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Abstract 4 
 5 
Highly spatially resolved data from across Great Britain (GB) are combined with a distribution 6 

network modelling tool to assess impacts of distributed photovoltaic (PV) deployment up to 2050 on 7 

local networks, the costs of avoiding these impacts, and how these depend upon context. Present-8 

day deployment of distributed PV, meter density, and network infrastructure across GB are found to 9 

be highly dependent on rurality, and data on these are used to build up three representative 10 

contexts: cities, towns, and villages. For each context, distribution networks are simulated, and 11 

impacts on these networks associated with PV deployment and growth in peak load up to 2050 12 

calculated. Present-day higher levels of PV deployment in rural areas are maintained in future 13 

scenarios, necessitating upgrades in ambitious PV scenarios in towns and villages from around 14 

2040, but not before 2050 in cities. Impacts of load growth are more severe than those of PV 15 

deployment, potentially necessitating upgrades in cities, towns, and villages from 2030. These are 16 

most extensive in cities and towns, where long feeders connect more customers, making networks 17 

particularly susceptible to impacts. Storage and demand side response are effective in reducing 18 

upgrade costs, particularly in cities and towns. 19 

 20 
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side response; 22 

 23 

1 Introduction 24 

Distributed solar photovoltaic (PV) provides cost-effective electricity with a low greenhouse gas impact 25 

close to demand centres. Deployment of small-scale PV (<50 kW) in Great Britain (GB) has increased 26 

rapidly over the past decade, rising from 930 MW in 2011 to 4.4 GW in 2016. Deployment has 27 

subsequently slowed, but is expected to accelerate in coming years, driven by the falling cost of PV 28 

installations and increasing price of electricity (1,2).  29 
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 30 

PV generates only when there is available irradiance. As such, high levels of PV deployment could 31 

lead to substantial changes to power flows in the electricity network (3). At the low voltage (LV) 32 

distribution network level, this could lead to capacity constraints (overloading of existing cables and 33 

transformers) and voltage rise (4–7). Increases in load associated with EV and heat pump deployment 34 

could counteract some of these impacts, or themselves lead to capacity constraints and falling voltage 35 

(1). Impacts are exacerbated in regions with longer feeders (the sections of cable connecting 36 

transformers to end users) and/or with feeders connecting higher numbers of end users with higher 37 

PV deployment. The longer the feeders and the higher the number of end-users connected, the higher 38 

the probability of voltage and capacity issues. Length and distribution of feeders varies with density 39 

and distribution of electricity consumers, each of which varies with rurality context. As such, an 40 

understanding of the local network infrastructure and balance of generation and demand is required to 41 

properly understand network requirements. 42 

 43 

In a conventional network upgrade approach, these issues would be overcome by upgrading or laying 44 

parallel cables and replacing transformers with higher rated equivalents (8). Impacts could also be 45 

reduced or eliminated through deployment of distributed storage (9,10) and/or demand side response 46 

(DSR) (11–14), which could reduce local electricity consumption at times of peak load, and/or increase 47 

local electricity consumption during times of peak PV generation (10,15,16). Bayer et al. identify a 48 

range of alternative mechanisms which distribution network operators (DNOs) have used to overcome 49 

voltage constraints in Germany (such as tap changes on transformers and deployment of voltage 50 

regulators) (8), which could be a cost effective approach to increase PV hosting capacity in the UK (5) 51 

and internationally (17). How to choose which of these measures to deploy in a given situation is not 52 

straightforward. 53 

 54 

A series of reports produced by UK DNOs examine grid impacts of distributed PV in different UK 55 

regions (18–21). These indicate few voltage issues, and no problems with reverse power flow at 56 

present, but anticipate more such problems as deployment of distributed PV increases. Several 57 

studies have modelled the impact of higher levels of PV deployment on local networks in GB (5–7). 58 

These studies use different methods and are applied to different networks, making direct comparison 59 
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challenging. Thomson and Infield (6) and Bilton et al. (7) find voltage rise above acceptable levels 60 

when PV is deployed on 30% and 5% of households respectively in semi-urban contexts. Navarro-61 

Espinosa and Ochoa compare impacts across feeders in a single urban network, finding that these 62 

begin to exhibit voltage rise at PV penetrations ranging between 30% and 100% of households (5). 63 

 64 

These studies demonstrate the importance of local context in grid impact of distributed PV 65 

deployment. This finding is echoed in a review conducted by Aziz and Ketjoy on PV penetration limits 66 

in LV networks in an international context (22), who find limits of between 2.5% and 110% depending 67 

on load profiles, generation profiles and network configuration. Studies in Germany (8,23),  Sweden 68 

(24), and the USA (25,26) further support this point, as do high level studies of renewables integration 69 

in GB (27–30) and across Europe (31,32). However, these studies offer no way of mapping between 70 

these individual contexts and the broader set of contexts within GB or internationally or understanding 71 

how these fit into the broader set of electricity system changes which are expected in coming 72 

decades. In a GB context, this is expected to include widespread deployment of EVs and heat pumps, 73 

bringing peak load in line with the 2005 historical maximum by around 2030 (1).  74 

 75 

Pagani et al. (33) survey studies on power grids internationally, highlighting differences in network 76 

topology and the importance of using network models representative of the country context. Gan et al. 77 

(34) and Abeysinghe et al. (35) also note that most of these studies have focussed on high voltage 78 

transmission, rather than low voltage distribution grids. Studies which have focussed on the low 79 

voltage network have typically used idealised networks, or specific test cases, limiting applicability of 80 

their conclusions to other networks. Generation of statistically representative networks in order to draw 81 

more generally applicable conclusions is therefore highly desirable. Building on work in references 82 

(36–38), Gan et al. (34) make progress towards this goal, generating simulated networks using a 83 

fractal approach, parameterised based upon real GB networks (37). This modelling approach has 84 

been used in academic studies estimating distribution grid upgrade savings associated with smart use 85 

of heat pumps alongside EVs (39) and PV (40) in GB, and policy studies on grid impacts accelerated 86 

electrification in GB (41) and PV and microgeneration deployment across Europe (31,42). However, 87 

networks are simulated based on a subjective definition of rurality, which is not related back to the 88 

distribution of local contexts in GB. Present differences in level of PV deployment, network 89 
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infrastructure, and distribution of domestic and nondomestic meter density across GB rurality contexts 90 

are not taken into consideration. 91 

Candelise and Westacott began work on understanding how local impacts of PV might differ between 92 

regional contexts through the development of the United Kingdom Photovoltaic Deployment (UKPVD) 93 

framework (3), a database that maps PV deployment, domestic and nondomestic demand, and grid 94 

assets across GB in a geographically disaggregated manner based upon real data. This framework 95 

has been used to assess the local balance of PV generation and electricity demand (43) and the 96 

potential of storage to mitigate local imbalances between PV generation and demand (10). The 97 

distribution and interaction of variables defining impacts vary across the country and rurality contexts, 98 

with higher levels of PV deployment in more rural areas (3), differing levels of reverse power flow 99 

depending on balance of supply and demand (10,43), and differences in grid assets between urban 100 

and rural contexts (44). 101 

 102 

However, there remains a gap in connecting (a) the substantial body of data available on the 103 

distribution of quantities relevant to PV integration in local contexts across GB, with (b) the detailed 104 

modelling of local networks which allows an assessment of impacts of distributed PV deployment and 105 

cost-effective measures to avoid these impacts.  This work seeks to bridge this gap, building on the 106 

work on Candelise and Westacott (3,10,43) for the former, and Gan et al. (34) for the latter part.  107 

 108 

The distribution of key parameters relevant to integration of PV (current PV deployment, domestic and 109 

nondomestic meter density, and network infrastructure) across GB (3,10,43) are combined with 110 

classifications of rurality defined by the UK Government Statistical Service to arrive at a set of 111 

parameters representative of real cities, towns, and villages across the UK. These parameters are 112 

used as inputs to the network simulation tool developed by Gan et al. (34), allowing the simulation of 113 

networks which well represent of each of these contexts.  114 

 115 

Scenarios for PV deployment, load growth, storage deployment, and demand side response are 116 

applied to these networks to estimate (i) dates at which grid impacts due to PV deployment and load 117 

growth might be expected to occur across contexts, (ii) costs associated with avoiding these impacts 118 

through conventional grid upgrades (cable and transformer replacement), (iii) the extent to which 119 
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these costs reduce when flexibility mechanisms (storage and DSR) are available. This approach thus 120 

accounts for distribution of current levels of PV deployment and local demand, local balance between 121 

supply and demand, and current conditions of grid assets (density and capacity of substations, length 122 

and capacity of feeders) in cities, towns, and villages across GB estimating impacts and relative 123 

integration costs of distributed PV on the LV network.  124 

 125 

The remainder of this paper is organised as follows: Section 2 presents the methodology used in this 126 

study; Section 3 presents results broken down into impacts of load growth and PV deployment on the 127 

LV grid, costs of upgrading grid infrastructure to mitigate these impacts, cost savings associated with 128 

DSR and storage; Section 4 concludes and discusses policy implications. A list of key terms and 129 

abbreviations is included in an appendix. 130 

 131 

2 Methodology 132 

The methods and tools used in this study may be broken down into several steps. First, a 133 

representative set of local contexts are determined based upon high resolution real data on PV 134 

deployment, meter density, and network infrastructure contained in the UKPVD. Second, networks are 135 

simulated based upon median values of key parameters in each of these contexts. Third, scenarios 136 

are developed for peak load growth, PV deployment, storage, and DSR and applied to simulated 137 

networks. Finally, network impacts associated with these scenarios are assessed, alongside cost of 138 

upgrading networks to avoid these, and how these vary between contexts. These steps are described 139 

in turn in the following subsections. 140 

 141 

2.1 Determination of a representative set of rurality contexts 142 
 143 

The UKPVD, developed in (3), contains real data on (i) domestic and nondomestic PV deployment 144 

produced by the GB energy regulator (45), (ii) domestic and nondomestic meter density produced by 145 

UK Government (46,47), and (iii) density and type of substations produced by Western Power 146 

Distribution (WPD), the DNO for the Southwest of England (SW England) (44). The data are organised 147 

at lower level super output area (LSOA) resolution, a geographical area containing approximately 600 148 

households. With the exception of network infrastructure, these data are available across GB. We 149 
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choose to focus our analysis on the region of SW England for which data on network infrastructure is 150 

available, which contains 1.3 million domestic and 140,000 nondomestic electricity users. 151 

  152 

Local network impacts are expected to be highly dependent on PV deployment, meter density, and 153 

network infrastructure, each of which varies with rurality context. The UK Government Statistical 154 

Service classify each LSOA in GB into one of ten rurality categories based upon density and 155 

distribution of households (48,49).  In SW England, 95% of LSOAs fall into three categories, “urban 156 

city and town” (66%), “rural town and fringe” (14%), and “rural village” (15%). Attention is restricted to 157 

these three ruralities for the remainder of the paper, which are referred to as “cities”, “towns”, and 158 

“villages” henceforth.  Across GB, these three categories alongside “urban major conurbation”, 159 

account for 95% of LSOAs. 160 

Distribution of domestic and nondomestic meter density, PV capacity, and density of substations 161 

across each LSOA in SW England falling into the “cities”, “towns”, or “villages” rurality context are 162 

presented in Figure 1.  These are broadly similar to those for GB as a whole, which are presented in 163 

supplementary material to this paper. The number of domestic meters per LSOA is broadly similar 164 

across ruralities, but these are much more densely packed in cities than towns and in towns than in 165 

villages (Figure 1a,b). Towns and villages have similar numbers of nondomestic customers per LSOA, 166 

around twice the number found in cities (Figure 1c).  167 

Domestic PV deployment is substantially higher in more rural contexts, with around twice and three 168 

times the quantity of domestic PV installed in villages and towns than cities, respectively (Figure 1d). 169 

Whilst absolute numbers are smaller, differences are even more striking in the nondomestic sector, 170 

where no PV is installed in the median case in cities, and deployment in villages is more than ten 171 

times higher than that in towns (Figure 1e). Combining nondomestic and domestic sectors, 2.5 and 4.3 172 

times more PV are installed in the median case in towns and villages than cities. Since nondomestic 173 

load is concentrated in daytime hours, higher numbers of nondomestic customers could help to 174 

balance the higher PV deployment in towns and villages. 175 

There are substantial differences in network infrastructure between cities, towns, and villages, with the 176 

vast majority of substations being ground-mountedground-mounted transformers (GMT) in cities, pole-177 

mounted transformers (PMT) in villages, and a combination of the two in towns (Figure 1f,g). The total 178 
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density of substations is substantially higher in more urban contexts, but each of these substations 179 

serves a larger number of customers (Figure 1h). This will tend to result in longer feeders with larger 180 

numbers of connected customers in more urban contexts, making feeders in cities and towns more 181 

susceptible to impacts associated with PV and load growth. 182 

Figure 1 shows substantial differences in quantities relevant to PV integration between these cities, 183 

towns, and village, indicating that they represent a sensible range of contexts on which to model 184 

impacts. There is, however, substantial variation in these quantities within each context, indicating that 185 

individual LSOAs may be subject to greater or lesser impacts than can be captured with a single set of 186 

parameters per rurality. 187 

188 
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 189 
(a)           (b) 190 

  191 
(c)           (d) 192 

  193 
(e)           (f) 194 

 195 
(g)           (h) 196 

  197 
 198 

Figure 1: Box and whisker plots showing median, standard distribution, and extreme values of key 199 
parameters across LSOAs representing cities, towns, and villages in SW England: (a) number and (b) 200 
density of domestic meters, (c) number of nondomestic meters, (d) domestic and (e) nondomestic PV 201 
capacity, density of (f) ground-mounted and (g) pole-mounted transformers (GMT and PMT, 202 
respectively), and (h) number of domestic meters per substation. 203 

 204 

2.2 Simulation of networks to represent each rurality context 205 
 206 

For each rurality context (cities, towns, and villages), fifteen LV distribution networks are simulated 207 

based upon median values of domestic and nondomestic meter density, PV capacity, and type and 208 

density of substations associated with LSOAs of that rurality (Figure 1).  209 

 210 

This study uses the statistical network design and investment methodology developed by Gan et al. 211 

(34), which is selected owing to three unique capabilities of this methodology: (1) its ability to 212 

reproduce realistic network topologies and lengths, as calibrated against real GB distribution networks, 213 

using data available in the UKPVD across GB as inputs, (2) its ability to calculate impacts of increased 214 

load and deployment of low carbon technologies on these networks, and (3) its ability to calculate 215 
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infrastructure upgrade requirements to keep impacts to acceptable levels, and costs associated with 216 

these.  methodology is described in detailin references (34) and (40). 217 

 218 

An example of a simulated network of each rurality category is shown in Figure 2, alongside mean 219 

values of key network parameters arising from simulated networks of this rurality. Total cable length is 220 

lower in more urban contexts where households are more densely packed. However, there are also 221 

substantially fewer substations per customer in urban than rural contexts, resulting in longer feeders 222 

serving higher numbers of households.  223 

 224 

Cables and transformers are assumed to be sized to handle the historical peak in load (in 2005), but 225 

not oversized for the potential of higher loads. Transformers are assumed to be symmetric (capable of 226 

handling similar levels of power flow in forward and reverse directions). This is typically the case for 227 

distribution transformers operating at the low voltage level considered in this study (50). However, 228 

transformers operating  at higher voltage levels are typically somewhat asymmetric, with a lower 229 

capacity in the reverse direction (values of between 30% and 66% of forward capacity are reported in 230 

the GB network in ref (50)), and high levels of reverse power flow could cause issues in parts of the 231 

network not considered here. A figure is included in supplementary materials showing the proportion 232 

of transformers experiencing some level of reverse power flow in considered PV deployment 233 

scenarios. 234 



 10 

 235 

Figure 2 Example of a simulated network in each rurality context. Dots, stars and lines represent 236 
demand meters, substations and feeders, respectively. Average cable length per LSOA, number of 237 
feeders per meter, demand nodes per feeder and feeder length (with standard deviation, σ) across the 238 
fifteen simulated networks for each rurality context are also indicated. 239 

 240 
2.3 Design of distributed PV, load growth, and flexibility scenarios and application to 241 
simulated networks 242 
 243 

To each simulated network, load growth, PV growth, storage and DSR scenarios are applied, and 244 

local network impacts associated with these calculated PV, load growth, and storage deployment 245 

scenarios to 2050 are based upon the GB electricity system operator, National Grid’s, future energy 246 

scenarios(1). Whilst there is no guarantee these scenarios will be realised in practice, they represent 247 

of the range of scenarios the system operator is planning for, and have come to be used as 248 

benchmarks for a range of studies planning for the future GB electricity system (28,51–54). 249 

 250 

Of National Grid’s four future energy scenarios, the two with highest deployment of solar PV are 251 

considered here: “Two Degrees” and “Community Renewables” (referred to as “Mid-PV” and “Hi-PV” 252 

henceforth). The second of these is highly ambitious in terms of distributed PV deployment, with a 253 

growth factor of 4.2 by 2030 and 16.4 by 2050 relative to 2017, making it particularly relevant for 254 

assessing the impact of high penetrations of distributed PV. Since the other two scenarios involve a 255 

lower deployment of PV, grid impacts may be expected to be smaller in these scenarios. These 256 
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scenarios are also associated with growth in peak load (Figure 3a), which is assumed to occur with a 257 

similar growth factor across electricity users in domestic and nondomestic sectors. 258 

 259 

 260 

Whilst National Grid scenarios specify growth factors by year for distributed PV, they do not specify 261 

how this growth will be distributed across sectors or regions. In scenarios considered in this study, PV 262 

growth factors in “Mid-PV” and “Hi-PV” scenarios are applied to LSOAs of each rurality such that the 263 

size of PV installations on modelled domestic and nondomestic meters remains at median 2017 264 

values obtained from the UKPVD (3.1 kW, 3.5 kW and 3.7 kW for domestic PV installations and 9.9 265 

kW, 8.0 kW and 12.0 kW for nondomestic PV installations in cities, towns, and villages respectively), 266 

but the proportion of meters with PV installed grows over time in line with National Grid scenarios. The 267 

ratio of quantities of deployed PV across ruralities thus remains at present day levels up to 2050, with 268 

2.5 and 4.3 times more PV installed in towns and villages than cities, respectively (as per Figure 1). 269 

The only exception to this rule occurs in villages in the Hi-PV scenario after 2045, when deployment 270 

reaches 100% of rooftops. Resulting PV deployment across scenarios and ruralities is shown in Figure 271 

3b. 272 

 273 

Whilst National Grid scenarios specify the total quantity non-transmission connected storage, they do 274 

not indicate the size of individual storage devices or the voltage level at which they are deployed. In 275 

analysis presented here, three scenarios of storage deployment (S10, S25 and S50) are developed in 276 

order to explore the implications of 10 – 50% of GB non-transmission connected storage being 277 

deployed at a local level to balance distributed PV generation.  278 

Storage capacity (kW) per kW of PV is obtained from National Grid scenarios using the following 279 

formula: 280 

 281 

Where  represents the quantity of distributed storage deployed per unit of distributed PV in 282 

deployment scenario  (Mid-PV or Hi-PV) and storage scenario  (S10, S25, or S50) in year ;  is a 283 

parameter to distinguish the three storage scenarios ( and ); and 284 

 and  represent the GB-wide deployment of non-transmission connected 285 
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storage and distributed PV in corresponding National Grid scenarios in year . This approach results 286 

in higher levels of deployed storage in more rural contexts where levels of PV deployment are higher 287 

and by the same ratios (2.5 and 4.3 times more PV installed in the towns and villages than cities, 288 

respectively). Resulting storage deployment in S50 scenarios is shown in Figure 3c. Storage is 289 

modelled with to a two hour capacity when operating at full power (i.e. capacity in kWh is twice the kW 290 

rating) in line with typical values for residential lithium-ion batteries (55).  291 

 292 

Since there has been little deployment of DSR measures in households to date, developing robust 293 

scenarios for future deployment is challenging. In order to consider the possible role DSR could play in 294 

reducing grid impact of PV at a local level, two hypothetical DSR scenarios are considered based 295 

upon between 50% (DSR50) and 100% (DSR100) of households participating in DSR measures 296 

(smart dishwasher, washing machine, and tumble drier) by 2030 (Figure 3d). A recent nationwide 297 

survey indicates that around 50% of the UK population would be willing to shift times of dishwashing 298 

and laundry, indicating that the first of these scenarios could be achievable without substantial 299 

changes in attitudes (56). Modelled impacts of these measures on power demand are as described in 300 

references (57,58). 301 

302 
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 303 

(a)          (b) 304 

 305 
(c)        (d) 306 

 307 

Figure 3: Growth in (a) peak load (with respect to the 2005 historical peak), (b) distributed PV 308 
deployment, (c) storage deployment in S50 scenario, and (d) percentage of homes participating in 309 
demand side response measures in DSR50 and DSR100 scenarios. Additional storage scenarios S25 310 
and S10 contain 50% and 20% of the quantities of storage shown here. 311 

 312 
2.4 Assessment of local grid impact and associated network upgrade cost 313 
 314 
Load growth, PV, storage, and DSR scenarios (Figure 3) are applied to each of the fifteen networks 315 

simulated for each rurality (Figure 2) by year. Resultant power flows across the network during a 316 

winter evening (peak load alongside minimum distributed generation) and summer midday (peak 317 

distributed generation alongside low load) are calculated. Impacts on the network associated with 318 

these power flows are calculated in terms of voltage rise (associated with PV generation), voltage fall 319 

(associated with increased load), and capacity constraints (cables and transformers in which power 320 

flows exceed operational limits). Voltage rise and fall are quantified in terms of maximum over- and 321 

undervoltage on networks, and length of cable requiring replacement to keep within statutory limits of 322 
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+10%/-6% of nominal voltage (59). Capacity constraints are quantified in terms of proportion of 323 

transformers overloaded, and length of cable requiring replacement to overcome these issues. 324 

Alternative upgrade approaches may be taken to overcome voltage issues in practice (5,8,17). 325 

 326 

Capital costs associated with network upgrades are calculated as follows: 327 

 328 

 329 

 330 

Where  represents the capital cost associated with upgrading simulated network  (1 to 15) 331 

representing rurality  (cities, towns, or villages) to handle network impacts in year .  332 

represents the number of transformers requiring replacement in network  of rurality  in year , and 333 

represents the cost of replacing a transformer in rurality .  and  represent the length of 334 

cable requiring replacement in network ; and  represents the cost per length of cable replaced in 335 

rurality . Infrastructure costs  and  are as specified in (60). Upgrade costs per unit replacement 336 

are substantially higher in cities and towns where cables are assumed to run underground rather than 337 

overhead, and transformers are assumed to be ground-mounted rather than pole-mounted. Mean 338 

costs across simulated networks of each rurality, , are calculated as: 339 

 340 

Capital cost required to upgrade networks to accommodate demands expected in a given year are 341 

presented per LSOA. This metric as this serves as a proxy for severity of network impacts and effort 342 

required to overcome them. Where upgrade costs are zero, this implies that these flexibility 343 

mechanisms are sufficient to avoid network upgrades. Where costs are close to zero, minimal 344 

upgrades, or small amounts of additional flexibility may be required to avoid problematic network 345 

impacts. 346 

 347 

The above procedure is initially carried out for growth in peak load alone (Figure 3a). PV deployment 348 

scenarios (Figure 3b) are then applied in conjunction with load growth, such that the additional impact 349 

and capital cost associated with grid upgrades to accommodate distributed PV over and above load 350 

growth may be calculated. Storage (Figure 3c) and DSR (Figure 3d) scenarios, both together and 351 
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separately, are then applied alongside load growth and PV. Savings in network upgrade cost 352 

associated with these flexibility measures are calculated by subtracting upgrade costs in scenarios in 353 

which these measures are included from those in which they are excluded.  354 

 355 

3 Results and Discussion 356 

3.1 Low Voltage Network Impacts to 2050 357 

This section presents impacts associated with application of load growth and PV deployment 358 

scenarios to simulated networks. In each case, these are presented as mean values across the fifteen 359 

simulated representing each rurality context (cities, towns, villages). 360 

 361 

The maximum undervoltage associated with load growth is shown in Figure 4a. Increasing peak load 362 

causes undervoltage in later years in each cities, towns, and villages. Undervoltage reaches levels 363 

outside of statutory limits (+10/-6% of nominal voltage (59)) in towns and cities from around 2030 in 364 

both Mid-PV and Hi-PV scenarios, coinciding with peak load exceeding the 2005 historical maximum 365 

(1). Voltage issues are exacerbated by long feeders serving high numbers of customers, and shorter 366 

feeders serving few customers in villages than in towns and cities keep voltage within statutory limits 367 

here (see Figure 2).  368 

 369 

The maximum overvoltage associated with PV deployment is shown in Figure 4b, which steadily rises 370 

up to 2050 across rurality contexts. In towns, PV deployment is substantially higher than in cities and 371 

feeder lengths are substantially above those in villages. The combination of these factors causes 372 

voltage rise above statutory limits in towns after 2040 in the Hi-PV scenario, whilst staying within 373 

statutory limits in cities and villages throughout the time horizon.  Voltage does not rise above 374 

statutory limits in any rurality in the mid-PV scenario.  375 

 376 

The proportion of cables which must be replaced to bring undervoltage associated with load growth 377 

within statutory limits is indicated in Figure 4c. This rises steadily from 2030 in cities and towns, with 378 

13% of cables requiring replacement in cities by 2050 in the Hi-PV scenario, and 11% in the Mid-PV 379 

scenario. In towns, where feeders are somewhat shorter, impacts are less widespread, and these 380 
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quantities reach only 8% and 6%. The additional proportion of cables which must be replaced to bring 381 

overvoltage associated with PV deployment within statutory limits is indicated in Figure 4d. This value 382 

is nonzero only in towns in the Hi-PV scenario in later years, where it reaches 4% of cables by 2050, 383 

representing around half of the replacement length required to overcome undervoltage due peak load 384 

growth. 385 

 386 

Load growth and PV also cause power flows higher than cable ratings, necessitating capacity driven 387 

upgrades. Figure 4(e,f) quantify the proportion of cable requiring replacement to accommodate these 388 

higher power flows, which represents around a quarter of that required to overcome voltage issues in 389 

each rurality (Figure 4(c,d)).  390 

 391 

Figure 4g indicates the proportion of transformers overloaded due to peak load growth. This occurs 392 

across rurality contexts from 2030, but is most widespread in cities, where almost 50% of transformers 393 

require replacement by 2050 in the Hi-PV scenario (35% in the Mid-PV scenario). By contrast, in 394 

villages these values reach only 28% and 21%. Since data on transformer capacity is not available, 395 

these numbers are subject to assumptions taken in network simulation. However, the higher number 396 

of customers which each transformer serves in more urban contexts is likely to result in their operating 397 

closer to their capacity limits, leaving less space to accommodate growth in load. 398 

 399 

Figure 4h indicates the additional proportion of transformers overloaded due to high power flows 400 

associated with PV deployment. This is widespread only in villages in the Hi-PV scenario, where the it 401 

steadily grows from 2030 to reach 30% of transformers by 2045. (The slight reduction between 2045 402 

and 2050 is due to PV deployment in villages reaching 100% in 2045, but load growth continuing to 403 

2050, meaning that more transformers are overloaded due to load growth in 2050, no longer counting 404 

as additional transformers overloaded by PV.) This is primarily a result of higher levels of PV 405 

deployment in more rural contexts, whose generation more than counteracts higher daytime load 406 

associated with greater numbers of nondomestic meters (see Figure 1). A figure in supplementary 407 

materials shows that a substantial portion of transformers experience some level of reverse power flow 408 

across ruralities from mid 2020s, particularly in the Hi-PV scenario. The aggregate impact of these 409 
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could become problematic for primary transformers at higher voltage levels (as noted in Section 2.2). 410 

However, these fall outside of the scope of our current study. 411 

 412 
 413 

414 
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 415 
(a)         (b)  416 

 417 
 (c)       (d) 418 

 419 
(e)      (f) 420 

  421 
(g)       (h) 422 

 423 
 424 
 425 
Figure 4 Average impact of load growth and PV deployment on networks prior to infrastructure 426 
upgrades in Hi-PV and Mid-PV scenarios across simulated cities, towns, and villages. Average 427 
maximum (a) undervoltage due to load growth and (b) overvoltage due to PV deployment (as a 428 
proportion of the nominal 230V) alongside statutory voltage limits, (c,d) length of line requiring under- 429 
and over-voltage driven upgrade, (e,f) length of line requiring capacity driven upgrade, (g,h) proportion 430 
of transformers overloaded due to load growth and PV deployment. 431 
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3.2 Network Upgrade Costs to 2050 432 

This section presents the cost of avoiding LV network impacts described in the previous section 433 

through conventional methods: upgrading cables to keep voltage at acceptable levels and 434 

accommodate higher power flows, and replacing overloaded transformers. These costs are shown 435 

across contexts and scenarios in Figure 5. 436 

 437 

Capital costs associated with accommodating peak load are very similar in cities and towns, reaching 438 

£185,000 – 230,000 per LSOA to meet 2050 requirements (equivalent to one-off costs of around £230 439 

- 330 per meter). Costs in villages are substantially lower, at £73,000 – 95,000 per LSOA (around £90 440 

- 120 per meter). This is predominantly due to undervoltage issues associated with longer feeders in 441 

cities and towns (see Figure 4a), which are not realised in villages. However, lower unit costs 442 

associated with replacing overhead cables and pole-mounted transformers in rural contexts than 443 

underground cables and ground-mounted transformers in more urban contexts also contribute to this 444 

difference.  445 

 446 

Upgrade costs are broken down into cable replacements associated with voltage and capacity 447 

constraints, and transformer replacements associated with capacity constraints in Figure 4c. Across 448 

scenarios and years, approximately two-thirds of costs in cities are associated with cable replacement, 449 

with the remaining third attributable to replacement of distribution transformers. In towns, this balance 450 

is approximately half and half, whilst in villages upgrade costs are almost entirely attributable to 451 

transformer replacement. Since the majority of cable replacements are due to voltage, rather than 452 

capacity constraints, a substantial portion of upgrade costs in cities and towns could potentially be 453 

avoided using voltage regulators, and/or seasonal tap changes to transformers, where voltage issues 454 

manifest themselves. Based upon experience of German DNOs, upgrade requirements associated 455 

with capacity constraints will be harder to avoid (8). 456 

 457 
 458 
In the Hi-PV scenario, PV integration costs become substantial in villages and towns. When ambitious 459 

PV growth is included alongside load growth, cost to accommodate 2050 requirements increases by 460 

£80,000 per LSOA in villages and £90,000 per LSOA in towns (45% and 30% of total upgrade cost in 461 

2050). Again, these are divided between cable and transformer replacement in towns, and solely 462 
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attributable to transformer replacement in villages. In the Mid-PV scenario, PV integration costs are a 463 

small component of total upgrade costs in villages and no LV grid upgrades above those for load 464 

growth are required to accommodate PV in towns (in line with minimal grid impacts in Figure 4). There 465 

are no network upgrades required to accommodate PV in cities throughout the time horizon in either 466 

considered scenario. 467 

 (a)                (b) 468 

  469 

(c) 470 

 471 

 Figure 5 Capital cost (1000s of 2016GBP) associated with upgrading networks to accommodate load 472 
growth and PV deployment by year in (a) Mid-PV and (b) Hi-PV scenarios. Where PV deployment 473 
adds costs over those associated with load growth, costs with load growth alone are presented with a 474 
dashed line. 2050 costs are broken down into constituent cost categories in (c). 475 

 476 
3.3 Cost Savings associated with Storage and Demand side response 477 

This section presents savings in network upgrade cost when storage and DSR are installed alongside 478 

load growth PV. Capital cost to upgrade networks to accommodate load and PV growth in the Hi-PV 479 

scenario, alongside costs when storage and DSR are also included are presented in Figure 6, with 480 

savings associated with these measures indicated. 481 
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 482 

In considered scenarios, storage is deployed in proportion with PV in each rurality, so more storage is 483 

deployed in villages where PV deployment is highest (Figure 3b,c). However, cost savings associated 484 

with storage are higher in towns and cities (Figure 6a,b) than villages (Figure 6c). This is primarily due 485 

to the larger extent of, and combination of multiple sources of, network upgrade requirement in cities 486 

and towns (cable and transformer upgrades), compared to the single source in villages (transformer 487 

upgrades alone) and the higher unit cost of replacements in towns and cities.  488 

 489 

DSR also has a larger impact in cities and towns (Figure 6d,e)  than villages (Figure 6f) for similar 490 

reasons. Absolute cost differences are somewhat higher for DSR, as they are not mitigated by larger 491 

quantities of storage deployment in villages. At deployment levels considered in our scenarios, storage 492 

and DSR together are able to eliminate upgrade requirements in towns and cities until after 2040 and 493 

2050, respectively (Figure 6g,h). Modelled quantities of storage and DSR reduce the cost of upgrade 494 

in villages, but do not eliminate the need for grid upgrades (Figure 6i). 495 

 496 

Whether storage and DSR complement or compete with one another depends upon context. In some 497 

cases where small quantities of both are deployed and neither flexibility measure alone sufficiently 498 

reduces strain on network assets to avoid network upgrades, the two flexibility measures in tandem 499 

can do so. In such cases, the measures are complementary, and the value of storage is increased by 500 

the availability of DSR. In other cases, typically when large quantities of storage or DSR is deployed, 501 

one measure is sufficient to avoid upgrades, and the added value of a second measure decreased by 502 

its presence. Hence a large impact of DSR over storage alone in S10 scenarios in cities where 503 

minimal storage is installed, but a smaller impact of DSR when applied alongside S50 scenarios in 504 

villages where larger quantities of storage are installed. 505 

 506 

 507 
508 
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 509 
(a)        (b)         (c) 510 

  511 

(d)        (e)         (f) 512 

   513 

(g)        (h)         (i) 514 

 515 

Figure 6: Network upgrade cost associated with load growth (LG) & PV deployment in the Hi-PV 516 
scenario and savings (1000s of 2016GBP) associated with (a,b,c) storage, (d,e,f) demand side 517 
response, and (g,h,i) storage and demand side response together in (a,d,g) cities, (b,e,h) towns, and 518 
(c,f,i) villages. Scenarios with differing quantities of installed storage (S10,S25,S50) and levels of DSR 519 
participation (DSR50, DSR100) are included. 520 

4 Discussion and Conclusions 521 

This work has used high-resolution data from across Great Britain to assess future impact of PV 522 

deployment and expected load, based upon National Grid’s future energy scenarios (1), across rurality 523 

contexts, i.e. in cities, towns, and villages. The costs associated with avoiding these impacts through 524 

conventional network upgrades are calculated, as well as the extent to which these costs reduce when 525 

storage and DSM are deployed. 526 

 527 
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Two scenarios of intermediate and high PV deployment are considered alongside load growth. In 528 

these scenarios, PV deployment is much higher in villages and towns than cities, in line with current 529 

levels of deployment, and resulting impacts are more severe. In the more ambitious deployment 530 

scenario, PV could necessitate replacement of 30% of transformers in villages by 2045, and of 10% of 531 

transformers alongside 5% of cables in towns by 2050. No adverse impacts are expected in cities, 532 

where PV deployment is expected to be much lower. This is despite larger numbers of nondomestic 533 

customers in villages and towns than cities, whose higher levels of daytime load might be expected to 534 

reduce network stresses associated with PV deployment. In the intermediate PV scenario, impacts are 535 

minimal across cities, towns, and villages. 536 

 537 

Load growth alone could necessitate local network upgrades across rurality contexts from 2030. 538 

Impacts are most severe in cities and towns, where transformers each serve larger numbers of 539 

households through longer feeders. By 2050, load growth necessitates replacement of 30 - 50% of 540 

transformers and 13 – 16% of cables in cities, of 20 – 30% of transformers and 7 – 9% of cables in 541 

towns, and of 20 – 30% of transformers but no cables in villages.  Note that this is based upon the 542 

conservative assumption that networks are designed to handle loads at the level of the historical peak 543 

in GB electricity demand. These dates and impacts should as such be considered worst-case 544 

scenarios. 545 

 546 

Deployment of storage and DSR allow for delayed and reduced network upgrades. These are most 547 

effective in cities and towns, where grid impacts of load growth are more extensive, and split across 548 

different upgrade cost categories (cable and transformer upgrades). Quantities of storage in 549 

considered scenarios eliminate grid upgrade requirements until after 2035 in cities and towns, and 550 

after 2040 if deployed alongside DSR. 551 

 552 

Approximately half of network upgrade costs in towns and cities are attributable to cable replacements 553 

to overcome voltage issues, rather than constraints associated with power capacity of cable and 554 

transformers. In such cases, it could be more cost effective to use voltage regulators, and/or seasonal 555 

tap changes to transformers, as have been used to overcome voltage issues in Germany (8) and have 556 

been proposed in the UK (5) and internationally (17). Questions remain around the extent to which 557 
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such measures eliminate, or merely delay, upgrade requirements (8). 558 

 559 

This work makes substantial progress in connecting the local to the national context in planning for 560 

distributed PV integration. However, it remains limited in that only median values for domestic and 561 

nondomestic meter density, PV deployment, and substation density are directly used in defining each 562 

rurality context. More extreme LSOAs within the distribution (e.g. those with higher PV deployment 563 

and a lower density of substations) will be subject to more or less severe impacts. Subsequent work 564 

will seek to build upon this analysis by developing a framework to assess the impacts of load growth 565 

and PV deployment in each of these individual contexts to further inform planning decisions for 566 

accommodating a transition to a low carbon electricity system. 567 

 568 
 569 

Acknowledgements 570 

 571 

This work has been conducted as part of the research project ‘Joint UK-India Clean Energy Centre 572 

(JUICE)’ funded by the UK Engineering and Physical Sciences Research Council (EPSRC) (contract 573 

no: EP/P003605/1). The projects funders were not directly involved in the writing of this article. SF and 574 

JN acknowledge continued support from the Grantham Foundation through the Grantham Institute at 575 

Imperial College London. SF and CC acknowledge the contribution of Paul Westacott in background 576 

research on impacts of distributed PV deployment and helping to frame research questions, and wish 577 

to thank Oytun Babacan and the Imperial College Centre for Energy Policy and Technology for useful 578 

discussions. 579 

 580 

References 581 

1.  National Grid. Future Energy Scenarios [Internet]. 2018. Available from: 582 

http://fes.nationalgrid.com/media/1363/fes-interactive-version-final.pdf 583 

2.  Pearce P, Slade R. Feed-in tariffs for solar microgeneration: Policy evaluation and capacity 584 

projections using a realistic agent-based model. Energy Policy [Internet]. 2018;116(2018):95–585 

111. Available from: https://doi.org/10.1016/j.enpol.2018.01.060 586 

3.  Westacott P, Candelise C. A novel geographical information systems framework to characterize 587 



 25 

photovoltaic deployment in the UK: Initial evidence. Energies. 2016;9(1).  588 

4.  Appen J Von, Stetz T, Braun M, Schmiegel A. Local Voltage Control Strategies for PV Storage 589 

Systems in Distribution Grids. IEEE Trans Smart Grid. 2014;5(2):1002–9.  590 

5.  Navarro-Espinosa A, Ochoa LF. Increasing the PV hosting capacity of Lv networks: OLTC-fitted 591 

transformers vs. reinforcements. 2015 IEEE Power Energy Soc Innov Smart Grid Technol Conf 592 

ISGT 2015. 2015;1–5.  593 

6.  Thomson M, Infield DG. Impact of widespread photovoltaics generation on distribution systems. 594 

IET Renew Power Gener. 2007;1(1):33–40.  595 

7.  Bilton M, Chike NE, Woolf M, Djapic P, Wilcox M, Strbac G. Impact of low voltage - connected low 596 

carbon technologies on network utilisation. Rep B4 “Low Carbon London” LCNF Proj. 2014;  597 

8.  Bayer B, Matschoss P, Thomas H, Marian A. The German experience with integrating photovoltaic 598 

systems into the low-voltage grids. Renew Energy [Internet]. 2018;119:129–41. Available from: 599 

https://doi.org/10.1016/j.renene.2017.11.045 600 

9.  Alnaser SW, Althaher SZ, Long C, Zhou Y, Wu J. Electrical Power and Energy Systems 601 

Residential community with PV and batteries : Reserve provision under grid. Electr Power 602 

Energy Syst [Internet]. 2020;119(January):105856. Available from: 603 

https://doi.org/10.1016/j.ijepes.2020.105856 604 

10.  Candelise C, Westacott P. Can integration of PV within UK electricity network be improved ? A 605 

GIS based assessment of storage. Energy Policy [Internet]. 2017;109(July):694–703. Available 606 

from: http://dx.doi.org/10.1016/j.enpol.2017.07.054 607 

11.  McKenna E, Higginson S, Grunewald P, Darby SJ. Simulating residential demand response: 608 

Improving socio-technical assumptions in activity-based models of energy demand. Energy 609 

Effic. 2018;11(7):1583–97.  610 

12.  Ramírez-mendiola JL, Grünewald P, Eyre N. Residential activity pattern modelling through 611 

stochastic chains of variable memory length. Appl Energy [Internet]. 2019;237(July 2018):417–612 

30. Available from: https://doi.org/10.1016/j.apenergy.2019.01.019 613 

13.  Satre-Meloy A, Diakonova M, Grunewald P. Daily life and demand : an analysis of intra-day 614 

variations in residential electricity consumption with time-use data. Energy Effic. 2019;  615 

14.  Carmichael, R., Rhodes, A., Gross R. Unlocking the potential of residential electricity consumer 616 

engagement with Demand Response. Energy Futur Lab Brief Pap. 2018;(November).  617 



 26 

15.  UK Department for Business Energy & Industical Strategy, Ofgem. Upgrading our Smart 618 

Systems and Flexibility Plan: Progress. 2018.  619 

16.  Few S, Schmidt O, Gambhir A. Electrical energy storage for mitigating climate change. 620 

Grantham Inst Brief Pap. 2016;(20).  621 

17.  Aziz T, Ketjoy N. Enhancing PV Penetration in LV Networks Using Reactive Power Control and 622 

On Load Tap Changer With Existing Transformers. IEEE Access. 2018;6:2683–91.  623 

18.  Western Power Distribution. Suburban PV impact. LCNF Closedown Rep. 2016;  624 

19.  UK Power Networks. Validation of Photovoltaic (PV) Connection Assessment Tool: Closedown 625 

Report. Vol. 1.1. 2015.  626 

20.  Electricity North West. Low Voltage Network Solutions. Summ Rep. 2014;  627 

21.  Scottish and Southern Energy. Demonstrating the Benefits of Monitoring LV Networks with 628 

embedded PV Panels and EV Charging Point. LCNF Tier 1 Close-Down Rep. 2013;1–74.  629 

22.  Aziz T, Ketjoy N. PV Penetration Limits in Low Voltage Networks and Voltage Variations. IEEE 630 

Access. 2017;5.  631 

23.  Stetz T, Diwold K, Kraiczy M, Geibel D, Schmidt S, Braun M. Techno-Economic Assessment of 632 

Voltage Control Strategies in Low Voltage Grids. IEEE Trans Smart Grid. 2014;5(4):2125–32.  633 

24.  Widén J, Wäckelgård E, Paatero J, Lund P. Impacts of distributed photovoltaics on network 634 

voltages : Stochastic simulations of three Swedish low-voltage distribution grids. 635 

2010;80:1562–71.  636 

25.  Nguyen A, Velay M, Schoene J, Zheglov V, Kurtz B, Murray K, et al. High PV penetration 637 

impacts on five local distribution networks using high resolution solar resource assessment with 638 

sky imager and quasi-steady state distribution system simulations. Sol Energy [Internet]. 639 

2016;132:221–35. Available from: http://dx.doi.org/10.1016/j.solener.2016.03.019 640 

26.  Cohen MA, Callaway DS. Effects of distributed PV generation on California’s distribution 641 

system, Part 1: Engineering simulations. Sol Energy [Internet]. 2016;128:126–38. Available 642 

from: http://dx.doi.org/10.1016/j.solener.2016.01.002 643 

27.  Zeyringer M, Price J, Fais B, Li P, Sharp E. Designing low-carbon power systems for Great 644 

Britain in 2050 that are robust to the spatiotemporal and inter-annual variability of weather. Nat 645 

Energy [Internet]. 2018;3(May). Available from: http://dx.doi.org/10.1038/s41560-018-0128-x 646 

28.  Carbon Trust, Imperial College London. An analysis of electricity system flexibility for Great 647 



 27 

Britain. 2016;(November):1–105. Available from: 648 

https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/568982/An_anal649 

ysis_of_electricity_flexibility_for_Great_Britain.pdf 650 

29.  Pfenninger S, Keirstead J. Renewables, nuclear, or fossil fuels? Scenarios for Great Britain’s 651 

power system considering costs, emissions and energy security. Appl Energy [Internet]. 652 

2015;152:83–93. Available from: http://dx.doi.org/10.1016/j.apenergy.2015.04.102 653 

30.  Heptonstall P, Gross R, Steiner F. The costs and impacts of intermittency – 2016 update. UK 654 

Energy Res Cent. 2017;(February).  655 

31.  Pudjianto D, Djapic P, Dragovic J, Strbac G. Grid Integration Cost of PhotoVoltaic Power 656 

Generation. PV Parit. 2013;(September).  657 

32.  Grams CM, Beerli R, Pfenninger S, Staffell I, Wernli H. Balancing Europe/’s wind-power output 658 

through spatial deployment informed by weather regimes. Nat Clim Chang. 2017 Jul;advance 659 

on.  660 

33.  Pagani GA, Aiello M. The Power Grid as a complex network : A survey. Physica A [Internet]. 661 

2013;392(11):2688–700. Available from: http://dx.doi.org/10.1016/j.physa.2013.01.023 662 

34.  Gan CK, Pudjianto D, Djapic P, Strbac G. Strategic assessment of alternative design options 663 

for multivoltage-level distribution networks. IEEE Trans Power Syst. 2014;29(3):1261–9.  664 

35.  Abeysinghe S, Wu J, Sooriyabandara M, Abeysekera M, Xu T, Wang C. Topological properties 665 

of medium voltage electricity distribution networks. Appl Energy [Internet]. 2018;210:1101–12. 666 

Available from: http://dx.doi.org/10.1016/j.apenergy.2017.06.113 667 

36.  Green JP, Smith SA, Strbac G. Evaluation of electricity distribution system design strategies. 668 

IEE Proc - Gener Transm Distrib. 1999;146(1):53–60.  669 

37.  Strbac G, Gan CK, Aunedi M, Stanojevic V, Djapic P, Dejvises J, et al. Benefits of Advanced 670 

Smart Metering for Demand Response based Control of Distribution Networks [Internet]. 671 

Summary Report, Version 2.0. 2010. Available from: 672 

https://www.semanticscholar.org/paper/Benefits-of-Advanced-Smart-Metering-for-Demand-of-673 

Strbac-Gan/53eaaf0e61218f75b33e672dbcbd70206c12f6f4 674 

38.  Melovic D, Strbac G. Statistical Model for Design of Distribution Network. 2003;  675 

39.  Pudjianto D, Djapic P, Aunedi M, Kim C, Strbac G, Huang S. Smart control for minimizing 676 

distribution network reinforcement cost due to electrification. Energy Policy [Internet]. 677 



 28 

2013;52:76–84. Available from: http://dx.doi.org/10.1016/j.enpol.2012.05.021 678 

40.  McKenna R, Djapic P, Weinand J, Fichtner W, Strbac G. Assessing the implications of 679 

socioeconomic diversity for low carbon technology uptake in electrical distribution networks. 680 

Appl Energy [Internet]. 2018;210:856–69. Available from: 681 

https://doi.org/10.1016/j.apenergy.2017.07.089 682 

41.  Vivid Economics, Imperial College London. Accelerared electrification and the GB electricity 683 

system - Report prepared for Committee on Climate Change. 2019.  684 

42.  Pudjianto D, Djapic P, Strbac G. Benefits of Widespread Deployment of Fuel Cell Micro CHP in 685 

Securing and Decarbonising the Future European Electricity System. 2017.  686 

43.  Westacott P, Candelise C. Assessing the impacts of photovoltaic penetration across an entire 687 

low-voltage distribution network containing 1.5 million customers. IET Renew Power Gener 688 

[Internet]. 2016;10(4):460–6. Available from: http://digital-689 

library.theiet.org/content/journals/10.1049/iet-rpg.2015.0535 690 

44.  Western Power Distribution. Data Portal [Internet]. Available from: 691 

https://dataportal2.westernpower.co.uk/ 692 

45.  Ofgem. Feed-in Tariff Installation Report, September 2017. 2017.  693 

46.  Department for Business Energy & Industrial Strategy (BEIS). LSOA domestic electricity 2016. 694 

2016.  695 

47.  Department for Business Energy & Industrial Strategy (BEIS). MSOA non-domestic electricity 696 

2016. 2016.  697 

48.  Bibby P, Brindley P. Urban and Rural Area Definitions for Policy Purposes in England and 698 

Wales : Methodology (v1.0). Gov Stat Serv [Internet]. 2013;(August):1–36. Available from: 699 

https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/239477/RUC11700 

methodologypaperaug_28_Aug.pdf 701 

49.  Office for National Statistics (ONS). Rural Urban Classification (2011) of Lower Layer Super 702 

Output Areas in England and Wales. 2011.  703 

50.  Cipcigan LM, Taylor PC. Investigation of the reverse power flow requirements of high 704 

penetrations of small-scale embedded generation. IET Renew Power Gener. 2007;1(3):160–6.  705 

51.  Zafeiratou E, Spataru C. Past Trends for the UK Energy Scenarios : How close are their 706 

predictions to reality ? Energy Procedia [Internet]. 2014;62:442–51. Available from: 707 



 29 

http://dx.doi.org/10.1016/j.egypro.2014.12.406 708 

52.  Barnacle M, Galloway S, Elders I, Ault G. Multi-objective transmission reinforcement planning 709 

approach for analysing future energy scenarios in the Great Britain network. 2015;9:2060–8.  710 

53.  Lian B, Sims A, Yu D, Wang C, Dunn RW. Optimizing LiFePO4 Battery Energy Storage 711 

Systems for Frequency Response in the UK System. 2017;8(1):385–94.  712 

54.  Fowler R, Elmhirst O, Richards J. Electrification in the United Kingdom: A Case Study Based 713 

on Future Energy Scenarios. 2018;(august).  714 

55.  Le Varlet T, Schmidt O, Gambhir A, Few S, Staffell I. Comparative life cycle assessment of 715 

lithium-ion battery chemistries for residential storage. J Energy Storage [Internet]. 716 

2020;28(January):101230. Available from: https://doi.org/10.1016/j.est.2020.101230 717 

56.  Li P, Keppo I, Xenitidou M, Kamargianni M. Investigating UK consumers’ heterogeneous 718 

engagement in demand-side response. Energy Effic. 2020;(13):621–48.  719 

57.  Stanojević V. Enhancing Performance of Electricity Networks through Application of Demand 720 

Side Response and Storage Technologies by. 2012;(October).  721 

58.  Stamminger R, Broil G, Pakula C, Jungbecker H, Braun M, Rüdenauer I, et al. Synergy 722 

Potential of Smart Appliances. 2009;  723 

59.  Standards & Technical Regulations Directorate. Electrical Supply Tolerances and Electrical 724 

Appliance Safety [Internet]. 2005. Available from: 725 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/726 

file/293405/05-1410-electrical-supply-tolerances-and-appliance-safety.pdf 727 

60.  Ofgem. Electricity Distribution Price Control Review Final Proposals - Allowed revenue - Cost 728 

assessment [Internet]. Vol. 146a/09. 2009. Available from: https://www.ofgem.gov.uk/ofgem-729 

publications/46749/fp3cost-assesment-network-investmentappendixpdf 730 

 731 

732 



 30 

Appendix: List of Key Terms and Abbreviations 733 

Table A1: List of key terms and abbreviations used in this paper 734 
 735 
Term Definition 
Cities Rurality context based upon the UK Office for National Statistics’ “urban city and 

town” classification. 
DSR Demand side response 
DSR50, 
DSR100 

Scenarios in which 50 and 100% of households participate in demand side 
response by 2030 

EV Electric vehicle 
Feeder The section of cable at a lower voltage level attached to a given transformer. In the 

case of distribution feeders, the section of able transferring power from a 
distribution transformer to individual customers. 

GB Great Britain 
GMT Ground Mounted Transformer 
Hi-PV A scenario with mid-level PV deployment based on National Grid’s “Community 

Renewables” scenario 
LCNF Low Carbon Network Fund 
LG Load Growth 
LSOA Lower Layer Super Output Area 
LV Low Voltage 
Mid-PV A scenario with mid-level PV deployment based on National Grid’s “Two Degrees” 

scenario 
PMT Pole Mounted Transformer 
PV Photovoltaic 
RPF Reverse Power Flow 
S10,S25,S50 Scenarios in which 10%, 25%, and 50% of distributed storage per PV capacity 

specified in National Grid scenarios is installed on simulated networks. 
Towns Rurality context based upon the UK Office for National Statistics’ “rural town and 

fringe” classification 
Villages Rurality context based upon the UK Office for National Statistics’ “rural village” 

classification 
 736 
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