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Meeting climate targets requires widespread deployment of low-carbon
technologies such as distributed photovoltaics, heat pumps and electric
vehicles. Without mitigating actions, changing power flows associated with
these technologies would adversely impact some local networks. The extent
of these impacts, and the optimal means of avoiding them, remains unclear.
Here we use local-level data and network simulation to estimate variation
infuture network upgrade costs in over 40,000 geographical regions
comprising all of Great Britain. We find that costs vary substantially between
localities, and are typically highest in urban areas, and areas with highest
deployment of heat pumps and electric vehicles. We estimate reductionsin
required upgrades associated with local flexibility, which vary substantially

between localities. We show that using geographically disaggregated data
toinform flexibility deployment across the country could reduce network
upgrade costs by hundreds of millions of pounds relative to an approach
that treats localities as homogeneous.

Globally, increased deployment of low-carbon technologies in
the form of distributed photovoltaics (PVs), heat pumps (HPs) and
electric vehicles (EVs) isrequired to meet climate targets'. These tech-
nologies are central to Great Britain (GB)’s decarbonization strategy?’.
Without network upgrades or increased system flexibility, higher
distributed generation and loads associated with these technologies
would adversely impact some local networks*>.

Deployment of low-carbon technologies can cause multiple
impacts, which depend on context and particularly on rurality*®, on
local networks. Increased load from EVs and HPs can overload trans-
formers and cables and cause falling voltages’. High levels of PVs can
overload cables and cause voltage rises when insolation is high'™,
Inurban areas, long feeders serve many households through a single
transformer, making them more susceptible to overloading and voltage
issues*. Additionally, transformers are typically ground mounted and

cablesrununderground inurbanareas, making them more expensive
to replace than pole-mounted transformers and overhead cables in
rural areas”. Further, levels of technology deployment vary between
rurality contexts. In GB, PV deployment is higher inrural areas, where
there is more space and a higher proportion of owner-occupied
houses™.

The electricity distribution system in GB is organized across a
range of spatial scales associated with different voltage levels'® ™,
Medium-voltage networks, referred to here as regional, distribute
voltage from transmission networks to low-voltage networks. Low-
voltage distribution networks, referred to here as local, serve indi-
vidual households and small commercial electricity users (typically at
230-400V). A distribution substation transforms electricity from
medium to low voltage to serve each section of local network, connect-
ing up to around 500 households through cables known as feeders.
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Local networks have received little attentionin national planning owing
totheir geographically disaggregated nature. However, they could be
subject to substantial adverse impacts with increasing deployment
of low-carbon technologies”, and account for approximately half of
the total length of the distribution network?’. Upgrading them could
incur substantial costs?>?. These local networks represent the focus
of this paper.

Appropriate mechanisms to avoid network impacts depend on
local context. Conventionally, overloads and voltage rise have been
avoided by upgrading cables and transformers*. Impacts can also
be reduced or eliminated with flexibility through deployment of dis-
tributed storage'””** and/or demand-side response**?’ to reduce
local electricity consumption at times of peak load, and/or increase
consumption at peak PV generation***°, GB distribution system
operators (DSOs) are beginning to tender for these flexibility services
toalleviate stresses on particular regions of distribution networks*-**,

Theimportance of local network characteristics and technology
deployment levels in determining stresses on particular networks
is well established. Reports produced by GB DSOs indicate few grid
impacts of low-carbon technologies across GB regions at present, but
anticipate more such problems with increased deployment of distri-
buted PVs**7¢, Across GB contexts, modelling studies predict prob-
lematiclevels of voltage rise when PVs are deployed at 5% (ref. 14),30%
(ref.13) and 30-100% (ref. 12) of urban and semi-urban households. On
aGBlocal network, ref.14 finds that transformers operate close to their
limits during cold periods for 20% penetration of HPs. Across Belgian
networks, ref. 6 finds voltage rise associated with HP deployment in
rural areas to be the maindriver of upgrade costs, withintegration costs
inurban areas. This case study includes alonger feederin the rural than
the urban area, which is untypical in the UK. An international review
finds PV penetration limits of between 2.5% and 500% of minimum
load across local networks, attributable to differences inload profiles,
generation profiles and network configuration®.

Few studies address the impact of low-carbon technology
deploymentacross local networks ata country level. Reference ' maps
localimpacts of one technology, solar PVs, through the development
of the United Kingdom Photovoltaic Database (UKPVD) framework.
This comprises a database that geographically maps PV deployment,
domestic and non-domestic demand and network assets across GB,
andisused to assess localimbalances of PV generation and electricity
demand® and the potential for storage to mitigate these”. References
*3? build on this work by simulating local network impacts and costs
associated with demand growth, PV deployment and flexibility in
networks representative of city, town and village contexts. In parallel
efforts, refs. 7,40 map estimated PV hosting capacity in local areas
across the UK, Sweden and Germany, and calculated impacts of EV
charging across Sweden.

Both ref. 4 and ref. 7 generate useful insights on the integration
of low-carbon technologies across local contexts. Both studies
suggest that network impacts will be more severe, and upgrade
costs higher, in cities and towns than in villages. Reference ’ points
out substantial differences in grid capacity between Sweden, where
heating is electrified, and the UK and Germany, where it is not. How-
ever, neither study maps the impact of decarbonization scenarios
including widespread deployment of PVs, EVs and HPs together across
local networks.

In this Article, we build upon a methodology developed in ref. 4,
but with a substantial expansion of scope. The present study explic-
itly calculates the local network impacts associated with low-carbon
technology deploymentacross over 40,000 local areas in GB using geo-
graphically disaggregated datatoinformlocal characteristics of each
of them (as opposed to three representative contexts in our previous
study?). This is achieved by constructing a UK Low-Carbon Technol-
ogy Database (UKLCTD), which updates and expands the UKPVD*'° to
include current data and future scenarios for EV and HP deployment

up to 2050 across each local area. The UKLCTD is used alongside a
network modelling tool* to develop a meta-model that can calculate
localimpacts of low-carbon technologies across each local area. This
meta-modelis used to address two questions. First, how might costs of
avoiding local network impacts through local network upgrades vary
with local context? Second, where would local flexibility measures
be most effective in reducing network upgrade requirements? The
meta-model’s ability to answer these questions is necessarily limited by
dataavailable atanationallevel, and it cannot match the local realism
of studies focused onasmaller subset of networks'? ™. The key contri-
butionarisesinstead from amethodology to bridge local and national
analyses, and aninitial application of this methodology.

Diversity of local contexts across GB

To assess context-dependent local impacts of low-carbon technology
deployment, variationin network upgrade costs associated with their
integration, and cost-effective measures to avoid these upgrades, itis
necessary to build up a picture of relevant local characteristics. The
UKPVD'*?8 represents a starting point for this, and includes geo-
graphically disaggregated data from a range of sources on domes-
tic and non-domestic electricity demand*?, density of domestic and
non-domestic meters****, PV deployment* and local network infra-
structure*. The UKPVD is updated and expanded to the UKLCTD by (1)
revising the base year t02020, (2) adding dataon EVand HP deployment,
(3) adding data onrurality, broken down into major urban conurbations
(referred to as ‘urban” henceforth), cities, towns and villages following
the UK Government Statistical Service’s classifications****, (4) expand-
ingtoinclude Scotland and (5) extrapolating available dataon network
infrastructure to approximate network data in other regions. These
dataare disaggregated across Lower Layer Super Output Areas (LSOAs)
in England and Wales and Data Zones in Scotland, geographical
units that contains approximately 700 and 400 households, respec-
tively. The local characteristics considered in this study, alongside
datasources and ranges across GB, are summarized in Table 1.

The distribution of present-day local characteristics across GB
is shown in Fig. 1a-c. Urban regions typically have a higher density of
meters and more meters per substation than more rural areas, and
major urban centres are clearly visible in Fig. 1b,c ref. 4.

Local deployment scenarios for PV, EVs and HPs are developed
in ten-year intervals up to 2050, on the basis of regional Distribution
Future Energy Scenarios (DFESs) produced by regional DSOs where
sufficient data are available**°, and Future Energy Scenarios (FESs)
produced by the national electricity system operator in other loca-
tions”, curated in the UKLCTD dataset™. The GB distribution network
is broken down into regions owned and operated by six regional DSO
groups. Foreachregion, DSO groups produce DFESs including higher
or lower levels of low-carbon technology deployment with a more
regional focus than the national FESs. For three of these six regions,
DFES data were available at an appropriate geographical resolution
to allow their inclusion at an LSOA level in scenarios presented here.
In others, national scenarios were used to inform future technology
deployment (Methods). Each of these scenarios is designed to be con-
sistent with UK climate targets.

The approach of combining geographically disaggregated DSO
data where available, and national level data in other regions, has
benefits and drawbacks. It allows for amore detailed representation of
local areas on the basis of local characteristics, increasing the realism
of results, and fulfilling the objective of connection national plans with
local data. However, it also risks producing spurious differences across
DSO boundaries, particularly where different DSOs make different
assumptions about the future development of the electricity system.
By presenting scenarios together, this Article helps to clarify where
these assumptions diverge across regions.

Projected 2050 deployment of low-carbon technologies
across GB is shown in Fig. 1d-f. In line with present-day deployment
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Table 1| Characteristics used to define local contexts across GB at an LSOA level

Characteristic

Range of values across LSOAs (5th to
95th percentile/discrete values)

Data source(s)

Basic LSOA characteristics

Area (km?)

011-27

Population density (people/km?)

56-13,000

Rurality?

Urban, city, town, village

UK Office for National Statistics®**°, Scottish
Government*##©

Electricity demand

Number of domestic meters® 320-1,050

Number of non-domestic meters 9.0-140 ;JtKrathgflgtment for Business Energy and Industrial
Domestic electricity demand per household (kWh) 380-1,400

Non-domestic electricity demand per meter (kWh) 9,400-23,000

Network infrastructure®

Number of distribution substations 2.6-48

Proportion of substations that are ground mounted 0nM-1 Western Power Distribution”
Number of ground-mounted substations 2.4-91

Number of pole-mounted substations 0-42

Present technology deployment?

Domestic PV deployment (installations per meter) 0-0.09

Non-domestic PV deployment (installations per meter) 0-0.08 UK Energy Regulator, Ofgem®
Domestic PV deployment (kW in LSOA) 1.4-220

Non-domestic PV deployment (kW in LSOA) 0-150

Future technology deployment®

Domestic PV installations per meter in 2030 0.0-0.20

Domestic PV installations per meter in 2040 0.01-0.41

Domestic PV installations per meter in 2050 0.01-0.53

Non-domestic PV installations per meter in 2030 0.0-0.25

Non-domestic PV installations per meter in 2040 0.0-0.54

Non-domestic PV installations per meter in 2050 0.0-0.67 gg&ngrlg{ i?NEeitoe:rlw l;';xzr’g{s’t\‘r?gm?éﬁe’ Northern
HP installations per meter in 2030 0.03-0.24

HP installations per meter in 2040 0.26-0.61

HP installations per meter in 2050 0.37-1.2

EVs per meter in 2030 0.26-0.70

EVs per meter in 2040 0.61-1.8

EVs per meter in 2050 0.6-2.0

Flexibility

Flexibility (proportion of peak demand reduction)f 0,01 A4

Rurality categories referred to in this paper are merged from subcategories defined by the UK Office for National Statistics for England and Wales: urban (A1, ‘B1’), cities (‘C1°), towns ('DT’,

‘D2) and villages (‘E1, ‘E2')*. Data Zones in Scotland are assigned rurality categories on the basis of the population density that they match most closely amongst LSOAs in each category in
England and Wales. "This range is extended substantially by the inclusion of Data Zones in Scotland, which are somewhat smaller than LSOAs in the rest of GB. Excluding Scotland, this range is
511-1,090 meters. ®Actual data are available only for South West England and are derived for other regions on the basis of meter density (Supplementary Note 7). “Present-day levels of HP and
EV deployment are assumed to be negligible. °Due to differences in data availability, scenarios for future technology deployment are developed using different approaches in different regions
(described in main text). ‘No reference is provided for flexibility scenarios. These are used to illustrate the potential role of flexibility in reducing network upgrade costs rather than to explore

specific flexibility scenarios.

patterns'’, PV deployment is higher in more rural areas (Fig. 1d). There

is no strong correlation between projected EV or HP deployment and
rurality (Fig. 1e,f), but projected HP deployment is higher in regions
where spatially resolved data were available from DSOs (the South
East, Midlands, South West and North East England)**~° when com-
pared with other regions, where uniform distribution is assumed on
the basis of National Grid scenarios™. This may suggest that these
DSOs are more optimistic about low-carbon technology deployment
than the National Grid, particularly in the South East, where almost two
EVs per meter are projected by 2050 (although values are markedly

lower in London, perhaps due to its well developed public transport
network).

Estimating local network upgrade costs and
flexibility savings

Local network impacts and variation in costs of upgrading them to
avoid these are calculated across GB on the basis of data assembled in
the UKLCTD. To do this, a statistical network design and investment
model developed by Gan et al. is used*. This model simulates repre-
sentative network configurations across rurality contexts, simulates
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Fig.1| UKLCTD data onlocal characteristics and projected 2050 low-carbon technology deployment. a-f, LSOA-level maps of GB showing rurality category (a),
meter density (b), domestic meters per distribution substation (c), 2050 PV deployment (d), 2050 HP deployment (e) and 2050 EV deployment (f). Data from ref. 52.

power flows through these networks under conditions of peak demand
and generationand derives implications for capacity and voltage con-
straints across the network.

Whilst this model is necessarily limited by availability of data on
actual network configurations across LSOAs, it nonetheless represents
thestate of the artin network modelling and calculating upgrade costs.
Simulated networks have been validated against real UK networks in
rural and urban areas***, and the model has been used extensively
to provide evidence on network upgrade costs and requirements
associated with deployment of low-carbon technologies, including
inresearch commissioned by the former UK Department for Energy and
Climate Change®*, by the UK government’s advisory body the Climate
Change Committee’ and by the European Commission®, and published
inrange of peer-reviewed journal articles***°,

Here, the statistical network design and investment model of
Gan et al." is used to (1) simulate distribution networks represen-
tative of a range of GB contexts on the basis of data available at an

LSOA level, (2) calculate the impact of deployment of low-carbon tech-
nologies on these networks, (3) estimate the costs associated with
conventional network upgrades to avoid these impacts on the basis
of the local balance of generation and demand and (4) estimate the
reduction in costs and impacts associated with a reduction in peak
demand associated with local flexibility. Additional details of this
model and assumptions around demand evolution within it are pro-
vided in Methods.

Having defined local contexts’ characteristics as well as future
scenarios for low-carbon technology deployment across GB LSOAs, it
isdesirable to assess impacts of deployment onlocal networksin each
LSOA. The large number of LSOAs (>40,000 for GB) makes explicit
simulation of networks to represent each LSOA using the model of
Ganetal. computationally intractable. Instead, aneural network tech-
nique is used to develop a meta-model that can reproduce results of
the model of Ganet al. using less computational resource. This process
isschematized in Fig. 2.
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meta-model. This meta-modelis used to estimate network impacts and upgrade
costsinlocal areas across GB, explore the dependence on local conditions and
identify areas where flexibility can bring the greatest savings.

This meta-modelis developed through a number of steps. A self-
organizing map is used to cluster LSOAs in each group on the basis
of the LSOA-level characteristics using a neural network classifica-
tion tool implemented in MATLAB®"*?, This neural network approach
selects a set of LSOAs that are representative of the whole dataset of
local conditions across GB.LSOA areas are divided into groups on the
basis of transformer mounting (ground mounted or pole mounted)
and rurality. In total, 362 clusters are obtained. The statistical net-
work design and investment tool of Gan et al.** is used to simulate
representative networks associated with each of these clustersand to
calculate local network impacts and network upgrade costs to avoid
impactsacross levels of PV, EVand HP deployment. The neural network
approach uses these results for specific representative networks to
build ameta-model capable of calculatingimpacts and upgrade costs
in any LSOA across low-carbon technology deployment levels using
relatively little computational resource.

This meta-model is used to calculate local network impacts and
upgrade costs for every LSOA in GB across scenarios of simultaneous
deployment of HPs, EVs and PVs up to 2050 in ten-year intervals.

Regions in which the deployment of local flexibility may be
expected tobringthelargestreductioninlocal network upgrade cost
(referred to henceforth as ‘local savings’) areidentified. Thisis achieved
by calculating the reductionin network upgrade cost associated with a
small reduction (10%) in peak electricity demand across local regions
and highlighting regions where this reductionis highest. The form this
flexibility takes is not prescribed, but could represent deployment of
distributed storage or demand.

To develop a methodology that provides insight across national
andlocallevels, itisnecessary to make a range of assumptions beyond
whatwould be typical of an analysis focusing solely on the local or the
national level. These assumptions are made chiefly to address limita-
tionsindataavailability, but also to simplify the computational process
of estimating network impacts across such alarge number of contexts.
The limitations associated with these are discussed in more detail in
Discussion and conclusions.

Diversity of network upgrade costs across local
contexts

The distribution of estimates for local network upgrade cost in all GB
LSOAs across dates and rurality contexts is presented in Fig. 3a. Whilst
emphasisis onrelative rather than absolute costs in this analysis, this
figure provides anindication of the extent to which costs vary between

dates and across rurality contexts. For 2030, 2040 and 2050 levels of
technology deployment, estimated network upgrade costs are highest
incities, lower intowns and lower again in villages (Fig. 3a). Thisis due
tolonger feeders and higher unit costs for infrastructure replacement
inurbanareas, in line with previous findings for individual networks*".
However, thereis substantial spread of estimated costs across all years
and rurality contexts, indicating that rurality is not the only factor
determining costs across local areas.

Localized costs are presented as relative to an average UK LSOA
rather thaninabsolute terms. Costs are presented as ‘estimated excess
local network upgrade costs’, defined as the difference between the
estimated cost in each LSOA and the mean estimated cost across all
LSOAs in GB. This presentation emphasizes how upgrade costs would
change and be influenced by local context rather than indicating the
total investment costs needed. Selected absolute costs are presented
inSupplementary Note1to validate the approach against other studies.

The spatial distribution of estimated excess local network upgrade
coststoaccommodate 2050 levels of technology deployment is shown
inFig.3b. This represents the difference between the estimated cost per
LSOA and the average across all GB LSOAs. The value is positive (red in
Fig. 3b) for LSOAs in which network upgrade costs are expected to be
higher than average, and negative (blue in Fig. 3b) for LSOAs in which
costs are expected to be lower than average. Higher estimated costs
inurban when compared with rural areas are clearly visible in Fig. 3b.

Estimated upgrade costs are higher in the southeastern that the
southcentral region of England (Fig. 3b). This may be due to higher
levels of HP and EV deployment in future scenarios developed by the
DSO for the southeastern region when compared with the national
average (Fig. 1e,f), and the division between these regions may be less
stark in practice. Interestingly, this division is less stark than the dif-
ference between ruraland urbanregions, implying that rurality could
bemoreimportantin determining network upgrade cost than level of
technology deployment.

To demonstrate the potential for this framework to provide
insights across geographical scales, a closer analysis is conducted
of results in three locations. These are Greater London, the largest
urban centre in GB; Yorkshire and the Humber, a region containing
major urban centres in the west, rural areas, and heavy industry in
the east, makingit a focus area for decarbonization, and County Dur-
ham, a predominantly rural region, which has received less national
policy attention. Insets in Fig. 3b show estimated excess local network
upgrade costs associated with 2050 deployment of EVs, HPs, and PVs
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cities, towns and villages respectively). The widths of the violin plots represent
the distribution of upgrade costs amongst LSOAs within each rurality category.
b, Map showing LSOA-level local network upgrade costs associated with
deployment of 2050 levels of PVs, EVs and HPs across GB, in an urban area
(Greater London), amixed area (Yorkshire & Humber) and amore rural area
(County Durham).

inthese threeregions. Inline with Fig. 3a, estimated costs are typically
higher in urban areas. This includes the majority of Greater London,
the largely urbanized West Yorkshire, York, Sheffield and Hull, and to
alesser extent the northeastern part of County Durham. Estimated
costs are lower in more rural areas, indicated by larger, more sparsely
populated LSOAs. Thisincludes other parts of Yorkshire and the Hum-
ber, County Durham and the outer edges of Greater London. A cluster
of LSOAs with lower costs are also visible in some densely populated
regionsin central London.

Further analysis is conducted to disentangle the main drivers
behind variations in estimated network upgrade cost across and within
ruralities identified above. Figure 4a-c indicates how, respectively
and separately, the deployment of EVs, HPs and PVs impact estimated
excess local network upgrade cost within each rurality. Figure 4d
indicates how local network characteristics impact on the same. This
analysis reinforces national trends across rurality contextsin Fig.3,and
alsodemonstrates the relativeimportance of technology deployment

and rurality in determining local network upgrade costs. Figure 4
shows substantially higher estimated costs in urban areas, reinforc-
ing the importance of rurality in determining local network upgrade
cost. Across ruralities, Fig. 4a,b indicates that estimated costs rise
substantially only for high or very high levels of EV or HP deployment
(above 75th or 90th percentile). No strong trend in estimated cost is
found for low and medium levels of deployment of either technology
(upto1.3EVsperhousehold,and HPsin 80% of households). Figure 4c
indicates no clear correlation between excess local network upgrade
costand PV deployment.

Present-day network infrastructure is a key determinant of esti-
mated local network upgrade costs to meet 2050 requirements. Across
villages, towns and cities, estimated costs are higher where there are
more meters per substation (Fig.4d). Interestingly, this trend reverses
inthe densest rurality category, ‘urban’ (apparentin the densest parts
of LondoninFig.3b). This may be linked toareductionin feeder length
associated with closely clustered households in the densest LSOAs,
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these percentiles are derived from the entire distribution across GB, whilstind
they are only considered across LSOAs of the same rurality (as numbers of meters
per substation is highly dependent on rurality). Percentile values are provided in
Supplementary Note 5.

leading to a lower susceptibility to voltage issues, and shorter cable
lengths toupgrade per LSOA. Lower deployment of EVsin this region,
associated with London’s well developed public transport network,
may also reduce upgrade requirements.

Diversity of flexibility savings across local
contexts

This section considers where flexibility measures (represented by a
10% reductionin peak demand) can be most cost-effectively deployed
toreducelocal networkimpacts and estimated local network upgrade
coststo overcome these. As with network upgrade costs, these savings
arepresented inrelativerather thanabsolute terms as ‘estimated excess
local network upgrade savings’, defined as the difference between
the estimated savings in any given LSOA and the mean estimated cost
across allLSOAs in GB. This allows the identification of LSOAs in which
local flexibility is expected to be most effective in reducing upgrade
cost. Figure 5a shows a marginal excess flexibility savings curve, indi-
cating the estimated excess local savings associated with deploying
localflexibility in each LSOA, arranged in descending order. This figure
demonstrates the wide distribution of estimated excess local savings,
spanning arange of over £100,000.

These geographically resolved data on estimated local savings
couldbeusedto develop atargeted approach for deployment of local
network flexibility that couldincrease estimated local savings substan-
tially when compared with an approach that deploys flexibility across
localities as if they were homogeneous. This is demonstrated in the
green shaded area of Fig. 5a, which indicates estimated excess local
savings of £200 millionif flexibility is deployed in only LSOAs bringing

greater than average savings (relative to a scenario in which the same
amount of flexibility is deployed in LSOAs bringing average savings).
Whilst caution is required in translating localized comparisons to
aggregated values across GB, this indicates the potential magnitude
of savingsthat ageographically disaggregated approach to flexibility
deployment could bring.

Local savings within case study areas vary substantially, but a
cleardependence onlocal characteristics remains elusive. Figure 5Sb-d
shows local savings associated with flexibility across selected regions.
These figures demonstrate substantial savingsinthe densely populated
centre of London, but no overall trend isidentified between local sav-
ings associated with flexibility and rurality or low-carbon technology
deployment across GB asawhole (Supplementary Note 2). This may be
partly dueto the ‘lumpy’ nature of network infrastructure investments,
whichmakes it challenging to establish what level of flexibility will allow
particular large units of infrastructure replacement to be avoided.

Discussion and conclusions
This paper demonstrates amethodology to estimate and map therela-
tive cost of upgradinglocal networks to accommodate low-carbon tech-
nology across local regions, and to inform cost-effective approaches
to flexibility deployment. This framework can help policymakers and
network planners to plan for future needs of the electricity system at
alocallevel, and inform cost-effective deployment strategies for local
flexibility through distributed storage or demand reduction.
Estimates of excess local network upgrade costs vary substan-
tially between local areas of each rurality, but are typically higher in
urban areas, owing to longer feeders serving larger numbers of meters.
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Fig. 5| Estimated excess local savings associated with local flexibility
deployment across regions. a, Marginal excess flexibility savings curve showing
the distribution of estimated excess savings associated with reducing peak load
by 10%ineach LSOA, relative to the estimated average savings across all LSOAs.
The greenshaded areaindicates excess savings associated with deploying

flexibility in only LSOAs bringing greater than average savings relative toa
deployment approach treating all areas ashomogeneous. b-d, Local savings in
Yorkshire and the Humber (b), urban Greater London (c), Central London

(c, inset) and more rural County Durham (d).

This analysis suggests that differences inlocal network characteristics
are more importantin determining network upgrade costs than level
of technology deployment, with exceptionally high costs estimated
only in LSOAs with more than 1.3 EVs per household, or HPs in more
than 80% of households.

Estimates of reduction in local network upgrade cost asso-
ciated with local flexibility vary substantially between local areas,
but with no clear relationship with rurality context. Nonetheless,
analysis here suggests that a targeted approach to flexibility deploy-
ment enabled by the use of geographically disaggregated data could
lead to substantial reductions in network upgrade cost when
compared with an approach where flexibility is deployed in an untar-
geted manner.

The methodology and insights developed in this work can help to
design incentives and regulations around deployment of low-carbon
technologies and flexibility across GB. For example, national policies
tosupporttechnology deployment could be designed to target higher
levels of EVand HP deploymentin rural areas where estimated impacts
onlocal networks are less severe. Similar considerations apply to flex-
ibility, where the methodology could be used toinformregulationand
incentives for storage deployment and demand-side management tar-
getedinareas wherelocal networks are identified as more constrained.
Inimplementing these policies, the broader contextin which localities
are situated should be taken to account, including regional network

impacts, other value streams for flexibility, and socioeconomic condi-
tions not considered here®.

The high geographical resolution of the approach developed
here could support local and regional authorities in developing local
net-zero plans®*. This approach could be used to develop technology
deployment trajectories at local level that would minimize required
local network upgrades and associated costs. It could also be used
to identify promising locations for new sources of intensive
electricity demand, such as EV charging stations. Conversely, the
framework could be used to identify local areas in which network
infrastructure may be less capable of accommodating additional
electrical demand and other technologies may be more appropriate
(for example, where a heat network may be more appropriate than
HPs).In each case, we envisage the framework playing an exploratory
role, before a network study incorporating more detailed local
datasets.

To develop a tractable methodology that uses geographically
disaggregated data to bridge national scenarios and local network
challenges, it has been necessary to make challenging assumptions
around data and modelling. This limits the reliability of outputs rela-
tive to studies focusing exclusively on onelocality or conducted solely
at the national level. Analysis is necessarily limited by data that are
available at a national level. Data on network infrastructure are par-
ticularly limited. Use of different scenarios developed by different
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stakeholders in different geographical regions leads to a lack of con-
sistency of approach across DSO boundaries.

The model also has limitations. The model of Gan et al.” is used to
simulate network capacity, topology and configuration of this infra-
structure based only on dwelling density, rurality, historical electricity
demand across GB and substation density for one UK region. Whilst this
model is verified against real UK networks, it cannot capture the full
range of network characteristics across these regions. Further, asingle
approachto flexibility is examined, and a single operational profile is
assumed for PVs, EVs and HPs, which are subject to uncertainty and
variation across regions. The use of a meta-model that replicates the
model of Gan et al. leads to a loss of fidelity relative to a power flow
analysis of real distribution networks.

Thelarge number of DSOs worldwide (>190 in Europe alone), the
confidential nature of information they collect and the lack of a con-
sistent high-resolution geographical data system used for reporting
internationally®, as well the heterogeneity of electricity distribution
systems, makes analysing differences in local impacts of low-carbon
technologies in an international context challenging'®*°. Therefore,
detailed analysisin this paper is limited to the case of GB. Distribution
network characteristics in GB fall broadly within the range of those
in other European countries*', implying that trends identified in GB
are likely to be comparable to those in many other countries.

One response to limitations is to reduce uncertainty associated
withinputs. This could be informed by improved access to data. Access
to more detailed data on present network infrastructure and future
energy scenarios, connected between local, national and international
levels and on a consistent geographical basis (ideally at LSOA level in
the UK in line with other national statistics) would improve analyses
building upon the approach presented here. Ideally, these would be
accessible through a single portal and in a consistent format (admin-
istered by, for example, the European Commission in the EU and the
UK Government in GB). However, there is also a value in making best
use of publicly available datain support ofindependent analysis. It is
hoped that through the demonstration of the value of analysis using
open data, and of how this analysis could be improved with greater
data availability, this Article may help facilitate further sharing of
relevant data.

An alternative response to limitations is to develop different
approachesto handling uncertainty. This could involve a shift in focus
from reducing uncertainty to identifying actions that perform well
enoughacross conceivable outcomes®. Exploration of (in)consisten-
cies in future energy scenarios developed by different stakeholders
(for example in FESs produced by the GB electricity system operator
(National Grid ESO), DFESs produced by DSOs and local energy plans
under development by local authorities®*) through the framework
presented in this Article could be a promising approach here.

Methods

Data on local network infrastructure

Data on local network infrastructure are not available across GB as
awhole, but are estimated on the basis of data available for South
West England. Within this region, data are available on the number of
substations by type (ground mounted or pole mounted) per LSOA**%,
both of which are found to correlate strongly with meter density (as
demonstrated in Supplementary Note 3). Data from this region are
used to generate anapproximate function for number of ground-and
pole-mounted substations by meter density on the basis of a locally
weighted polynomial regression®®’°. This regressionis used to estimate
the number of ground-mounted and pole-mounted substations for
each LSOA in GB, assuming a similar relationship between network
infrastructure and meter density across the country. Whilst this maxi-
mizes the utility of available network infrastructure to predict network
characteristics across GB, meter density is only a partial predictor of
network characteristics, and this represents alimitation in this study.

Improved public data on network infrastructure from across the UK
would help to inform future analysis.

Low-carbon technology deployment scenarios

As described in the main text, low-carbon technology deployment
scenarios are based upon regional DSO scenarios where available, and
national scenarios in other regions.

For regions covered by three of GB’s six DNO groups, UK Power
Networks*®, Northern Powergrid* and Western Power Distribution®,
DFESsare available at alevel of geographical disaggregation that allows
their inclusion in this analysis. For the UK Power Networks region,
deployment of PVs, EVs and HPs are specified at an LSOA level up to
2050 in three scenarios, informed by local characteristics of each
region, including building stock, vehicle stock and historical PV uptake
ata geographically disaggregated level. For Northern Powergrid and
Western Power Distribution regions, low-carbon technology deploy-
ment is specified at the level of a local authority, a geographical area
that typically contains between100 and 500 LSOAs. These data are also
used in this analysis, on the basis of an assumption that low-carbon
technology deployment per household isidentical across LSOAs within
eachlocal authority in the region”.

For regions covered by GB’s other three DSO groups, usable
local-level low-carbon technology deployment scenarios are not avail-
able. Thisincludes regions served by Scottishand Southern Electricity
Networks, who had not released geographically disaggregated data
associated with their DFES when this analysis was conducted’, and
Electricity North West and Scottish Power, who have produced DFESs
in geographical units that cannot be directly mapped to LSOAs”>™.

For each region where geographically disaggregated data are
not available, PV, HP and EV deployment scenarios are developed on
the basis of the most ambitious FES published by National Grid ESO
in terms of distributed generation and electrification of demand
(‘Community Renewables’)”. Ageographically disaggregated scenario
for PV deployment across GB in 2030, 2040 and 2050 is developed
by multiplying the national growth rate in microgeneration specified
in National Grid ESQ’s scenario by the actual number of domestic
and non-domestic PV installations recorded in each LSOA in 2020*.
This scenario reaches a ninefold increase in PV deployment by 2050,
although PV deployment is capped at 100% of meters in a small num-
ber of LSOAs, which would otherwise exceed this limit (around 2%). A
geographically disaggregated scenario for HP and EV deployment is
developed onthe basis of an assumption that each LSOA has the same
average number of HPs and EVs per household as the national average
inNational Grid ESO’s scenario (0.37 pure electric HPs, 0.25 hybrid HPs
and 1.3 EVs per household by 2050).

By 2050, this approach implies 1.3 EVs per household and HPs
installed in 63% of households. This is broadly consistent with the
net-zero strategy for GB, which includes a ban on non-zero-emission
cars, and aims for HPs installed in 24-37% of households by 2035°.

Selected results from an additional scenario considering deploy-
ment of PVsaloneis presented in Supplementary Note 4, butimpacts of
PVsarefoundtobe negligible when compared with those of EVs and HPs.

Electricity network modelling

Local network impacts of PVs, EVs and HPs are calculated on the basis
of a power flow analysis of simulated networks before and after these
technologies are added. This power flow analysis identifies sections of
the network where cables and transformers become overloaded and/
orvoltagerises/fallstolevels outside regulatory boundaries. Costs of
avoiding these impacts through conventional network upgrades are
calculated on the basis of component replacement costs specified by
the UK energy regulator”. Local low-voltage networks represent the
primary focus of this paper. However, selected impacts on regional
network infrastructure at medium voltage and above are presented
inSupplementary Note 5.
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This power analysis is performed on the basis of current electric-
ity demand characteristics, and estimated characteristics of newly
deployedtechnologies. Diversified peak demand is assumed to reach
0.93 kW per domestic meter and 8.0 kW per non-domestic meter
before the addition of low-carbon technologies. These values are cal-
culated on the basis of UK electricity consumption data™’¢, alongside
demand profiles and diversity across households informed by UK
smart meter data’”’ (further details in Supplementary Note 6). HPs
and EVs are assumed to contribute 4 kW and 7 kW to peak demand,
respectively. These are associated with coincidence factors of 0.425
and 0.1, respectively, to account for variability in times of heating and
EV charging across households (implying a diversified peak of 1.7 kW
perHPand 0.7 kW per EV). These values are informed by data from field
trials of HPs and EVs in the UK’®”°, Hybrid vehicles and hybrid gas HPs
are excluded from this analysis on the basis that they are unlikely to
use electricity at peak times when local networks could be impacted.

Domestic and non-domestic PVs are assumed to cause reverse power
flow peaking at 4 kW and 63 kW per unit, respectively. A coincidence
factor of 1is assumed in both cases to reflect the simultaneity of peak
output across PV panels on a network (on a sunny day). PV is assumed
nottoreduce peak demand on networks, since peak electricity demand
in the UK occurs during winter evenings when there is little sunlight®°.

Data availability

The UKLCTD LSOA-level data on current and future technology
deployment, electricity demand characteristics, rurality and net-
work infrastructure are freely available at https://doi.org/10.5281/
zenodo.10948931 (ref. 52). Datasets on estimated costs and savings
are not available due to commercial sensitivity.

Code availability

Codeusedingenerating the UKLCTD and future scenarios from original
datasets are freely available at https://doi.org/10.5281/zenodo.
10948931 (ref. 52). Code used in network modelling is not available due
to commercial sensitivity.
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