expire.

9.72. The neasures that shield existing investments from the effects of a policy chanés itase a
move toalocational pricingegimgare] Y2 6y | & & 3 RETHiSRcaN range$rdihay 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 nodl contract terms for certain market participants (e&xisting
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 tlaidoal
price; and/or

< maintaining a single price exposure to certain cohorts (igough 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 nket design, thesmaller the consumer benefits that
would arisan the transition to a nodal markethis is illustrated ifrigure9-15 below.

2Werg (18 GKFG GaINFYRTFIGKSNRAYIE LREAOASA ySSR (2 68 O2yah
unintended consequencefor example, if policymakeegjree tograndfather to all contractsignedahead ofa
locational markett 3 2 A y,Inarkeh pdtBipantsmay 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 zai market. Notably, in practice, policymakers would need to set a fixed date early on
in the transition after which all new contracts wouldt be grandfatheredc this is to avoid unintended
consequences where market participants would seek favourableracist Given the continued operation of these
O2y iN¥ Olazx ¢S KI@ZS y2i | aadzy&GRhouglywe ndtedratdrie paitSof theA y @S & G Y
system will be less financially attractive to siteafter atransition to locational pricingConversely, some sites will
be more financially attractive to site in.
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9.74.

9.75.

9.76.

9.77.

9.78.

9.79.

Figure9-15: lllustrative example of the effects of transitional and mitigation measures
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Source: FTI analysis

As can be seen in the figure above, such measagsuming 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 producarereass (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.

Ultimately, the precise extent and design of transition and mit@atheasures remain a policy
choice and judgement. Policymakers will have to consider and balance the overaibffada the
extent of continued investor support against greater consumer benefits.

Policymakers will also have to consider the potentialactf 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, and in turn, socioeconomic
welfare, instead of a simple transfer

We also recognise the myriad of further options and complexity to policymakers, for example on
gKEG O2yadAaddzi Svbetherst referS to hehdratoys That aré dpediomal or includes
investments with a Final Investment Decision, or planimeeéstments with awarded renewable
contracts), as well as whether certain cohorts of new investors should be protected. We do not
assess these options in our assessment.

We discuss two tools that could be used to grandfather existing investments kelmallocation
of FTRs and maintaining a single uniform price to certain cohorts.

Allocating FTRs

As described iBox 92, FTRs are financial instruments that compensate the holdghéovalue of
congestion costs. In effect, FTRs award the holder aitlement to the congestion charges, that is
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0§KS LINKAOS RAFTFSNBYOS 06SiGs6SSy (g2 t20GA2ya o1\
where it exits or is consumed). This is described further in Bbiedow.

Box 92: lllustrative exampleshowing how FTRs work

Figure9-16: Indicative example demonstrating FTRs

ol. Generator sells power at Node 1 for £P
‘ .4-/
1T 2]
.l. I. Load buys at Node 2 for £P
Generator P; e
P, P, === m L Congestion causes,R B, ...
P, Trading o i — -
hub X 0dzii AF NBUIFAEf SN K
ﬁ I covering retail volume, receives RP1.
Retailer eAI'[ernativer, retailer could buy power at the
I trading hub and hold an FTR from N3 to N2

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 differeerday the hub in different periods.

3. The FTR hedges congestion charges so the generator is essentially selling power at the trading
hub price (plus or less any crediischarges for incremental losses).

Benefits to retailers:

4. Similarly, a power consumer retailer carbuy power forward at a tradingub and buy an FTR
from thetrading hub toits load to hedge congestion charges.

5. The buyer can similarly use the same FTR to hpdgeshases from different buyers at
the trading hub in different periods.

6. TheFTR hedges congestion charges so the bisyessentially buying power at the trading hub
price (plus or less any credits/charges for incremental losses).

9.80. FTRs haveeen used widelgs 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 rodeode or nodeto-hub basis.
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9.81.

9.82.

9.83.

9.84.

FTRs are typically sold through competitive auctions administered b§adh€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 netdHis
reflects the congestion rent benefit to consumgfs

However, policymakers could decideatiocate 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 tha@sraission capacity as well as the
duration of such contracts.

In effect, allocating FTRs instead of auctioning them would reduce the auction proceeds, and also
shift congestion rergfrom consumers to the recipient of the freallocated=TRs (as congesti

rents collected will be used to settle these FTRs). As above, with regards to our CBA assessment,
this would reduce consumer benefitgit leave our assessment sbcioeconomibenefits

unchanged

We set out a highevel case study in B&a3 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 generatiorinvestments:

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 contractgor use of the transmission systemhahad
contracts grandfathered for their remaining duration and given the option to convert to FTRs.
However, thecontractual charges for transmission serweere in excess of thealueof FTRs,
so the agreements were terminated as soon as possible.

To dde 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 oves eimcontracts expird.he argest
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 raisdoly FTR auctions are basedexpectedcongestion 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 auctioas lower than the congestion regbllected this means that
consumers receives less than the full congestion rent bendtiit this is represented as a transfer from producers
to consumers, not a reduction in socioeconomic welfare.
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9.85.

9.86.

9.87.

9.88.

9.89.

Support to retailers

In US regions like NYISSONEand PJMvhere most lad 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 owngwghich was were converted into Auction lReue
wA K a 25ARRsmare @ vatiait of FTRslare not tradeable. The auction revenues
attributable to a specific ARRere credited tothe consumers of thatransmission owner
through a reduction in transmission charges for embedded costs of the gridit&ong
transmissiorcontracts are grandfathered within this design.

ISONE ARRs from all generation assigned to retailers in each load zone. Some specific

entitlements flowout of contracts between municipal utilities and the transmission owners.

PJM Retailers nominate ARRs from their generation resources to their load each year. T
a complex grandfathering process of prior year designatéengart of the capacity ket
resource adequacy desigiihese ARRs can then be converted into FTRs in the annual FT

FTR

here is

R

auction, or the retailer can in effect sell the AB¥g proceedso buy another FTR.

As with the principle of grandfathering existing investmeatkcation ofFTRs 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 parfpants

Instead of allocating FTRs (and in effect allocating congestios) r@oticymakers 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 desiginiplemented). Retailers, and ultimately the end
consumer, would be exposed to the average nodal price in the relevant aresofeajload
weighted average basif)rough the settlements procesgiowever, generators (and storage
providers depending on thegolicy 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 market design). For 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 otherwisevkebeen 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 ifelgstrial demand,
other large demand users, domestic consumers, storage aattcomnectors)

tKkS SEGSYy G 2 ¥F whethedf dnfotmiplicgsshee Basesl drbadational or zonal average

price;

26 The ARRsarecdle 9 EA&GAY 3 ¢NIryavYArAdaaArzy /LI OAde F2NI bl da
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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

< the abilityfdN\J O2 yaddzYSNBA (2 daOK22aS8S¢ GKS GeLls 27F LINR

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 eitherapproach. This is the option adopted in several jurisdictions including PJM and MISO
YR A& LINRL] &SR TBo®4hehy tescibesyitivposed desighil|ESO.d

Box94Y L9{hQa I LIWINRIFIOK (2 f2IR &AKASftRAYy3

Ly L 9{ h QamplRrcatatidnof alngt& market, policymakers are planning to shield
consumers from the nodal price by exposing them to a uniform zonal price. However, consumers
g2dz R 0S I fXRBES R T 20K Ld7y AF2NY T 2yFE LINKOS | YR

Theuniform zonal pricewould be calculated based on the average lealghted nodal price in
each zone. This calculation would exclude the load of consumerepthdto pay under the noda
price.Additionally any financial surplus from congestion rent orsles would be subtracted from
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 designed
to allow ®nsumers in exportonstrained areas time to observe the operation of a new market for
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 ndal price areas to install inefficient behitide-meter generation as to avoid

paying a higher uniform zonal price. Rather than making such inefficient investments, consumers
can simply opt to pay the nodal price.

(%)

Ultimately, the choice of whether to shiktertain cohorts such as consumers from locational

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 consider the impact 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 furit@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 enhancemAnthe
commencement of this study we did not envisage testing how the benefits of transmission
investment might alter between market designs. Rather, after consultation with stakeholders and
Ofgem, we agreed to keep the configuration of the transmisa@mvork constant when assessing
the benefits between the three market design options.

However,our analysis evaluated locational pricing options against a pair of scenarios that differed
in the rate of transmission netwothuild-out: the LtW(NOAT7)scenario reflects a forecast of
ambitious transmission network development, and the LBIND scenario representa further,

even more ambitiousjpgrade to the transmission netwaromparing these two scenariadows

us to evaluate how the case for ieenental 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 madkesign and the nodal
market design and compare the two sets of results and finally set out our conclusions.

Background to approach

Figurel0-1 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 (HND) scenario.

FigurelO-1: Transmission capacitiest@ss 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 (NOA7Y) scenario in the n@th GBas well as incremental enhanoents 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 constant§.per he
LtW(NOAY7) scenario). We can therefore evaluate the benefits of the proposed HND transmission
enhancements relative the NOA7 level of transmissidrile keeping the generation arather
backgroundassumptiongonstant és per theLtW scenarig)under each market design. This does

not require us to do additional modellirggbut rathercan be assessed from comparing datan
existing model runs, as shownkigurel0-2.

Figurel0-2: Schematic of assessment methodology
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Source: FTI analysis

AsFigurel0-2 illustrates, our assessment initially focused on the impact of locational price
granularity, keeping generation profiles arrdrismission capacity constant across different market
designs. Our model runs for this assessment can also therefore be repurposed to keep market
design and generation profiles constant, while comparing the impact of different transmission
capacities, ast®wn in the lower two panels.

Benefits of HND transmission investment under national market design

As discussed in Chapterdhder a national pricing regime the benefits of the transmission
enhancements will manifest themselves in reduced constraint gameent costs incurred by the
ESOFigurel0-3 below reproduces our estimates of constraint management costs under the
LtW (NOAY7) scenario and the LtW (HND) scenario shown earlier in Chapter 7.

capUT R F.T I

Energy Systems CONSULTING



ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 233

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.

10.9. 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 betwdenttvo scenarios is most
pronounced.

10.10. The difference between the two trajectories of constraint management costs is £28bn ovis-the
year modelling period from 2025 to 2040. This would be the potential benefits that might
reasonably be assessed to accuraler the national market design for the incremental
transmission investment associated with the LtW (HND) scenario relative to the LtW (NOA7)
scenario. Indeed, we understand that this is broadly the methodology currently adopted by ESO in
its Network Opibns Assessmertalbeit in a simplified forn?”

227 See theNOAmethodology, published by the E®02020(/ink) that describes tie 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 anbat 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
enhaned transmission manifest themselves differenttya 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 rentgidain the
settlement proces$?®

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 havenNeayhted he average of
the nodal prices for each of the seven zoA&s

Figurel0-4: 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 above iareeal 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 electricitgrconnectors. A key part of the interconnector

benefits assessment is a consideration 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 candtitye congestion rents

earned on the cableitselee T2 NJ SEI YL S hT¥3ISY 6unumid WLY(GISNDP2yySOi
22% 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 (Hef§dted in our2030modelling year

onwards.
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10.13.

10.14.

10.15.

10.16.

AsFigurel0-4 above illustrates, annual average nodal prices move as we would expect given the
additional transmission in the LtW (HND) scemaNotably, in 2030 when there is significantly

more transmission in the HND scenario connecting Scotland to England than in the NOA7
transmission scenario, average nodal prices in the exgpamstrained Scottish regions (GB1 and
GB2) increase by.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.

By 2035, the differences in the transmission build betwdenLtW (NOA7) and LtW (HND)

scenarios relate principally to tH89 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 arenter. The same, albeit more muted, effect also occurs in 2040.

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 as a result of the change in prices and
volumes FigurelO-5 below shows the impact.

Figurel0-5: Consumeprice benefiand changen 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 aboveepresents theonsumer surplus generated due to changes in the wholesale
price.

AsFigurel0-5 above 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 withr@xpectations given the price changes 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 acauiuthe change in congestion
rents. This could be in aggregate either positive or negative additional transmission increases

the volume that is conveyed across the system, thereby increasing congestion rent, but narrows
the spread betweethow- and hgh-pricedregions, thereby decreasing congestion rent (on the

existing transmission lines as well as new ones). Which effect prevails is an empirical question and
will vary for each individual transmission enhancemé&igurel0-6 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) saeinatra-
GB congestion rents across the modelling period, 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.

In the LtW (HND) scenario we have modelled, we find that there ig@regate 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 belowifgurel0-7.
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Figurel0-7: Socioeconomic benefitd HND transmission investment relative to NOA7 transmission
investment under a nodal pricing regime in GB (20@%0), GBP bn
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Source: FTI analysis
Note: The values presented in the figure above have been discobmiezlbenefits above
represents the&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, ¢.55% of the hereflcrue to consumers
and c¢.45% accrue to produceéf$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 na@hange 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.

20 Fom a strict socioeconomic pgpective, 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 focused more on consumer impacts. @ffe 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 market operator, AEMO, for flethiés df
different approaches to assessing transmission investment business ¢asps (

capUT R F.T I

Energy Systems CONSULTING


https://aemo.com.au/-/media/files/electricity/nem/planning_and_forecasting/planning-and-network-regulation/final-fti-cl-report---full---transmission-network-planning-in-the-nem---13-december-2018.pdf?la=en&hash=C837DB4A8CDCDDC3544172291772A6E3

ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 238

Figurel0-8: Benefits of enhanced transmission investment under a national and nodag pricin
regimein GB (2022040), GBP bn
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Benefits under Price Congestion Total consumer Producer Total GB
National benefits rent benefits benefits socioeconomic
Pricing Regime benefits

Source: FTI analysis
Note: The values presented in the figure above have been discobmiezlbenefits 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 fos particular transmission
enhancement example a@90% lower under a nodal mark#tan under a national pricing regime.

10.23. We have nosought to evaluate the costs associated with the HND transmission enhancement.
However, our analysis would suggésat if the estimated incremental cost of the transmission
reinforcementsof HND relative to NOAWas greater than £3baver the period 2030 to 204Ghen
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 regimee
exact same investment would need to be estimated to cost less than £28mthe same period
to be judged net beneficigk!

B2 § y2030S8 GKIG GKS O2YLI NRaAz2y 2F (NIyavYAaAaarzy oSySF¥ada
given transmision investment. See our 2018 study for the Australian market operator, AEMO, for further details of
different approaches to assessing transmission investment business tespsJther factors that we are aware of
tKI G GeLIAOFEte YAIKG SYdSNI AydG2 | GNIXyavYAaarzzyThd aaSaay
latter was introduced in the US as part of FERC Order 1000 and could be used in the assessment of transmission
needed to connect generatioassets to meet environmental targets. It would seem to us that the level of
non-economic benefits would be invariant to the market design (for example, the same volume of renewable
generation capacity is connected in each market design scenario) and2heBf ( KS a1 YSORFSSHh O2 F
benefits would accrue for the transmission enhancement that we assess.
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10.24. To datethere has been considerable debate thre potential benefits of nodal pricing that might
arise from improved sitingr dispatchof generation Howeverthere appears to have been limited
consideration of the potential impacif nodal pricingon the need for incremental transmission
network invesment including the wayn which the networkshould beexpandedand/or enhanced.

10.25.  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 theutes After
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 marketigas. 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 changeeisiting 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 partigolarconnectors,
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 flows across the system.

10.26. We discuss each in turn and then set out some concluding remarkss topic.
Forecasting congestion costs

10.27. 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 costorecast data is then deployed to assess transmission benefits. In this regard,
under a national pricing regiméhe level of benefit of a transmission enhancemaderived from
two sources:

< First, a reduced need for the SO to pay to constoaigenerators (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 consffaienerators (typically sited
in the north of GB).

10.28. The first of these is, in part, an efficiency gain that arises as a result of the incremental transmissio
investmentg represented by a reduction in the production cgasmore generationlocated in
exportconstrained locations that were previously curtailgghnow be utilised. However, the
offer prices that we have used in the BM to evaluate the foretastl of congestion for thermal
plants (that are typically constrainemh in the earlier years of our modelling period) reflect an
uplift to the market clearing SRMC. As discussed earlier, theaghigl 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 nprediously some of the uplift is likely
to reflect startup costs. It will, however, also reflect the idiosyncratiture of the payashid BM,
the locational value of electricity, and potentially also a degree of market power. Hence, while

capUT R F.T I

Energy Systems CONSULTING



ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 240

some of the uplift may reflect underlying cosesd.,start-up costs)which is an efficiency gaii,
also potentially includesther non-socieeconomic 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 costsevaluated under a socioeconomic baBiather,
it tends to reflect the degre 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 prevailing wholesale prices) of wind generatense, this
element of the reduction in 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 assesgirconstraint 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 that our methodology for theraonts
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 benefitsstinsmission enhancement potentially
risks overstating these benefits compared to an approach in which the benefits are evaluated on a
conventional socioeconomic basithe main reason for this is that the BM bids and offers do not
completely reflect undrlying economic costs. Rather the NOA methodology appears to conflate
both economic cost savings (that arise from the reduced need to incur costs of constosined
generators)and non-economic cost savings. These ragonomic cost savings incluttee 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 owatning the benefits of transmission
enhancements appears to be true under the current national pricing regime.

10.32.  We would note that we have discussed this finding with the H&€y had, independently of our
analysis and findings, recently identified thisuis internally as part of their review of tidOA
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 fratroreahto
a nodal market design, we assumed that there would be some changes in the siting decisions of
generators in response to locational price signals (albeit limited by real world factors described in
Chapterb). Given, under a nodal pricing regimegnsmission enhancements will lead to changes in
nodal prices, it is methodologically consistent for us to assume that there would be the same
impacts on generating siting decisions too.

232 National Grid ESO, Consultation on the Draft NOA 2023 Methodology, (
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10.34.

10.35.

10.36.

For example, the lower nodal price in LtW (NOA®&daotland relative to the national pricing
market design leads to a reduction in wind generation opting to site in Scotthowdever, under
the HND scenario, higher average nodal prices observed in Scotland (as show dhgueeitD-4)
encourage slightly greater volumes of wind capacity to site in the region relative to the NOA7
scenario FigurelO-9 illustrates the difference in the volume of wind generation in Scotland for
2030 to 2040 under the LtW scenaria fbe national market design, the nodal market design
under NOAY and the nodal market design under HND.

Figurel0-9: Differences in the projected volume of onshore and offshore wind capacity in Scotland
(GBl1and GB2)n 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 deer@asapacity 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 Sca@ange explained in
Chapter 6). In 2030 this effect is somewhat muted as we assumed that all current projects in (even
the early stages of) development proceed as planned at the current planned locBhisreffect
unwinds by 2035 under the LtW (NOA7)rsmgo, as wind generation capacity is ¢.15% lower in
Scotland under a nodal pricing regime relative to a national pricing re@m2040, 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 under the LtW (NOA7Y) scenario is only 2, 7é&Winder 5%.

Figurel0-9 also illustrates that the enhancemeimnt 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 accords with our intuition that
additional transnission 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 transmission investment.
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10.37.

10.38.

10.39.

The converse is true in treuth of England in that, under the LtW (NOA7) 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 lower prices that arise becéwese of t
transmission enhancements induce less wind generation capacity to site in that part of the country.
Figurel0-10 below illustrates this effect.

Figurel0-10: Differences inte projected volume of onshore and offshore wind capacity in
southern Englan@dGB6 and GB 2030, 2035 and 2040 under national and nodal market designs.
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Note: In the charts above, a positive number indicates an increase in captatityerto 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 andFigurelO-10illustrate that there is relatively little change in siting

decisions of generators in 203Dhis 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
locaions. 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 andFigurel0-12 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 (solahavasvind and offshore
wind) in ScotlandGB1 and GB2) 2030, 2035 and 2040 under national and nodal market designs.
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Note: In the charts above, a positive number indicates an increase in capacity relative to the
scenario to the leéf while a negative number indicates a decrease in capacity relative to the
scenario to the left.

Figurel0-12: Differences in the projected renewables generation (solar, onshore wind and offshore
wind) insouthern Englan¢GB6 and GBT) 2030, 2035 and 2040 under national and nodal market
designs
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Note: In the charts above, a positive number indicates an increase in capacity relative to the
scenario to the left, while a negative numbedicates a decrease in capacity relative to the
scenario to the left.
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10.40.

10.41.

10.42.

10.43.

10.44.

FigurelO-11andFigurel0-12 above shows that in 2030, there is little change in output, by region

of solar and wind renewables resous;eeflecting our underlying assumptions on the location
decisions of generation. The one exception is that the additional transmission that comes online by
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 regime leads to a material increase in renewables
output in the south (and a modest reduction in output in Scotladd)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 somsitieg
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
egual, impact on the need for incremental transmissidence, in these circumstances and as our
analysis confirms, the benefits of additional transmissiominevitably somewhat reduced.

Change in interconnector flows angise 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 tramission. However, it is also the case 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 wWvaly such

assets are scheduled to operate by the wholesale market. For example, as indicBigualret-12

in Chapter 6, under a nodal pricing reginve 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 the southern 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 export to France. The physical
realities of the transmission system are such that in practice these transit flows cannot akvays
accommodatedand instead, the ESO needs to intervene to adsltke imbalances (the costs of
which, as we have shown earlier in this report, are recovered fronsumer}. By design a

locational market incorporates the physical realities of the network in the way in which prices are
formed and, in so doing, preventse market from scheduling infeasible flows across the system.

Given that an impact of HND would, relative to the LtW (NOA7Y) 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 NoFigaye
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 projectédterconnectoiflows to France and Norway in 2030 under
national and nodal market design§Wh
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10.45. AsFigurel0O-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 imorts to GB increasing by2c5TWh)Enhancing the grid as per the HND scenario,
leads to a 8.5TWh change in net flows to France, with&5TWh increase in exports to France
andc.2.1TWh reduction in imports.

10.46. Norway would experience the opposite effeavith a net change in flows of5TWh (with
c.2.7TWh increase in exports to Norway ancl7TWh reduction in imports from Norway) in the
transition to nodal pricing under the LtW (NOA7) scendionder a nodal pricing regime, the HND
grid expansioriacilitates an additional.0.8TWh 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 stimes leads to exports from Scotland to Norway that are then
transited through Norway for import back to GB south of the B6 boundary
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10.47. Our results for 2030 shown aboveRigurel0-13 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 physialities 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 syslbim.is the effect that nodal
pricing would deliver through the whedale 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 G&'

HE By 2035, this effect, although directionally the same in ntasks, is more mutedhis is shown
below inFigurel0-14.

Figurel0-14: Differences in the projectédterconnectoiflows to France and Norway in 2035 under
national and nodal market gggns TWh

Source: FTI analysis

By 2035, the impact of flows on interconnectors of both a transition to nodal pricing (as shown by
the comparison of nationdltWw NOA7 and nodalLtW (NOA7 outputs) and the impact of the HND
transmission upgrade (as shovy the comparison of the nodatwW (NOA7 and the nodal

LtW (HND outputs) is less than in 2030he 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 2030 outputs (in which, as we showed above, there is little
change in locationEven so, in 2035, when theage significantly greater volumes of renewables
locating in the south under the nodal NOA7 scenario there is asgllluction of 10TWh 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 giile 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 pronouncednpact on the flows on the GB transmission grid.
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