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A geographically disaggregated approach 
to integrate low-carbon technologies across 
local electricity networks

Sheridan Few    1,2  , Predrag Djapic3, Goran Strbac3, Jenny Nelson    1,4 & 
Chiara Candelise5,6

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 
in future 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 reductions in 
required upgrades associated with local flexibility, which vary substantially 
between localities. We show that using geographically disaggregated data 
to inform 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) is required to meet climate targets1. These tech-
nologies are central to Great Britain (GB)’s decarbonization strategy2,3. 
Without network upgrades or increased system flexibility, higher  
distributed generation and loads associated with these technologies 
would adversely impact some local networks4,5.

Deployment of low-carbon technologies can cause multiple 
impacts, which depend on context and particularly on rurality4,6–8, on 
local networks. Increased load from EVs and HPs can overload trans-
formers and cables and cause falling voltages9. High levels of PVs can 
overload cables and cause voltage rises when insolation is high10–14. 
In urban areas, long feeders serve many households through a single 
transformer, making them more susceptible to overloading and voltage 
issues4. Additionally, transformers are typically ground mounted and 

cables run underground in urban areas, making them more expensive  
to replace than pole-mounted transformers and overhead cables in 
rural areas15. Further, levels of technology deployment vary between 
rurality contexts. In GB, PV deployment is higher in rural areas, where 
there is more space and a higher proportion of owner-occupied 
houses10.

The electricity distribution system in GB is organized across a 
range of spatial scales associated with different voltage levels16–18. 
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  
230–400 V). 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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up to 2050 across each local area. The UKLCTD is used alongside a 
network modelling tool41 to develop a meta-model that can calculate 
local impacts of low-carbon technologies across each local area. This 
meta-model is 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 
data available at a national level, and it cannot match the local realism 
of studies focused on a smaller subset of networks12–14. The key contri-
bution arises instead from a methodology to bridge local and national 
analyses, and an initial application of this methodology.

Diversity of local contexts across GB
To assess context-dependent local impacts of low-carbon technology 
deployment, variation in network upgrade costs associated with their 
integration, and cost-effective measures to avoid these upgrades, it is 
necessary to build up a picture of relevant local characteristics. The 
UKPVD10,25,38 represents a starting point for this, and includes geo-
graphically disaggregated data from a range of sources on domes-
tic and non-domestic electricity demand42, density of domestic and 
non-domestic meters43,44, PV deployment45 and local network infra-
structure4. The UKPVD is updated and expanded to the UKLCTD by (1) 
revising the base year to 2020, (2) adding data on EV and HP deployment, 
(3) adding data on rurality, broken down into major urban conurbations 
(referred to as ‘urban’ henceforth), cities, towns and villages following 
the UK Government Statistical Service’s classifications39,46,47, (4) expand-
ing to include Scotland and (5) extrapolating available data on network 
infrastructure to approximate network data in other regions. These 
data are 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  
data sources 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 available48–50, and Future Energy Scenarios (FESs) 
produced by the national electricity system operator in other loca-
tions51, curated in the UKLCTD dataset52. The GB distribution network 
is broken down into regions owned and operated by six regional DSO 
groups. For each region, 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 a more 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 

Local networks have received little attention in national planning owing 
to their geographically disaggregated nature. However, they could be 
subject to substantial adverse impacts with increasing deployment 
of low-carbon technologies19, and account for approximately half of 
the total length of the distribution network20. Upgrading them could 
incur substantial costs20,21. 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 transformers22. Impacts can also 
be reduced or eliminated with flexibility through deployment of dis-
tributed storage17,23–25 and/or demand-side response26–29 to reduce 
local electricity consumption at times of peak load, and/or increase 
consumption at peak PV generation23,25,30. GB distribution system 
operators (DSOs) are beginning to tender for these flexibility services 
to alleviate stresses on particular regions of distribution networks31,32.

The importance 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 PVs33–36. Across GB contexts, modelling studies predict prob-
lematic levels 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 
a GB local 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 main driver of upgrade costs, with integration costs 
in urban areas. This case study includes a longer feeder in 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 in load profiles, 
generation profiles and network configuration37.

Few studies address the impact of low-carbon technology  
deployment across local networks at a country level. Reference 10 maps 
local impacts 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, 
and is used to assess local imbalances of PV generation and electricity 
demand38 and the potential for storage to mitigate these25. References 
4,39 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 7 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 deployment across over 40,000 local areas in GB using geo-
graphically disaggregated data to inform local characteristics of each 
of them (as opposed to three representative contexts in our previous 
study4). This is achieved by constructing a UK Low-Carbon Technol-
ogy Database (UKLCTD), which updates and expands the UKPVD4,10 to 
include current data and future scenarios for EV and HP deployment 
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patterns10, 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)48–50 when com-
pared with other regions, where uniform distribution is assumed on  
the basis of National Grid scenarios51. 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 used41. This model simulates repre-
sentative network configurations across rurality contexts, simulates 

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

UK Office for National Statistics39,43, Scottish 
Government44,46

Area (km2) 0.11–27

Population density (people/km2) 56–13,000

Ruralitya Urban, city, town, village

Electricity demand

UK Department for Business Energy and Industrial 
Strategy6

Number of domestic metersb 320–1,050

Number of non-domestic meters 9.0–140

Domestic electricity demand per household (kWh) 380–1,400

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

Network infrastructurec

Western Power Distribution4

Number of distribution substations 2.6–48

Proportion of substations that are ground mounted 0.11–1

Number of ground-mounted substations 2.4–9.1

Number of pole-mounted substations 0–42

Present technology deploymentd

UK Energy Regulator, Ofgem6

Domestic PV deployment (installations per meter) 0–0.09

Non-domestic PV deployment (installations per meter) 0–0.08

Domestic PV deployment (kW in LSOA) 1.4–220

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

Future technology deploymente

National Grid ESO37, UK Power Networks6, Northern 
Powergrid6, Western Power Distribution6

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

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
N/A

Flexibility (proportion of peak demand reduction)f 0, 0.1
aRurality 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 (‘D1’, 
‘D2’) and villages (‘E1’, ‘E2’)39. 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. bThis 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. cActual data are available only for South West England and are derived for other regions on the basis of meter density (Supplementary Note 7). dPresent-day levels of HP and 
EV deployment are assumed to be negligible. eDue to differences in data availability, scenarios for future technology deployment are developed using different approaches in different regions 
(described in main text). fNo 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.
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power flows through these networks under conditions of peak demand 
and generation and 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 
the state of the art in network modelling and calculating upgrade costs. 
Simulated networks have been validated against real UK networks in 
rural and urban areas41,53, and the model has been used extensively 
to provide evidence on network upgrade costs and requirements 
associated with deployment of low-carbon technologies, including 
in research commissioned by the former UK Department for Energy and 
Climate Change54, by the UK government’s advisory body the Climate 
Change Committee7 and by the European Commission55, and published 
in range of peer-reviewed journal articles4,56–60.

Here, the statistical network design and investment model of  
Gan et al.41 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 
is desirable to assess impacts of deployment on local networks in each 
LSOA. The large number of LSOAs (>40,000 for GB) makes explicit 
simulation of networks to represent each LSOA using the model of  
Gan et al. computationally intractable. Instead, a neural network tech-
nique is used to develop a meta-model that can reproduce results of 
the model of Gan et al. using less computational resource. This process 
is schematized in Fig. 2.
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Fig. 1 | UKLCTD data on local 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.
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This meta-model is 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 MATLAB61,62. 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.4,41 is used to simulate 
representative networks associated with each of these clusters and to 
calculate local network impacts and network upgrade costs to avoid 
impacts across levels of PV, EV and HP deployment. The neural network 
approach uses these results for specific representative networks to 
build a meta-model capable of calculating impacts 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 to bring the largest reduction in local network upgrade cost 
(referred to henceforth as ‘local savings’) are identified. This is achieved 
by calculating the reduction in network upgrade cost associated with a 
small reduction (10%) in peak electricity demand across local regions 
and highlighting regions where this reduction is 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 
and local levels, it is necessary to make a range of assumptions beyond 
what would be typical of an analysis focusing solely on the local or the 
national level. These assumptions are made chiefly to address limita-
tions in data availability, but also to simplify the computational process 
of estimating network impacts across such a large 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 
emphasis is on relative rather than absolute costs in this analysis, this 
figure provides an indication 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 
in cities, lower in towns and lower again in villages (Fig. 3a). This is due 
to longer feeders and higher unit costs for infrastructure replacement 
in urban areas, in line with previous findings for individual networks4,15. 
However, there is 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 than in absolute 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 
in Supplementary Note 1 to validate the approach against other studies.

The spatial distribution of estimated excess local network upgrade 
costs to accommodate 2050 levels of technology deployment is shown 
in Fig. 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 
in urban 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 rural and urban regions, implying that rurality could 
be more important in 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, making it 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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2

Fig. 2 | Schematic of methodology underlying this study. Geographically 
disaggregated data from across GB on local conditions and future technology 
deployment are fed into a neural network approach, which is used to develop a 

meta-model. This meta-model is used to estimate network impacts and upgrade 
costs in local areas across GB, explore the dependence on local conditions and 
identify areas where flexibility can bring the greatest savings.

http://www.nature.com/natureenergy


Nature Energy

Article https://doi.org/10.1038/s41560-024-01542-6

in these three regions. In line 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 
a lesser extent the northeastern part of County Durham. Estimated 
costs are lower in more rural areas, indicated by larger, more sparsely 
populated LSOAs. This includes 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 
regions in 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 contexts in Fig. 3, and 
also demonstrates the relative importance 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 
(up to 1.3 EVs per household, and HPs in 80% of households). Figure 4c 
indicates no clear correlation between excess local network upgrade 
cost and 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 
in the densest rurality category, ‘urban’ (apparent in the densest parts 
of London in Fig. 3b). This may be linked to a reduction in feeder length 
associated with closely clustered households in the densest LSOAs, 
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Fig. 3 | Local context dependence of estimated costs to accommodate 
distributed PVs, EVs and HPs across GB in local networks. a, Violin plots 
showing distribution of local network upgrade cost for 2030, 2040 and 2050 
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leading to a lower susceptibility to voltage issues, and shorter cable 
lengths to upgrade per LSOA. Lower deployment of EVs in 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% reduction in peak demand) can be most cost-effectively deployed 
to reduce local network impacts and estimated local network upgrade 
costs to overcome these. As with network upgrade costs, these savings 
are presented in relative rather than absolute 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 all LSOAs 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 
local flexibility in each LSOA, arranged in descending order. This figure 
demonstrates the wide distribution of estimated excess local savings, 
spanning a range of over £100,000.

These geographically resolved data on estimated local savings 
could be used to develop a targeted approach for deployment of local 
network flexibility that could increase 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 million if 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 savings that a geographically disaggregated approach to flexibility 
deployment could bring.

Local savings within case study areas vary substantially, but a 
clear dependence on local characteristics remains elusive. Figure 5b–d 
shows local savings associated with flexibility across selected regions. 
These figures demonstrate substantial savings in the densely populated 
centre of London, but no overall trend is identified between local sav-
ings associated with flexibility and rurality or low-carbon technology 
deployment across GB as a whole (Supplementary Note 2). This may be 
partly due to the ‘lumpy’ nature of network infrastructure investments, 
which makes 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 a methodology to estimate and map the rela-
tive cost of upgrading local 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 
a local level, 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. 4 | Combined impact of rurality, technology deployment and network 
infrastructure on estimated excess local network upgrade cost. a–d, Heat 
maps showing mean estimated excess local network upgrade cost amongst 
LSOAs with low (below 25th percentile), medium (25th to 75th percentile), high 
(above 75th percentile) and very high (above 90th percentile) 2050 deployment 

of EVs (a), HPs (b) and PV (c) and number of meters per substation (d). In a–c 
these percentiles are derived from the entire distribution across GB, whilst in d 
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.
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This analysis suggests that differences in local network characteristics 
are more important in 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 
to support technology deployment could be designed to target higher 
levels of EV and HP deployment in rural areas where estimated impacts 
on local networks are less severe. Similar considerations apply to flex-
ibility, where the methodology could be used to inform regulation and 
incentives for storage deployment and demand-side management tar-
geted in areas where local networks are identified as more constrained. 
In implementing these policies, the broader context in which localities 
are situated should be taken to account, including regional network 

impacts, other value streams for flexibility, and socioeconomic condi-
tions not considered here63.

The high geographical resolution of the approach developed 
here could support local and regional authorities in developing local 
net-zero plans64. 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 one locality 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.41 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, a single 
approach to 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.

The large 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 
internationally65, as well the heterogeneity of electricity distribution 
systems, makes analysing differences in local impacts of low-carbon 
technologies in an international context challenging18,66. Therefore, 
detailed analysis in this paper is limited to the case of GB. Distribution 
network characteristics in GB fall broadly within the range of those  
in other European countries4,18, 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 
with inputs. 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 data in support of independent 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 
approaches to handling uncertainty. This could involve a shift in focus 
from reducing uncertainty to identifying actions that perform well 
enough across conceivable outcomes67. 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 authorities64) 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 
a whole, 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 LSOA4,68, 
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 an approximate function for number of ground- and 
pole-mounted substations by meter density on the basis of a locally 
weighted polynomial regression69,70. This regression is 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 a limitation 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 
Networks48, Northern Powergrid49 and Western Power Distribution50, 
DFESs are available at a level 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 
at a 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 between 100 and 500 LSOAs. These data are also 
used in this analysis, on the basis of an assumption that low-carbon 
technology deployment per household is identical across LSOAs within 
each local authority in the region71.

For regions covered by GB’s other three DSO groups, usable 
local-level low-carbon technology deployment scenarios are not avail-
able. This includes regions served by Scottish and Southern Electricity 
Networks, who had not released geographically disaggregated data 
associated with their DFES when this analysis was conducted72, and 
Electricity North West and Scottish Power, who have produced DFESs 
in geographical units that cannot be directly mapped to LSOAs73,74.

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’)51. A geographically 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 ESO’s scenario by the actual number of domestic 
and non-domestic PV installations recorded in each LSOA in 202045. 
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 on the basis of an assumption that each LSOA has the same 
average number of HPs and EVs per household as the national average 
in National 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 20352.

Selected results from an additional scenario considering deploy-
ment of PVs alone is presented in Supplementary Note 4, but impacts of 
PVs are found to be 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/
or voltage rises/falls to levels 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 regulator15. 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 
in Supplementary 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 
deployed technologies. 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 data75,76, alongside 
demand profiles and diversity across households informed by UK 
smart meter data77 (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 
per HP and 0.7 kW per EV). These values are informed by data from field 
trials of HPs and EVs in the UK78,79. 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 1 is assumed in both cases to reflect the simultaneity of peak 
output across PV panels on a network (on a sunny day). PV is assumed 
not to reduce peak demand on networks, since peak electricity demand 
in the UK occurs during winter evenings when there is little sunlight80.

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
Code used in generating 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.

References
1.	 Rogelj, J. et al. in Special Report on Global Warming of 1.5 °C  

(eds Masson-Delmotte, V. et al.) Ch. 2 https://www.ipcc.ch/sr15/  
(IPCC, WMO, 2018).

2.	 National Grid ESO Future Energy Scenarios www.nationalgrideso.
com/future-energy/future-energy-scenarios (2023).

3.	 HM Government Net Zero Strategy: Build Back Greener https:// 
www.gov.uk/government/publications/net-zero-strategy (2021).

4.	 Few, S., Djapic, P., Strbac, G., Nelson, J. & Candelise, C. Assessing 
local costs and impacts of distributed solar PV using high 
resolution data from across Great Britain. Renew. Energy 162, 
1140–1150 (2020).

5.	 Oduro, R. A. & Taylor, P. G. Future pathways for energy networks: 
a review of international experiences in high income countries. 
Renew. Sustain. Energy Rev. 171, 113002 (2023).

6.	 Meunier, S., Protopapadaki, C., Baetens, R. & Saelens, D. Impact 
of residential low-carbon technologies on low-voltage grid 
reinforcements. Appl. Energy 297, 117057 (2021).

7.	 Hartvigsson, E., Odenberger, M., Chen, P. & Nyholm, E. Estimating 
national and local low-voltage grid capacity for residential solar 
photovoltaic in Sweden, UK and Germany. Renew. Energy 171, 
915–926 (2021).

8.	 Vivid Economics & Imperial College London Accelerated 
Electrification and the GB Electricity System Report Prepared for 
Committee on Climate Change https://www.theccc.org.uk/ 
wp-content/uploads/2019/05/CCC-Accelerated-Electrification- 
Vivid-Economics-Imperial-1.pdf (2019).

9.	 Operability Strategy Report 28–30 https://www.nationalgrideso. 
com/document/227081/download (National Grid ESO, 2022).

10.	 Westacott, P. & Candelise, C. A novel geographical information 
systems framework to characterize photovoltaic deployment in 
the UK: initial evidence. Energies 9, 26 (2016).

11.	 von Appen, J., Stetz, T., Braun, M. & Schmiegel, A. Local voltage 
control strategies for PV storage systems in distribution grids. 
IEEE Trans. Smart Grid 5, 1002–1009 (2014).

12.	 Navarro-Espinosa, A. & Ochoa, L. F. Increasing the PV hosting 
capacity of LV networks: OLTC-fitted transformers vs. 
reinforcements. In 2015 IEEE Power & Energy Society Innovative 
Smart Grid Technologies Conference (ISGT) 1–5 (IEEE, 2015).

13.	 Thomson, M. & Infield, D. G. Impact of widespread photovoltaics 
generation on distribution systems. IET Renew. Power Gener. 1, 
33–40 (2007).

14.	 Bilton, M. et al. Impact of Low Voltage-Connected Low Carbon 
Technologies on Network Utilisation Report B4 for the ‘Low Carbon 
London’ LCNF Project http://innovation.ukpowernetworks.co.uk/ 
innovation/en/Projects/tier-2-projects/Low-Carbon-London -(LCL)/ 
Project-Documents/LCL (2014).

15.	 Ofgem Electricity Distribution Price Control Review Final 
Proposals—Allowed Revenue—Cost Assessment https://www. 
ofgem.gov.uk/sites/default/files/docs/2009/12/fp_3_cost- 
assesment-network-investment_appendix_0.pdf (2009).

16.	 UK Power Networks Managing Losses: International Best Practice 
https://www.ukpowernetworks.co.uk/losses/static/pdfs/ 
managing-losses-international-best-practice.78dda2a.pdf  
(2018).

17.	 Chernyakhovskiy, I., Bowen, T., Gokhale-Welch, C. & Zinaman, O. 
USAID Energy Storage Decision Guide for Policymakers https:// 
www.nrel.gov/docs/fy21osti/78815.pdf (NREL, 2021).

18.	 Prettico, G., Gangale, F., Mengolini, A., Lucas, A. & Fulli, G. 
Distribution System Operators Observatory: From European 
Electricity Distribution Systems to Representative Distribution 
Networks Technical Report https://publications.jrc.ec.europa.eu/ 
repository/handle/JRC101680 (JRC, 2016).

19.	 Speakerman, A., Harris, O., Brinkshaw-Doyle, C. & Mills, D.  
Low Voltage Network Capacity Study. Phase 1 Report—Qualitative 
Assessment of Non-Conventional Solutions https://assets. 
publishing.service.gov.uk/government/uploads/system/uploads/ 
attachment_data/file/1092803/Low_voltage_network_capacity_ 
study_phase_1.pdf (2022).

20.	 UK Department for Business, Energy & Industrial Strategy & 
Ofgem Electricity Networks Strategic Framework, Appendix I: 
Electricity Networks Modelling https://www.gov.uk/government/ 
publications/electricity-networks-strategic-framework (2022).

21.	 Harris, O., Mills, D. & Speakerman, A. Low Voltage Network 
Capacity Study: Phase 2 Report—Quantitative Assessment of  
Phase 1 Shortlisted Options https://assets.publishing.service.gov. 
uk/media/62d7c03de90e071e7f6f71e4/Low_voltage_network_ 
capacity_study_phase_2.pdf (2022).

22.	 Bayer, B., Matschoss, P., Thomas, H. & Marian, A. The German 
experience with integrating photovoltaic systems into the  
low-voltage grids. Renew. Energy 119, 129–141 (2018).

23.	 Few, S., Schmidt, O. & Gambhir, A. Electrical Energy Storage  
for Mitigating Climate Change Grantham Briefing Paper 20  
https://www.imperial.ac.uk/grantham/publications/mitigation/
electrical-energy-storage-for-mitigating-climate-change--- 
grantham-briefing-paper-20.php (Imperial College London,  
2016).

24.	 Alnaser, S. W., Althaher, S. Z., Long, C., Zhou, Y. & Wu, J. 
Residential community with PV and batteries: reserve provision 
under grid. Int. J. Electr. Power Energy Syst. 119, 105856  
(2020).

25.	 Candelise, C. & Westacott, P. Can integration of PV within UK 
electricity network be improved? A GIS based assessment of 
storage. Energy Policy 109, 694–703 (2017).

http://www.nature.com/natureenergy
https://doi.org/10.5281/zenodo.10948931
https://doi.org/10.5281/zenodo.10948931
https://doi.org/10.5281/zenodo.10948931
https://doi.org/10.5281/zenodo.10948931
https://www.ipcc.ch/sr15/
http://www.nationalgrideso.com/future-energy/future-energy-scenarios
http://www.nationalgrideso.com/future-energy/future-energy-scenarios
https://www.gov.uk/government/publications/net-zero-strategy
https://www.gov.uk/government/publications/net-zero-strategy
https://www.theccc.org.uk/wp-content/uploads/2019/05/CCC-Accelerated-Electrification-Vivid-Economics-Imperial-1.pdf
https://www.theccc.org.uk/wp-content/uploads/2019/05/CCC-Accelerated-Electrification-Vivid-Economics-Imperial-1.pdf
https://www.theccc.org.uk/wp-content/uploads/2019/05/CCC-Accelerated-Electrification-Vivid-Economics-Imperial-1.pdf
https://www.nationalgrideso.com/document/227081/download
https://www.nationalgrideso.com/document/227081/download
http://innovation.ukpowernetworks.co.uk/innovation/en/Projects/tier-2-projects/Low-Carbon-London-(LCL)/Project-Documents/LCL
http://innovation.ukpowernetworks.co.uk/innovation/en/Projects/tier-2-projects/Low-Carbon-London-(LCL)/Project-Documents/LCL
http://innovation.ukpowernetworks.co.uk/innovation/en/Projects/tier-2-projects/Low-Carbon-London-(LCL)/Project-Documents/LCL
https://www.ofgem.gov.uk/sites/default/files/docs/2009/12/fp_3_cost-assesment-network-investment_appendix_0.pdf
https://www.ofgem.gov.uk/sites/default/files/docs/2009/12/fp_3_cost-assesment-network-investment_appendix_0.pdf
https://www.ofgem.gov.uk/sites/default/files/docs/2009/12/fp_3_cost-assesment-network-investment_appendix_0.pdf
https://www.ukpowernetworks.co.uk/losses/static/pdfs/managing-losses-international-best-practice.78dda2a.pdf
https://www.ukpowernetworks.co.uk/losses/static/pdfs/managing-losses-international-best-practice.78dda2a.pdf
https://www.nrel.gov/docs/fy21osti/78815.pdf
https://www.nrel.gov/docs/fy21osti/78815.pdf
https://publications.jrc.ec.europa.eu/repository/handle/JRC101680
https://publications.jrc.ec.europa.eu/repository/handle/JRC101680
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1092803/Low_voltage_network_capacity_study_phase_1.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1092803/Low_voltage_network_capacity_study_phase_1.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1092803/Low_voltage_network_capacity_study_phase_1.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1092803/Low_voltage_network_capacity_study_phase_1.pdf
https://www.gov.uk/government/publications/electricity-networks-strategic-framework
https://www.gov.uk/government/publications/electricity-networks-strategic-framework
https://assets.publishing.service.gov.uk/media/62d7c03de90e071e7f6f71e4/Low_voltage_network_capacity_study_phase_2.pdf
https://assets.publishing.service.gov.uk/media/62d7c03de90e071e7f6f71e4/Low_voltage_network_capacity_study_phase_2.pdf
https://assets.publishing.service.gov.uk/media/62d7c03de90e071e7f6f71e4/Low_voltage_network_capacity_study_phase_2.pdf
https://www.imperial.ac.uk/grantham/publications/mitigation/electrical-energy-storage-for-mitigating-climate-change---grantham-briefing-paper-20.php
https://www.imperial.ac.uk/grantham/publications/mitigation/electrical-energy-storage-for-mitigating-climate-change---grantham-briefing-paper-20.php
https://www.imperial.ac.uk/grantham/publications/mitigation/electrical-energy-storage-for-mitigating-climate-change---grantham-briefing-paper-20.php


Nature Energy

Article https://doi.org/10.1038/s41560-024-01542-6

26.	 McKenna, E., Higginson, S., Grunewald, P. & Darby, S. J. Simulating 
residential demand response: improving socio-technical 
assumptions in activity-based models of energy demand.  
Energy Effic. 11, 1583–1597 (2018).

27.	 Ramírez-mendiola, J. L., Grünewald, P. & Eyre, N. Residential 
activity pattern modelling through stochastic chains of variable 
memory length. Appl. Energy 237, 417–430 (2019).

28.	 Carmichael, R., Rhodes, A. & Gross, R. Unlocking the Potential 
of Residential Electricity Consumer Engagement with Demand 
Response Energy Futures Lab Briefing Paper https://www.imperial. 
ac.uk/energy-futures-lab/reports/briefing-papers/paper-3/ 
(Imperial College London, 2018).

29.	 National Grid ESO Demand Flexibility Service Delivers Electricity to 
Power 10 Million Households https://www.nationalgrideso.com/ 
news/demand-flexibility-service-delivers-electricity-power- 
10-million-households (2023).

30.	 UK Department for Business, Energy & Industrial Strategy &  
Ofgem Upgrading Our Smart Systems and Flexibility Plan: 
Progress. https://www.gov.uk/government/publications/ 
upgrading-our-energy-system-smart-systems-and-flexibility-plan 
(2018).

31.	 Northern Powergrid Flexibility Services https://www. 
northernpowergrid.com/flexibility-services (2024).

32.	 UK Power Networks Using Flexibility Services to Keep Costs Down, 
Manage Uncertainty and Speed Up Connections https://dso. 
ukpowernetworks.co.uk/flexibility (2024).

33.	 Western Power Distribution Suburban PV Impact Closedown 
Report https://www.nationalgrid.co.uk/downloads-view- 
reciteme/2359 (Low Carbon Networks Fund, 2016).

34.	 Validation of Photovoltaic (PV) Connection Assessment Tool 
Closedown Report https://www.ofgem.gov.uk/sites/default/ 
files/docs/2015/03/pv_tool_cdr_final_0.pdf (UK Power Networks, 
2015).

35.	 Low Voltage Network Solutions Summary Report https://www. 
enwl.co.uk/globalassets/innovation/lvns/lvns-general/ 
lvns-project-summary-leaflet.pdf (Electricity North West, 2014).

36.	 Scottish and Southern Energy Demonstrating the Benefits of  
Monitoring LV Networks with embedded PV Panels and EV 
Charging Point Tier 1 Close-Down Report https://www.ofgem.gov. 
uk/sites/default/files/docs/2013/03/sset1002-lv-monitoring-lcnf- 
t1-close-down-report-130228_0.pdf (Low Carbon Networks Fund, 
2013).

37.	 Aziz, T. & Ketjoy, N. PV penetration limits in low voltage networks 
and voltage variations. IEEE Access 5, 16784–16792 (2017).

38.	 Westacott, P. & Candelise, C. Assessing the impacts of photovoltaic 
penetration across an entire low-voltage distribution network 
containing 1.5 million customers. IET Renew. Power Gener. 10, 
460–466 (2016).

39.	 Office for National Statistics (ONS) Rural Urban Classification 
(2011) of Lower Layer Super Output Areas in England and Wales  
https://www.ons.gov.uk/methodology/geography/
geographicalproducts/ruralurbanclassifications/ 
2011ruralurbanclassification (2016).

40.	 Hartvigsson, E., Taljegard, M., Odenberger, M. & Chen, P. A 
large-scale high-resolution geographic analysis of impacts of 
electric vehicle charging on low-voltage grids. Energy 261, 125180 
(2022).

41.	 Gan, C. K., Pudjianto, D., Djapic, P. & Strbac, G. Strategic 
assessment of alternative design options for multivoltage-level 
distribution networks. IEEE Trans. Power Syst. 29, 1261–1269 
(2014).

42.	 Department for Business, Energy & Industrial Strategy (BEIS) 
Lower and Middle Super Output Areas Electricity Consumption 
https://www.gov.uk/government/statistics/lower-and-middle- 
super-output-areas-electricity-consumption (2018).

43.	 Office for National Statistics (ONS) Lower Layer Super Output  
Area population density. https://www.ons.gov.uk/ 
peoplepopulationandcommunity/populationandmigration/ 
populationestimates/datasets/lowersuperoutputarea 
populationdensity (2019)

44.	 Scottish Government Data Zone Boundaries 2011 https://www. 
ons.gov.uk/peoplepopulationandcommunity/ 
populationandmigration/populationestimates/datasets/ 
lowersuperoutputareapopulationdensity (2020).

45.	 Feed-in Tariff Installation Report 30 September 2020 https://www. 
ofgem.gov.uk/publications-and-updates/feed-tariff-installation- 
report-30-september-2020 (Ofgem, 2020).

46.	 Scottish Government Urban Rural Classification (6-Fold) https:// 
statistics.gov.scot/data/urban-rural-classification (2020).

47.	 Bibby, P. & Brindley, P. Urban and Rural Area Definitions for Policy 
Purposes in England and Wales: Methodology (v1.0) https://assets. 
publishing.service.gov.uk/media/5a7c136e40f0b645ba3c68b0/ 
RUC11methodologypaperaug_28_Aug.pdf (Government 
Statistical Service, 2013).

48.	 UK Power Networks & Element Energy Distribution Future  
Energy Scenarios https://www.spenergynetworks.co.uk/pages/ 
distribution_future_energy_scenarios.aspx (2020).

49.	 Northern Powergrid Distribution Future Energy Scenarios https:// 
datamillnorth.org/dataset/2w633/northern-powergrid-dfes-2019  
(2019).

50.	 Western Power Distribution Distribution Future Energy Scenarios  
https://www.westernpower.co.uk/smarter-networks/network- 
strategy/distribution-future-energy-scenarios (2020).

51.	 National Grid ESO Future Energy Scenarios https://www. 
nationalgrideso.com/document/170756/download (2019).

52.	 Few, S. United Kingdom Low Carbon Technology Database 
(UKLCTD) Zenodo https://doi.org/10.5281/zenodo.10948931  
(2024).

53.	 Gan, C. K., Mancarella, P., Pudjianto, D. & Strbac, G. Statistical 
appraisal of economic design strategies of LV distribution 
networks. Electr. Power Syst. Res. 81, 1363–1372 (2011).

54.	 Strbac, G. et al. Understanding the Balancing Challenge Report  
for the Department of Energy and Climate Change https://assets. 
publishing.service.gov.uk/media/5a78b8b8e5274a277e68ef2f/ 
5767-understanding-the-balancing-challenge.pdf (Imperial 
College London and NERA Economic Consulting, 2012).

55.	 Pudjianto, D., Djapic, P., Dragovic, J. & Strbac, G. Grid Integration 
Cost of PhotoVoltaic Power Generation https://helapco.gr/pdf/ 
PV_PARITY_D44_Grid_integration_cost_of_PV_-_Final_300913.pdf 
(PV Parity, 2013).

56.	 Strbac, G. et al. Role and value of flexibility in facilitating 
cost-effective energy system decarbonisation. Prog. Energy 2, 
042001 (2020).

57.	 Zhang, X., Strbac, G., Shah, N., Teng, F. & Pudjianto, D. 
Whole-system assessment of the benefits of integrated electricity 
and heat system. IEEE Trans. Smart Grid 10, 1132–1145 (2019).

58.	 Pudjianto, D. & Strbac, G. Assessing the value and impact of 
demand side response using whole-system approach. Proc. Inst. 
Mech. Eng. A 231, 498–507 (2017).

59.	 Pudjianto, D. & Strbac, G. Whole system value of long-duration 
electricity storage in systems with high penetration of renewables. 
iEnergy 1, 114–123 (2022).

60.	 Strbac, G. et al. Opportunities for assessing whole-system 
economic benefits of energy storage in future electricity systems. 
IEEE Power Energy Mag 15, 32–41 (2017).

61.	 Demuth, H. & Beale, M. Neural Network Toolbox User’s Guide  
https://people.cs.kuleuven.be/~danny.deschreye/
nnettoolboxMatlab.pdf (2004).

62.	 Hagan, M. T., Demuth, H. B. & Beale, M. H. Neural Network Design 
https://hagan.okstate.edu/NNDesign.pdf (2002).

http://www.nature.com/natureenergy
https://www.imperial.ac.uk/energy-futures-lab/reports/briefing-papers/paper-3/
https://www.imperial.ac.uk/energy-futures-lab/reports/briefing-papers/paper-3/
https://www.nationalgrideso.com/news/demand-flexibility-service-delivers-electricity-power-10-million-households
https://www.nationalgrideso.com/news/demand-flexibility-service-delivers-electricity-power-10-million-households
https://www.nationalgrideso.com/news/demand-flexibility-service-delivers-electricity-power-10-million-households
https://www.gov.uk/government/publications/upgrading-our-energy-system-smart-systems-and-flexibility-plan
https://www.gov.uk/government/publications/upgrading-our-energy-system-smart-systems-and-flexibility-plan
https://www.northernpowergrid.com/flexibility-services
https://www.northernpowergrid.com/flexibility-services
https://dso.ukpowernetworks.co.uk/flexibility
https://dso.ukpowernetworks.co.uk/flexibility
https://www.nationalgrid.co.uk/downloads-view-reciteme/2359
https://www.nationalgrid.co.uk/downloads-view-reciteme/2359
https://www.ofgem.gov.uk/sites/default/files/docs/2015/03/pv_tool_cdr_final_0.pdf
https://www.ofgem.gov.uk/sites/default/files/docs/2015/03/pv_tool_cdr_final_0.pdf
https://www.enwl.co.uk/globalassets/innovation/lvns/lvns-general/lvns-project-summary-leaflet.pdf
https://www.enwl.co.uk/globalassets/innovation/lvns/lvns-general/lvns-project-summary-leaflet.pdf
https://www.enwl.co.uk/globalassets/innovation/lvns/lvns-general/lvns-project-summary-leaflet.pdf
https://www.ofgem.gov.uk/sites/default/files/docs/2013/03/sset1002-lv-monitoring-lcnf-t1-close-down-report-130228_0.pdf
https://www.ofgem.gov.uk/sites/default/files/docs/2013/03/sset1002-lv-monitoring-lcnf-t1-close-down-report-130228_0.pdf
https://www.ofgem.gov.uk/sites/default/files/docs/2013/03/sset1002-lv-monitoring-lcnf-t1-close-down-report-130228_0.pdf
https://www.ons.gov.uk/methodology/geography/geographicalproducts/ruralurbanclassifications/2011ruralurbanclassification
https://www.ons.gov.uk/methodology/geography/geographicalproducts/ruralurbanclassifications/2011ruralurbanclassification
https://www.ons.gov.uk/methodology/geography/geographicalproducts/ruralurbanclassifications/2011ruralurbanclassification
https://www.gov.uk/government/statistics/lower-and-middle-super-output-areas-electricity-consumption
https://www.gov.uk/government/statistics/lower-and-middle-super-output-areas-electricity-consumption
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/datasets/lowersuperoutputareapopulationdensity
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/datasets/lowersuperoutputareapopulationdensity
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/datasets/lowersuperoutputareapopulationdensity
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/datasets/lowersuperoutputareapopulationdensity
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/datasets/lowersuperoutputareapopulationdensity
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/datasets/lowersuperoutputareapopulationdensity
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/datasets/lowersuperoutputareapopulationdensity
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/datasets/lowersuperoutputareapopulationdensity
https://www.ofgem.gov.uk/publications-and-updates/feed-tariff-installation-report-30-september-2020
https://www.ofgem.gov.uk/publications-and-updates/feed-tariff-installation-report-30-september-2020
https://www.ofgem.gov.uk/publications-and-updates/feed-tariff-installation-report-30-september-2020
https://statistics.gov.scot/data/urban-rural-classification
https://statistics.gov.scot/data/urban-rural-classification
https://assets.publishing.service.gov.uk/media/5a7c136e40f0b645ba3c68b0/RUC11methodologypaperaug_28_Aug.pdf
https://assets.publishing.service.gov.uk/media/5a7c136e40f0b645ba3c68b0/RUC11methodologypaperaug_28_Aug.pdf
https://assets.publishing.service.gov.uk/media/5a7c136e40f0b645ba3c68b0/RUC11methodologypaperaug_28_Aug.pdf
https://www.spenergynetworks.co.uk/pages/distribution_future_energy_scenarios.aspx
https://www.spenergynetworks.co.uk/pages/distribution_future_energy_scenarios.aspx
https://datamillnorth.org/dataset/2w633/northern-powergrid-dfes-2019
https://datamillnorth.org/dataset/2w633/northern-powergrid-dfes-2019
https://www.westernpower.co.uk/smarter-networks/network-strategy/distribution-future-energy-scenarios
https://www.westernpower.co.uk/smarter-networks/network-strategy/distribution-future-energy-scenarios
https://www.nationalgrideso.com/document/170756/download
https://www.nationalgrideso.com/document/170756/download
https://doi.org/10.5281/zenodo.10948931
https://assets.publishing.service.gov.uk/media/5a78b8b8e5274a277e68ef2f/5767-understanding-the-balancing-challenge.pdf
https://assets.publishing.service.gov.uk/media/5a78b8b8e5274a277e68ef2f/5767-understanding-the-balancing-challenge.pdf
https://assets.publishing.service.gov.uk/media/5a78b8b8e5274a277e68ef2f/5767-understanding-the-balancing-challenge.pdf
https://helapco.gr/pdf/PV_PARITY_D44_Grid_integration_cost_of_PV_-_Final_300913.pdf
https://helapco.gr/pdf/PV_PARITY_D44_Grid_integration_cost_of_PV_-_Final_300913.pdf
https://people.cs.kuleuven.be/~danny.deschreye/nnettoolboxMatlab.pdf
https://people.cs.kuleuven.be/~danny.deschreye/nnettoolboxMatlab.pdf
https://hagan.okstate.edu/NNDesign.pdf


Nature Energy

Article https://doi.org/10.1038/s41560-024-01542-6

63.	 Robinson, C., Bouzarovski, S. & Lindley, S. ‘Getting the measure of 
fuel poverty’: the geography of fuel poverty indicators in England. 
Energy Res Soc. Sci. 36, 79–93 (2018).

64.	 Collins, A. R. & Walker, A. Local Area Energy Planning: Achieving 
Net Zero Locally https://post.parliament.uk/research-briefings/ 
post-pn-0703/ (UK Parliamentary Office for Science and Technology,  
2023).

65.	 Eurostat Correspondence Tables: NUTS Levels and the National  
Administrative Units https://ec.europa.eu/eurostat/web/nuts/ 
correspondence-tables (2020).

66.	 Abeysinghe, S., Abeysekera, M., Wu, J. & Sooriyabandara, M. 
Electrical properties of medium voltage electricity distribution 
networks. CSEE J. Power Energy Syst. 7, 497–509 (2021).

67.	 Marchau, V. A. W. J., Walker, W. E., Bloemen, P. J. T. M. & Popper, S. W.  
Decision Making Under Deep Uncertainty: from Theory to Practice 
https://doi.org/10.1093/oxfordhb/9780190455811.013.50 (2019).

68.	 Western Power Distribution Data Portal https://dataportal2. 
westernpower.co.uk/ (2017).

69.	 Cleveland, W. S. Robust locally weighted regression and 
smoothing scatterplots. J. Am. Stat. Assoc. 74, 829–836 (1979).

70.	 Cleveland, W. S. LOWESS: a program for smoothing scatterplots 
by robust locally weighted regression. Am. Stat. 35, 54  
(1981).

71.	 Office for National Statistics (ONS) Output Area to LSOA to MSOA 
to Local Authority District (December 2017) Lookup with Area 
Classifications in Great Britain https://geoportal.statistics.gov.uk/ 
datasets/output-area-to-lsoa-to-msoa-to-local-authority-district- 
december-2017-lookup-with-area-classifications-in-great-britain/ 
data (2020).

72.	 Distribution Future Energy Scenarios 2020 North of Scotland 
Licence Area Results and Methodology Report https://www.regen. 
co.uk/wp-content/uploads/SSEN-DFES-2020-Methodology-and- 
Results-Companion-Report-for-Southern-England-Licence-Area.pdf 
(Scottish and Southern Electricity Networks (SSEN), 2020).

73.	 Electricity North West Distribution Future Electricity Scenarios 
https://www.enwl.co.uk/get-connected/network-information/dfes/ 
(2019).

74.	 SP Energy Networks Distribution Future Energy Scenarios https:// 
www.spenergynetworks.co.uk/pages/distribution_future_energy_ 
scenarios.aspx (2020).

75.	 Department for Business Energy & Industrial Strategy (BEIS)  
LSOA Domestic Electricity 2016 https://www.gov.uk/government/ 
statistics/sub-national-electricity-and-gas-consumption-at-lsoa- 
msoa-and-igz-level-in-2016 (2016).

76.	 Department for Business Energy & Industrial Strategy (BEIS) 
MSOA Non-Domestic Electricity 2016 https://www.gov.uk/ 
government/statistics/sub-national-electricity-and-gas- 
consumption-at-lsoa-msoa-and-igz-level-in-2016 (2016).

77.	 UK Power Networks SmartMeter Energy Consumption Data in 
London Households https://data.london.gov.uk/dataset/ 
smartmeter-energy-use-data-in-london-households (2014).

78.	 Love, J. et al. The addition of heat pump electricity load profiles 
to GB electricity demand: Evidence from a heat pump field trial. 
Appl. Energy 204, 332–342 (2017).

79.	 Aunedi, M. et al. Impact and Opportunities for Wide-Scale EV 
Deployment Report B1 https://innovation.ukpowernetworks.co.uk/ 
wp-content/uploads/2019/05/LCL-Learning-Report-B1-Impact-and- 
opportunities-for-wide-scale-Electric-Vehicle-deployment.pdf 
(Low Carbon London Learning Lab, 2014)

80.	 Heptonstall, P., Gross, R. & Steiner, F. The Costs and Impacts of 
Intermittency—2016 Update https://ukerc.ac.uk/publications/ 
the-costs-and-impacts-of-intermittency-2016-update/  
(UK Energy Research Centre, 2017).

Acknowledgements
This work was supported by the UK Engineering and Physical Sciences 
Research Council through the ‘Resilient Electricity Networks for a 
productive Grid Architecture’ (RENGA) (EP/R030235/1) (J.N., G.S, 
S.F., P.D., C.C.), ‘Joint UK–India Clean Energy Centre (JUICE)’ (EP/
P003605/1) (C.C., J.N., G.S, S.F., P.D.), ‘Application Targeted and 
Integrated Photovoltaics—Enhancing UK Capability in Solar (ATIP)’ 
(EP/T028513/1) (J.N.) and ‘Integrated Development of Low-Carbon 
Energy Systems (IDLES)’ (EP/R045518/1) (G.S., P.D.) research projects. 
S.F. acknowledges support from the University of Leeds in completing 
this work. J.N. thanks the Royal Society for the award of a Research 
Professorship. This study follows on from work developed in the 
previous EPSRC project ‘PV2025—Potential Costs and Benefits of 
Photovoltaics for UK-Infrastructure and Society’ (EP/K02227X/1), led by 
C.C. The project’s funders were not directly involved in the writing of 
this Article.

Author contributions
S.F., C.C., and J.N. conceptualized and co-ordinated the work, 
supported by P.D. and G.S. in developing workflows for network 
modelling. S.F. wrote the initial draft manuscript, excluding sections 
describing network modelling, which were written by P.D. C.C. and 
J.N. read and provided suggestions on the draft manuscript. S.F. and 
C.C. carried out manuscript revision. S.F. curated and managed the 
geographical data in the UKLCTD and scenario development. S.F. 
led data analysis, supported by C.C. P.D. led the network modelling, 
produced the maps and conducted additional data analysis.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary 
material available at https://doi.org/10.1038/s41560-024-01542-6.

Correspondence and requests for materials should be addressed to 
Sheridan Few.

Peer review information Nature Energy thanks Juan Pablo Carvallo 
and the other, anonymous, reviewer(s) for their contribution to the 
peer review of this work.

Reprints and permissions information is available at  
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2024

http://www.nature.com/natureenergy
https://post.parliament.uk/research-briefings/post-pn-0703/
https://post.parliament.uk/research-briefings/post-pn-0703/
https://ec.europa.eu/eurostat/web/nuts/correspondence-tables
https://ec.europa.eu/eurostat/web/nuts/correspondence-tables
https://doi.org/10.1093/oxfordhb/9780190455811.013.50
https://dataportal2.westernpower.co.uk/
https://dataportal2.westernpower.co.uk/
https://geoportal.statistics.gov.uk/datasets/output-area-to-lsoa-to-msoa-to-local-authority-district-december-2017-lookup-with-area-classifications-in-great-britain/data
https://geoportal.statistics.gov.uk/datasets/output-area-to-lsoa-to-msoa-to-local-authority-district-december-2017-lookup-with-area-classifications-in-great-britain/data
https://geoportal.statistics.gov.uk/datasets/output-area-to-lsoa-to-msoa-to-local-authority-district-december-2017-lookup-with-area-classifications-in-great-britain/data
https://geoportal.statistics.gov.uk/datasets/output-area-to-lsoa-to-msoa-to-local-authority-district-december-2017-lookup-with-area-classifications-in-great-britain/data
https://www.regen.co.uk/wp-content/uploads/SSEN-DFES-2020-Methodology-and-Results-Companion-Report-for-Southern-England-Licence-Area.pdf
https://www.regen.co.uk/wp-content/uploads/SSEN-DFES-2020-Methodology-and-Results-Companion-Report-for-Southern-England-Licence-Area.pdf
https://www.regen.co.uk/wp-content/uploads/SSEN-DFES-2020-Methodology-and-Results-Companion-Report-for-Southern-England-Licence-Area.pdf
https://www.enwl.co.uk/get-connected/network-information/dfes/
https://www.spenergynetworks.co.uk/pages/distribution_future_energy_scenarios.aspx
https://www.spenergynetworks.co.uk/pages/distribution_future_energy_scenarios.aspx
https://www.spenergynetworks.co.uk/pages/distribution_future_energy_scenarios.aspx
https://www.gov.uk/government/statistics/sub-national-electricity-and-gas-consumption-at-lsoa-msoa-and-igz-level-in-2016
https://www.gov.uk/government/statistics/sub-national-electricity-and-gas-consumption-at-lsoa-msoa-and-igz-level-in-2016
https://www.gov.uk/government/statistics/sub-national-electricity-and-gas-consumption-at-lsoa-msoa-and-igz-level-in-2016
https://www.gov.uk/government/statistics/sub-national-electricity-and-gas-consumption-at-lsoa-msoa-and-igz-level-in-2016
https://www.gov.uk/government/statistics/sub-national-electricity-and-gas-consumption-at-lsoa-msoa-and-igz-level-in-2016
https://www.gov.uk/government/statistics/sub-national-electricity-and-gas-consumption-at-lsoa-msoa-and-igz-level-in-2016
https://data.london.gov.uk/dataset/smartmeter-energy-use-data-in-london-households
https://data.london.gov.uk/dataset/smartmeter-energy-use-data-in-london-households
https://innovation.ukpowernetworks.co.uk/wp-content/uploads/2019/05/LCL-Learning-Report-B1-Impact-and-opportunities-for-wide-scale-Electric-Vehicle-deployment.pdf
https://innovation.ukpowernetworks.co.uk/wp-content/uploads/2019/05/LCL-Learning-Report-B1-Impact-and-opportunities-for-wide-scale-Electric-Vehicle-deployment.pdf
https://innovation.ukpowernetworks.co.uk/wp-content/uploads/2019/05/LCL-Learning-Report-B1-Impact-and-opportunities-for-wide-scale-Electric-Vehicle-deployment.pdf
https://ukerc.ac.uk/publications/the-costs-and-impacts-of-intermittency-2016-update/
https://ukerc.ac.uk/publications/the-costs-and-impacts-of-intermittency-2016-update/
https://doi.org/10.1038/s41560-024-01542-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	A geographically disaggregated approach to integrate low-carbon technologies across local electricity networks

	Diversity of local contexts across GB

	Estimating local network upgrade costs and flexibility savings

	Diversity of network upgrade costs across local contexts

	Diversity of flexibility savings across local contexts

	Discussion and conclusions

	Methods

	Data on local network infrastructure

	Low-carbon technology deployment scenarios

	Electricity network modelling


	Acknowledgements

	Fig. 1 UKLCTD data on local characteristics and projected 2050 low-carbon technology deployment.
	Fig. 2 Schematic of methodology underlying this study.
	Fig. 3 Local context dependence of estimated costs to accommodate distributed PVs, EVs and HPs across GB in local networks.
	Fig. 4 Combined impact of rurality, technology deployment and network infrastructure on estimated excess local network upgrade cost.
	Fig. 5 Estimated excess local savings associated with local flexibility deployment across regions.
	Table 1 Characteristics used to define local contexts across GB at an LSOA level.




