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Abstract — The proliferation of low carbon technologies 
(LCTs) such as heat pumps and electric vehicles (EVs), which 
are critical to decarbonising domestic heat and transport 
infrastructure, will pose considerable challenges to the 
operation of distribution networks. As these technologies will 
be connected directly to the low voltage (LV) network, this is 
where these challenges will initially occur. 

In Ireland, the pathways to achieving these objectives are 
now set out in the Climate Action Plan [1]. While targets exist, 
the rate of adoption of these LCTs and other technologies such 
as domestic photovoltaic (PV) generation is uncertain. 
Furthermore, the impact of geographic clustering and the 
array of technology options for EVs and heat pumps further 
complicates the evaluation of the impacts on the LV 
distribution network. 

This increased reliance of customers for electricity to 
support domestic heat, transport and the increased penetration 
levels of distributed generation on the LV network also 
increases the importance of this infrastructure. Domestic 
customers have expectations in terms of reliability and 
resilience of the electricity system. Therefore, it is critical that 
the planning approaches of Distribution System Operators 
(DSOs) cater for these anticipated changes are flexible and cost 
effective while ensuring the reliability of the system for 
domestic customers.  

This paper presents a review of academic and industrial 
studies into the impacts of new domestic level LCTs on future 
LV distribution networks. We review of practices in a number 
of jurisdictions to cater for these challenges in the distribution 
network. Finally, conclusions are on the practices and 
methodologies in future LV design and development which will 
be required for future LV distribution networks in Ireland. 

Keywords—electric vehicles, domestic heat, LV design, DSOs, 
low carbon technology 

I. INTRODUCTION 

The numbers and the speed at which LCTs, such as EVs and 
heat pumps, will be adopted in Ireland is uncertain. For 
example, projections with respect to the numbers of EVs on 
Irish roads by 2030 have varied between 90,000 and 
840,000 [1, 2, 3, 4, 5]. Furthermore, there is, and will be, an 
array of options for EVs and heat pumps that customers will 
have to choose from, therefore making robust assertions 
about their impact on the distribution network is difficult. 

Thus, it is important that the approach to catering for the 
anticipated proliferation of these technologies on the LV 
network is flexible and cost effective. This will ensure that 
DSO will minimize commitments to large investments for 
which the need cannot be guaranteed at the time or which 
might be temporary or where failing to invest now resulting 
in far larger costs in the future due to the subsequent need 
for further reinforcement of LV distribution network which 
had been installed relatively recently. 

In this paper, a review of the relevant pilots, studies and 
academic literature that were undertaken to evaluate the 
impact of low carbon technologies is presented. The 
approaches taken by DSOs to accommodating LCTs into 
LV networks are then reviewed. Finally, conclusions are 
drawn which inform the approaches and metrics which are 
being used here in Ireland to facilitate the development of 
electrified heat and transport. 

II. IMPACT OF ELECTRIFIED AND TRANSPORT ON 

FUTURE LV NETWORKS 

A. ADMD and LV Network Design 
In contrast to the design of networks at higher voltages, in 
order to develop cost effective designs that make best use of 
the assets, metrics and rules of thumb are typically used by 
field staff to quickly and cost effectively design LV 
networks. This approach is in contrast to the use of 
sophisticated powerflow based tools and detailed knowledge 
of individual customer load in the design of networks at 
higher voltage levels. These metrics have been underpinned 
by pilot and monitoring trials which used statistical analysis 
to derive robust metrics for the design of the LV network.  

The parameter normally used in ESB Networks in the 
design of LV networks is After Diversity Maximum 
Demand (ADMD) [6]. ADMD is defined as the maximum 
observed demand per consumer, as the number n of 
connected consumers, each consuming Ei, approaches 
infinity: 

 = lim →∞∑  (1) 
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where Ei,is the maximum average demand of consumer i. 

The ADMD used by ESB Networks, and other DSOs 
throughout the world has remained relatively static for a 
number of years as the load per customer has itself remained 
relatively static and therefore this assumption has remained 
valid. However, the adoption of large numbers of heat 
pumps and EVs within the distribution network is now 
challenging these assumptions about customer load. 

In response to these changes, a number of studies have been 
previously carried out, within industry and academia, to 
understand the impact that LCTs such as EVs, heat pumps 
and PV based microgeneration will have on future LV 
distribution networks. These studies are not only informing 
DSOs about how ADMD and other metrics should change 
but are also informing how the approaches to LV design 
need to evolve to ensure LV networks have adequate 
capacity and reliability to facilitate electrified heat and 
transport in a future low carbon economy.   

B. Overview of DSO Heat pump and EV impact studies 

The heat pump and EV pilot studies and projects described 
in the following sections are from Ireland and the UK. The 
UK was found to have similar climate to Ireland and the 
network design has many similarities including large 
amounts of single-phase network and supplies to domestic 
customers. Use of single-phase connections to domestic 
premises is unique to Ireland and UK, with continental 
Europe typically using three-phase connections. 

1) Northern PowerGrid (NPG) and Customer Led 
Network Revolution (CLNR) 

The basis for Northern Powergrid’s latest LV design with 
respect to heat pumps and EVs is based on the trials that 
took place as part of CLNR (Customer Led Network 
Revolution) funded primarily by Ofgem’s Low Carbon 
Network Fund (LCNF) and led by Northern Powergrid 
supported by British Gas, EA Technology, Durham 
University and Newcastle University [7].  

The domestic heat pump trial provided individual profiles of 
electricity consumption for 89 households with heat pumps 
between May 2013 and April 2014. Separate metered 
electricity consumption data is available for the heat pumps 
and for the household consumption. The heat pump 
consumption was recorded on a 1 minute interval. The 
household consumption was also monitored on a 1 minute 
basis, and for British Gas customers half hourly smart meter 
readings were also available [8]. It should be noted that this 
was not a particularly cold winter. 

The EV trial, provided individual profiles of electricity 
consumption for the EVs and for the household 
consumption. The EV consumption data was again recorded 
on a 1 minute interval. Although monitoring was conducted 
for over a year, data for both house and EV consumption 
was restricted to a 6 month period (February 2014 to June 
2014) due to data collection and processing constraints.  

Smart meter data was also used to compute updated ADMD 
values for base domestic customer with no LCT. This 
analysis concluded that Mosaic demographic groups [9] 
have a stabilised ADMD at the 100th customer between 1.2 
and 2.0kW with a whole population estimated ADMD of 
1.5kW. 

The EV customers evaluated as part of the study had an 
ADMD of 2kW exclusive of the EV demand and when the 
additional demand required by the EV chargers was factored 
in the ADMD was found to be 3.8kW. The heat pump 
customers evaluated as part of the study had a lower ADMD 
of 1.3kW exclusive of the heat pump demand and when the 
additional demand required by the heat pump was factored 
in the ADMD was found to be 2.1kW. 

2) Other UK Distribution Network Operators (DNOs) 

Other UK DNOs including, UK Power Networks (UKPN), 
ENW (Electricity Northwest) and Scottish and Southern 
Energy Power Distribution (SSEPD) have also completed a 
number of projects, pilots and studies under Ofgem’s LCNF 
and Low Carbon Network Initiative (LCNI) innovation 
funding mechanisms. Notably these include Low Carbon 
London [10], Low Voltage Network Solutions [11], 
Electricity and Heat [12] and My Electric Avenue (MEA) 
[13] 

ENW commissioned an investigation into the impact of 
extreme weather events on the electrical operating profiles 
of heat pumps [14]. Electricity profiles, for ‘1 in 20’ winter 
events were developed based on detailed thermal and 
electrical models of heat pumps and domestic buildings 
[15]. These models demonstrated that the heat pumps, under 
‘1 in 20’ winter events were cycled on and off every half 
hour but under these conditions 2.5kW of heat pump load 
and an additional 3kW of immersion or boost load would be 
present. This 3kW immersion element will be on for a 
maximum of 2 hours to assist in heating or to defrost. These 
profiles are developed using models of heat pumps and 
housing stock in the UK to model the response of the overall 
system during ‘1 in 20’ winter events. In addition, they 
presented some results from a short review of the existing 
work completed in the UK, from CLNR and Low Carbon 
London, in evaluating the impact of heat pumps as 
illustrated in Figure 1.  

 

 

Figure 1 – Heat pump load profiles from different UK projects for different 
winter days (Courtesy of Delta-ee 2016 [14]) 

All profiles follow an ‘M’ shape with the peak occurring 
during the morning heating period and an additional peak in 
the evening coincident with existing domestic peak. There 
are substantial differences between the peak loads of 
UKPN’s Low Carbon London’s profile and Northern Power 
Grid’s CLNR profile. The differences may be due to the 
differences in house types/heat pumps installations and 
variations in outside temperatures during the monitoring 
period. However, the CLNR trial consisted of 89 heat 
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pumps in contrast to the Low Carbon London trial where 
only 18 heat pumps were monitored [14]. 

The focus of MEA which was led by EA Technology and 
Scottish and Southern Energy Power Distribution (SSEPD) 
is on developing smart demand side interventions based on 
EVs in scenarios where large penetrations of EVs are likely 
to result in requirements to reinforce the LV distribution 
network [13]. The data from this trial, with 100 customers, 
and coupled with the CLNR data was used to derive 
additional estimates for ADMD for customers with EVs. 
This trial found that ADMD for customers with EVs 
doubled their ADMD from 1kW to 2kW. 

3) ESB Networks 

a) Heat pump Impact 
ESB Networks has also investigated the impact of LCT on 
LV Networks [16] by using data from trials and evaluating 
clusters of LCT.  

The data from six homes retrofitted with heat pumps from 
April 2016 to March 2017 was analysed to investigate the 
impact on distribution networks. Currently, the majority of 
heat pumps are being installed in new homes which are 
typically built to higher standards. In contrast these six 
homes were not new homes and therefore were also 
retrofitted with insulation and other energy saving measures 
to ensure comfort and cost effectiveness of the system once 
the heat pump was installed. We note that the target for 
Ireland is to have 600,000 heat pumps installed by 2030, of 
which 400,000 will be retro-fitted into existing buildings 
[1]. 

The data was used to produce ADMD curves as shown in 
Figure 2Fehler! Verweisquelle konnte nicht gefunden 
werden.. It can be seen that the ADMD for these customers 
settled at 3.2kW per customer heat pump as the numbers of 
customers increased.  

 

 

Figure 2 - Comparison of Actual ADMD Curve (blue) and predicted 
ADMD curve (green) - Reproduced courtesy of ESB Group 

It should be noted that these curves are for the heat pump 
only and that the winter of 2016/2017 in Ireland was not 
particularly cold.  

b) LV Network Monitoring 
LV network monitoring devices have been installed with the 
intention of gathering data to support analysis that will give 

ESB Networks a greater understanding of the impact of new 
LCTs on existing and future Irish LV networks. During the 
short cold snap in Ireland, March 2018 LV monitoring was 
installed at the 400kVA unit substation of a housing estate 
of 3 bedroom houses that are all heated using heat pumps in 
an urban area. Traces for the real, reactive and apparent 
power data for one of the feeders emanating from this 
substation with 52 homes connected downstream is given in 
Figure 3Fehler! Verweisquelle konnte nicht gefunden 
werden.. 

 

Figure 3 - Real, reactive and apparent power data from LV feeder of an 
MV/LV substation with heat pumps - 27th February 2018 to March 2018 

The peak consumption on this feeder occured at 19:00 on 
the 2nd March 2018 as illustrated in Figure 3. A more 
detailed breakdown of this data is given in Figure 4Fehler! 
Verweisquelle konnte nicht gefunden werden.. The total 
apparent power for the 52 customers at the peak was 163.34 
kVA which equates to, on average, 3.2kVA per customer. 

 

Figure 4 - Detailed power data from MV/LV substation (Feeder C) with 
heat pumps – 2nd March 2018 (19:00) 

C. Academic Publications 

In [17], the authors describe probabilistic method to 
combine two unique datasets of real world EV charging 
profiles and residential smart meter load demand was 
developed. The datasets were used to study the impact of the 
uptake of EVs on distribution networks. The study used real, 
validated networks of an urban and rural area and a generic 
test network, representative of heavily-loaded UK 
distribution networks. As expected the rural networks were 
less able to accommodate EVs due to typically longer LV 
circuit runs resulting in volt-drop issues at the end of 
feeders. In common, with much of the research the focus of 
this research was to establish what penetration of EVs can 
be accommodated on existing LV networks that serve 
households. 

In [18], a mix of data from the UK’s largest smart grid and 
heat pumps trials including EDRP and CLNR [7] was used 
to develop the largest dataset of heat pump data electricity 
use available in the UK for retrofitted heat pumps to existing 
dwellings and systems, and focused on the electricity 
consumption. The aggregate winter profile shows two peak 
heating periods occurring at the same time as those found in 
homes heated by boilers, but with lower peaks and more 
night time operation. Using their methodology the ADMD 
per heat pump was determined to be 1.7 kW which is similar 
to the values calculated during CLNR. However, it should 
be noted that these results are based on data from a 
relatively benign winter.  
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In considering the additional requirements for an LV 
network to cater for heat pumps and EVs the impact of the 
harmonic current emissions of the inverter systems 
associated with these technologies should also be considered 
as these are primarily power electronic based loads [19]. 
The impact of harmonics has already been observed already 
in ESB Networks LV networks in some housing estates with 
large penetrations of heat pumps.  

A number of options exist to mitigate the impact of 
harmonic emissions including: -  

1. Additional harmonic filtering at customer or 
network level; 

2. tighter limits on harmonic emissions of larger LCT 
loads and generation; 

3. ensuring a diversity of larger LCT loads and 
generation such that harmonic current emissions do 
not constructively interfere with each other; 

4. reducing system impedance thus reducing voltage 
harmonic distortion. 

The study concluded that it was difficult to be definitive 
about whether these technologies will cause power quality 
problems on LV feeders [19] however increasing ADMD 
will generally have the impact of decreasing system 
impedance which will in turn reduce the voltage distortion 
due to current harmonics. 

D. Discussion 
This review demonstrates that there is considerable 
uncertainty as to the impact that EVs and heat pumps will 
have on LV distribution networks. Detailed pilots which 
would give clarity on the relationship between heat pumps 
and EVs on LV distribution network loading have been 
small and the impacts of ‘1 in 20’ winter weather conditions 
have not been possible to investigate in practice as recent 
winters in the UK and Ireland have not been severe. 
Furthermore, neither the impact of fast EV chargers 
(>7kVA) nor the size of increased EV energy (battery) 
storage capacity have been assessed in trials. Both of these 
factors will impact LV distribution network loading 
patterns. 

While a number of trials investigate the impact that heat 
pumps and EVs on LV networks separately relatively little 
literature is available which investigates the impact that 
large quantities of customers utilising both of these 
technologies within one home could have on the LV 
distribution network. This is further complicated by the 
emergence of home load management systems which curtail 
EV load when other loads within the home result in the 
demand approaching the import capacity limits of the 
domestic connection.  Due to substantial differences in 
usage patterns for these technologies simple arithmetic 
addition of the impact of both these technologies will almost 
certainly result in conservative assessments. Additional 
trials, which will become possible as the adoption of these 
technologies become more common place, will greatly 
increase the accuracy and certainty of the estimates of the 
impact of these technologies on the LV distribution 
network. 

The academic consensus on the challenge for LV network to 
operate within operational constraints in the face of 
electrified heat and transport is typically is less 
conservative. Academic approaches are underpinned by 
probabilistic models built on relatively small trials of new 
technologies. These trials are limited both in terms of the 
numbers and types of domestic customers, home types and 
field trial duration to capture the impacts of extreme and 
standard weather events.   

III. LV DESIGN FOR ELECTRIFIED HEAT AND TRANSPORT 

Northern Powergrid have developed The Code of Practice 
for the Economic Development of the LV System  which 
codifies the requirements to achieve a robust, economical 
and efficient LV system, taking into account the initial 
capital investment, system losses and the maintenance and 
operation costs over the life of the assets forming the system 
[20]. 

A key deliverable from CLNR [7] was a new set of ADMDs 
which have been used to inform future LV design [21] in 
order to provide the basis for the new code of practice for 
LV design. 

In contrast, UKPN’s approach acknowledges the limitations 
of the existing studies and analysis and does not consider 
any diversity in the load requirements of LCT. Thus, if an 
EV or a heat pump with capacity of 5kVA is to be installed 
in a house the design of the LV network will consider the 
full 5kVA in the design of the upstream LV network [22]. 

In [23], Western Power Distribution (WPD) advise to use a 
diversity factor of 0.5 for EVs and heat pumps. ENW’s 
approach [24] advise the use of their tool LV AFFIRM for 
the assessment of design demand in the presence of large 
quantities of EVs or heat pumps. This tool is based on 
Design methods for LV underground networks for new 
housing developments [25]. The recommendations within 
this document in use CLNR and MEA analysis to establish 
ADMD for customers with EVs. However, for heat pumps 
this document present three choices for policy with an 
ADMD based on CLNR data resulting in reduced design 
demand in comparison to options which consider ‘1in 20’ 
winter conditions and cold pick up [25]. 

 

 

Figure 5 - Comparison between old and new ESB Networks standards and 
UK DSOs unit substation 
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Northern Powergrid’s method of determining transformer 
capacity for transformers where general domestic customers 
are downstream of the unit substation results in transformer 
sizes that are almost identical to the results of the method 
used by ESB Networks considering the current general 
domestic ADMD. A similar correlation between the existing 
ESB Networks enhanced connection (3.0kW ADMD) and 
the Northern Powergrid heat pump design method is also 
found. However, as stated previously nothing approaching 
the severity of ‘1 in 20’ winter events occurred during the 
CLNR heat pump monitoring period.  

Based on the review summarised in the paper ESB 
Networks are now using 5.5kW ADMD for the design of 
LV networks for new homes. Designs based on the new 
standard were compared with the method detailed in 
Northern Powergrid’s code of practice and UKPN’s current 
practice for new estates with EVs and heat pumps is shown 
in Figure 5 above. 

It can be seen that UKPN’s approach results in transformer 
sizing over double that determined by the new ESB 
Networks and Northern Powergrid’s methods. It should be 
noted that it has been assumed that the households are 3 
bedroom, the maximum electrical input power of the heat 
pump is 3kW and the EV charger installed at each home is 
3.7kW. Northern Powergrid also have figures for ADMD 
for customers with chargers with approximate capacity of 
7.4kW (32A) but these assume double the contribution of 
EV load in comparison to customer with 3.7kW (16A) 
chargers. Northern Powergrid acknowledge however that 
this is a simplification and doubling the contribution does 
not for the anticipated greater diversity of the larger charger 
[20].. 

IV. CONCLUSION 

ESB Networks’ increased value for ADMD in LV design 
will ensure that our customers will have an LV network that 
should cater for the operation of heat pumps under ‘1 in 20’ 
winter conditions detailed in II.B and also provide capability 
to support charging for large numbers of EVs within these 
LV network. 

Work within ESB Networks has found that the incremental 
cost of the increase in ADMD from 2.5kW to 5.5kW in our 
new LV networks for urban housing schemes is small as 
there are economies of scale in substation sizing.   

Larger trials and LV monitoring over longer periods of time 
will provide additional data which can be used to build more 
robust models of future load and enable more precise 
methods for estimating design demand and volt drop in 
future LV networks. These models will enable more cost 
effective and reliable long term planning of LV networks.. 
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