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Abstract 

The integration of domestic electric heat pumps at LV (low-voltage) level forms a key 

component of the UK­s heat and buildings decarbonisation strategy. However, the traditional 

constraints of distribution power networks ± limited communication and control, with low 

system visibility ± imposes several challenges when attempting to quantify future network 

impacts of increased heat pump adoption at LV level. Electrical heat load is sensitive not only 

to temperature, but locally variable parameters such as building construction and occupant 

demographics. This work builds on previous research by developing novel methodologies for 

the localisation of electrical heat load from trial and operational data augmented by 

supplemental datasets, overcoming the limitations of using pure trial data when aiming to 

quantify local electrical heat load and consequent network effects. This addresses the need to 

quantify potential LV network impacts in the absence of complete data and enhances the 

potential observability of distribution network assets without the need for investment in 

additional monitoring hardware.  
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1.1 Overview 

The ambitious decarbonisation targets set to achieve Net Zero by 2050 in the UK demands 

change to the Great Britain (GB) energy system at a rate and scale that is unprecedented in 

recent history. At present, there are many policy, technical and sociological barriers to 

achieving target heat pump uptake within the UK that will act as headwinds with respect to 

achieving target levels. In a power networks context, the rapid connection of new low carbon 

technologies at the low voltage (LV) level - both generation and load types - necessitate new 

tools and methodologies for network planning, design and decision making. Within the UK, 

the LV network facilitates the last-mile of electricity distribution to end-users at 240V [1]. 

 The aggressive push to electrify domestic heating presents many specific technical 

challenges in terms of how additional load can be accommodated on existing networks whilst 

optimising investment and minimising physical intervention. In the presence of ongoing 

uncertainty surrounding which decarbonisation pathways will become dominant, non-network 

solutions which minimise physical network interventions become particularly attractive for 

utilities. 

The principal challenges for distribution network operators can broadly categorised as 

uncertainty surrounding future electrical heat pump uptake, and uncertainty surrounding how 

specific penetrations of electrical heat pump will impact distribution network assets in terms 

of voltage and current effects. Combined, the uncertainty surrounding penetration levels and 

the corresponding shape and time of use characteristics of electrical heat load must be managed 

by distribution network operators­ (DNO­s) seeking to optimise investment and maintain 

security of supply to customers.   

As an alternative to physical models, data-driven solutions are currently widespread for 

power systems applications. This approach is particularly attractive for power distribution 

networks which feature low levels of visibility, communication, and control in combination 
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with a very high number of physical assets. However, maximising the value of data-derived 

insights poses an additional series of challenges.  

In order to quantify the network voltage and current impacts of increased electrical heat 

pump penetration, there have been numerous trials undertaken within the UK [2] [3] [4] in  

order to capture electrical heat load for households installed with electrical heat pumps. This 

serves to inform possible time of use patterns combined with electrical heat load magnitudes, 

however there are key limitations associated with trial data. Each trial captures electrical heat 

pump usage for a limited subset of customers for a specific geographic location and for a 

specific period of time. Unlike other low carbon technologies, such as wind and solar 

generation, or EVs, electrical heat load is sensitive to a range of parameters in addition to the 

rating of the hardware itself. Electrical heat load is proportional to the physical characteristics 

of the household being heated, in addition to the thermal comfort and occupancy routines of 

the household occupants. The geospatial variance in these parameters serves to introduce a 

delta between trial data results and potential network impacts in a target area.  

Corresponding with limited availability of trial data, there is presently a significant gap 

between the number of households fitted with electric heat pumps, and the levels necessary in 

order to achieve decarbonisation. For the modelled Further Ambition scenario, the CCC 

recommends the installation of 19 million heat pumps [5] At the 2019 installation rate of 1.5 

installations per 1000 households [6], this would take 700 years to achieve. Therefore, there is 

additionally a very limited availability of operational electric heat pump data to draw on to 

inform future network effects.  

The limitations of data availability for facilitating the uptake of low-carbon technology at 

the LV level has been highlighted by [7]. These limitations are systemic and are likely to 

remain in place for the near future. The cost and effort of implementing trials alongside with 

the low operational observability of LV networks, combined with the legal obligation for data 

anonymisation means that load data is typically highly aggregated or lacking in geospatial 
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context. Localisation of electrical heat load impacts for LV networks in the presence of limited 

trial data and operational data then becomes a key issue. Due to the scale of the aggregated 

UK distribution network ± over 500,000 substations and millions of kilometres of cabling ± 

any localisation approach must be sufficiently robust to work over a range of areas. 

This work seeks to develop novel data-driven methodologies to reduce the uncertainty 

surrounding the bulk network voltage and current effects due to the increase of increased 

electrical heat pump penetration at LV level. This thesis therefore proposes a novel electrical 

heat load model that draws load magnitude and shape information from existing trial datasets, 

with further scale localisation through the use of geospatially linked supplementary datasets 

to better inform future electrical heat load across the entire power distribution network of the 

UK. This overcomes the limitations of standalone trial data as highlighted previously in [8] , 

where trial data only provides average or indicative results and can lack translatability from 

the area of original data capture. A series of case studies using the developed methodologies 

are used to demonstrate the effects of load localisation. This thesis demonstrates how findings 

from costly trial data can be augmented in order to extract improved insights and minimise the 

need for additional investment in monitoring or physical network intervention. Whilst this 

work focuses on electrical heat load modelling, these concepts similarly apply in an LV 

networks context for other low-carbon technologies such as EV­s and distributed generation, 

where limited trial data forms core insights for prediction of LV network impacts at increased 

penetration. 
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1.2 Principal research contributions 

The contributions of this thesis are summarised as follows: 

¶ A novel probabilistic electrical heat load relation model is developed from trial 

datasets, building on previous works which have focused on modelling highly 

aggregated heat pump load at winter extremes rather than across the entire range of 

temperature conditions. This methodology is sensitive to local ambient temperature as 

well as number of customers.  

¶ A novel localisation electrical heat load model is developed, overcoming the 

limitations of highly aggregated electrical heat load profiles in order to develop load 

profiles that are sensitive to geospatially variable factors such as building physical 

parameters and individual demographics. The impact of localisation is demonstrated 

via calculation of localised after diversity maximum demand (ADMD) and through a 

feeder case study. 

¶ A new approach for disaggregation of electrical heat load from aggregated LV 

transformer load data is demonstrated, facilitating the extraction of electrical heat load 

from existing LV sensors without the need for additional monitoring capability. This 

improves network situational awareness with respect to electrical heat load. 

¶ A unified methodology incorporating previously developed electrical heat load 

models combined with the electrical load disaggregation methodology in order to 

augment locally extracted data and provide feeder specific insights. This overcomes 

the limitations of static models which are dependent on standalone trial data. 

1.3 Thesis Outline 

This thesis is dedicated to enhancing the modelling and localization of electrical heat load 

amidst the UK's drive towards heat electrification. Initially, it establishes the contextual 

backdrop and reviews existing methodologies, followed by the introduction of the proposed 
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approach, which includes data-driven heat load prediction, geospatial localization, and 

electrical load disaggregation. The structure of the thesis is presented below: 

Chapter 2 reviews the context for the electrification of heat within the UK, provides an 

overview of uncertainty in a distribution networks context and presents a general overview of 

existing research in this problem area. 

Chapter 3 develops a novel data-driven approach for predicting future electrical heat load 

shapes in the absence of detailed metadata, sensitive to local temperature conditions and 

number of customers. This builds on previous approaches for modelling increased domestic 

heat pump at the LV level, which incorporate only worst-case extremes rather than temperature 

sensitive approaches. 

Chapter 4 presents a methodology for the localisation of the electrical heat load shapes 

developed in Chapter 3, whereby the effects of geospatially variable physical and demographic 

effects are incorporated into the final electrical network load. This contributes another 

development beyond using standalone trial data without localisation of building and 

demographic effects. 

Chapter 5 proposes a novel disaggregation of electrical heat load from aggregated LV 

transformer load, facilitating the extraction of electrical heat load from existing LV sensors 

without the need for additional monitoring capability. This couples the load and time of use 

insights provided by existing trial data, with geospatially sensitive heat localisation for the 

specific LV feeder. This provides a methodology for extracting locally specific heat load 

without the need for additional network monitoring, that can be coupled with the heat models 

presented in Chapters 3 and 4  

Chapter 6 unifies the contributions into an end-to-end demonstration of the developed 

electrical heat load models, combined with the electrical heat load disaggregation used 

together in order to augment local load data which may be limited, poor quality and incomplete. 
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Chapter 7 summarises the contributions and the implementation of the research. 

Furthermore, future work, such as developing associated measurement devices and a data 

processing platform, are discussed. 
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This chapter presents the wider contextual background for the motivations behind this 

research project, outlines the technical context surrounding load uncertainty at LV level and 

reviews the current state of the art with respect to electrical heat load modelling and uncertainty 

management for network operators. Ongoing industry projects and the current capabilities of 

DNO­s are outlined. 

2.1 Background 

In recent years, climate change has been established as the greatest single threat faced by 

humanity and global ecosystems [9]. In their latest report, the IPCC (Intergovernmental Panel 

on Climate Change) state is that it is now unequivocal that humanity­s greenhouse gas 

emissions are linked to more-frequent, more intense extreme weather events [10], with serious 

consequences for international economic, political and societal stability. 

The modern age has seen the effects of human-induced climate change shift towards both 

increased geographic scale and increased severity. The air pollution of the Industrial 

Revolution in the 19th century contributed to a massive increase in respiratory disease and 

increased mortality in factory towns as well as surrounding areas [11]. In the US the Dust 

Bowl of the 1930s, caused by over intensive farming, resulted in drought and erosion over an 

area of 100,000,000 acres. Over 500,000 individuals were left homeless as the affected area 

become uninhabitable, and a further 3.5 million people were displaced. More recently, extreme 

winter storms in Texas in February of 2021 caused the worst energy infrastructure failure in 

Texas state history, leading to shortages of water, food and heat for 4.5 million homes due to 

unprecedented weather conditions [12]. 

Today, the tangible effects of climate change are not constrained to individual cities, 

regions, or even continents. The six years leading up to 2021 were the hottest years on record, 

and 2021 itself saw over 400 weather stations around the world beat their all-time highest 

records. Rises in sea levels contributed by ice-mass loss and thermal expansion of the ocean 

[13] encroach on coastal areas, with up to 630 million people presently living below the 
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modelled 2100 flood levels [14]. Ongoing environmental destruction through man-made 

processes has resulted in a global species loss of 68% in less than 50 years, signalling an 

ongoing loss of biodiversity that threatens to collapse already fragile ecosystems. [15].  

The impact of human-induced climate change therefore now presents an existential threat 

to humanity, with profound implications for international relations, resource security and 

quality of life for individuals living today as well future generations. 

A challenge of this scale necessitates a global response, and recent years have seen 

increasing levels of awareness and cooperation between nations in attempt to mitigate the 

effects of climate change. The Kyoto Protocols adopted in 1997 was ultimately ratified by 192 

countries, representing the first time binding GHG (greenhouse gas) reduction targets were set 

for industrialised countries. Whilst not a total success (partially derailed by the US refusing to 

participate), it is estimated that the Kyoto Protocols resulted in an emissions reduction of 7% 

compared to no action being taken [16]. Further to this, in 2015 the Paris Agreement was 

ratified. This treaty formally recognised the requirement to reduce the increase in to well below 

2 °C above pre-industrial levels and to pursue efforts to limit the temperature increase to 1.5 °C 

above pre-industrial levels, recognizing that this would significantly reduce the risks and 

impacts of climate change [17]. 

In turn, these international efforts drive policy decisions and long-term government 

strategy at the national level. Within the UK, the 2008 Climate Change Act made the legal 

commitment to ensure that net UK carbon accounts for all six Kyoto greenhouse gases for the 

year 2050 were at least 100% lower than the 1990 baseline [18]. As of 2019, the UK became 

the first major economy to make a legally binding commitment to net-zero greenhouse gas 

emissions by 2050 [18]. Reducing emissions to target levels necessitates a multi-faceted 

approach that encompasses the decarbonisation of multiple sectors including industry, 

transportation and agriculture as well as the power system as a whole. This will ultimately 
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require technological innovation and adaptation from industry, academia, regulators and 

government, as well as behavioural shifts within society as a whole. 

It is against this backdrop of increasing political commitment to carbon emissions 

reduction that the UK­s energy sector is facing a time of unprecedented change. Supported by 

the falling cost of photovoltaic technology and government subsidies, solar generation has 

grown from zero to over 13.5MW of capacity in the last ten years alone [19] . Along similar 

lines, wind generation has grown from contributing 1% of the UK­s electricity use in 2008 to 

24.8% in 2020 [20], having surpassed coal in 2016 and nuclear in 2018 [21]. This was 

supported in part by the Renewables Obligation (RO), designed to encourage generation of 

electricity from eligible renewable sources in the UK. In tandem with the increasing proportion 

low-carbon generation, in 2015 UK coal usage fell to the lowest level seen since mid 19th 

century [22]. In 2012, coal accounted for 40% of the UK­s power generation and had collapsed 

dramatically to only 1.8% in 2020 [21]. 

 Whilst significant gains have been main regarding the decarbonisation of generation in 

the UK, significant further effort remains in order to reduce the carbon emissions of other 

sectors. In 2021, more than 60% of power generation came from low-carbon sources [21], 

whereas less than 5% of total buildings heat demand in the UK came from low-carbon sources 

[23]. Therefore, in comparison to the generation sector, the decarbonisation of the UK­s heat 

and transport sectors are currently in their early stages compared to the UK­s long term 

strategic ambitions. National Grid Future Energy Scenarios (FES) suggest that the UK­s stock 

of EV­s could reach between 2.7 and 10.6 million by 2030 and as high as 36 million by 2040 

[21].  

Unconstrained, the National Grid estimates this could contribute an additional 19GW of 

demand through electric-vehicle (EV) charging by 2040 [21]. Similarly, for the heating sector, 

existing GB winter peak heat demand is estimated to be approximately 170GW [24]; more 

than double when contrasted with the current network electricity peak demand of 59.GW [25]. 
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Shifting this gas demand to the electricity network within the necessary time frames poses an 

enormous effort for the UK­s energy system, especially when considering the broader context 

of decarbonisation. The transfer of energy of these sectors from fossil fuel-based systems to 

fully electrified sectors will significantly alter the UK­s aggregate energy demand, as well as 

modify patterns of energy consumption at the household and consequently LV asset level. 

2.1.1 Decarbonisation of Heat  

The decarbonisation of heat in the UK forms one of the main, and arguably the most 

difficult [26], obstacles to achieving the country­s Net Zero targets by 2050. At present, 

heating accounts for over a third of the UK­s greenhouse gas emissions [27], most of this heat 

being supplied by fossil fuel derived natural gas. These emissions are jointly contributed by 

domestic space heating, hot water and cooking usage as well as industrial processes. 

Representing 0.87% of the world­s population, the UK consumes 2% of the world­s total 

natural gas consumption [28]. The UK­s outsized reliance on natural gas is a reflection of 

multiple factors; high levels of industrialisation and development and a cold winter climate 

combined with historically low gas prices and the comparatively low upfront costs and 

efficiency of gas boilers [26]. The discovery of natural gas deposits in the North Sea in the 

1960s kick-started the transition away from town gas to natural gas for heating within the UK, 

supported heavily through government-led programmes [29]. By 1999, during the peak of UK 

North Sea natural gas production, natural gas accounted for 40% of the UK's total inland 

energy consumption [21]. 

At present 23 million households, or 85%, of residential buildings in the UK use gas-fired 

boilers to meet domestic heating requirements [30]. This is in contrast with other nations in 

Western Europe where there is less reliance on gas for central heating; in Germany only 50% 

of homes are heated with natural gas [31] , and similarly in France, 35% of homes are heated 

with natural gas [32]. Alongside the heavy reliance on natural gas for domestic heating, UK 

housing stock represents one of the oldest and in Europe, with only around 15% of existing 
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stock built since 1990 [33] and a UK home­s average gas consumption over double the EU 

average [34]. As well as reducing building heating efficiency, this has negative consequences 

for quality of life; in 2007, the Royal Commission on Environmental Pollution concluded that 

even in the 21st century, cold was the main factor underlying the UK­s higher annual death rate 

between December and March [35], with vulnerable groups such as older people and young 

children at particular risk [36]. 

The decarbonisation of heat in the UK is contingent on a series of different measures to 

achieve reduction of carbon emissions generated from the UK­s heating sector to target levels. 

The CCC defines the main decarbonisation solutions for UK homes as: (i) heat pumps, (ii) 

hydrogen and (iii) heat networks, alongside the complementary work of increasing energy 

efficiency through improved insulation [23]. These low-carbon heating technologies exist in 

contrast to existing conventional heating technologies, such as gas boilers and oil-fired heaters, 

which are dependent on fossil fuels as a means of heat generation. 

The electrification, and subsequent decarbonisation of heating, through conversion of 

fossil-fuel fired heating to electric heat pumps forms one key aspect of the UK­s overall heat 

decarbonisation strategy. The suitability of specific low-carbon heating solutions will be 

dependent on existing constraints of the housing stock, as well as existing heating system and 

feasibility of retrofitting for different low-carbon heating types. The CCC projects that by 

2050, 52% of homes will be heated by heat pumps, 42% by district heating, 5% by hydrogen 

boilers and a further 1% by alternative sources [37]. Therefore whilst there is no single solution 

for the decarbonisation of heat within the UK, heat pumps will form a key component of 

achieving target emissions reductions. 

Domestic heating lies at the convergence of many economic and societal issues, whilst 

also being a core component of the UK government­s decarbonisation strategy, as well having 

a fundamental impact on individual day to day wellbeing and comfort. In order to meet Net 

Zero, virtually all heat in buildings will need to be decarbonised [38]. It is anticipated that this 
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will be achieved through a range of measures, encompassing energy efficiency improvements, 

hydrogen and bioenergy solutions as well as further adoption of electric heat pump technology. 

A transformation of this scale necessitates the strategic input of industry and government at 

the highest level, as well as support from grassroots organisations, small businesses and local 

authorities. This represents a complex interplay of dependencies and institutional cooperation, 

and in this context, there remains significant uncertainty about how the decarbonisation of heat 

will evolve in both the short and long term. 

2.1.2 Distribution Network Operators, Low Voltage Networks, and the Transition to Net 

Zero 

As a result of the ongoing drive to Net Zero and decarbonisation of the UK economy, 

Distribution Network Operators (DNO­s) find themselves at the forefront of facilitating the 

decarbonisation of the presently carbon intensive transport and heat sectors.  

By their nature, the transformation of these sectors presents a difficult challenge in contrast 

to accommodating the transition of large-scale generation from fossil fuels to renewable 

sources. Large scale generation in the UK is managed by a comparatively small handful of 

commercial institutions, reducing the number of stakeholders and simplifying the process of 

change. Alongside this, large scale generation represent very high value assets and therefore 

there is corresponding capital investment in the upkeep, monitoring, and ongoing maintenance 

of these systems as well as planning for the future. Whether these systems are fossil fuel or 

renewables based has no material impact to the experience of the customer at the point of use.  

In contrast, the UK­s transport and heat sectors represent are intrinsically linked with the 

immediate needs and routines of almost every member of the population. Over 77% of UK 

households own a car [39] and 95% of households are equipped with central heating [40]. 

Decarbonisation of these sectors raises the potential for a world where a majority of individuals 

are reliant on their home­s electricity supply for meeting their transportation and heating needs. 

This represents a radical shift in both the possible energy throughput on the distribution 
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network, as well as the time of use and peak power characteristics of typical domestic 

customers. The increasing penetration of small-scale generation such as roof mounted solar 

panels [41] and domestic energy storage alongside EV­s further increases the uncertainty 

surrounding future network conditions. 

As the entity responsible for the electrical interface between the transmission network, and 

the distribution network up to the point of connection with a home, DNO­s are therefore in the 

position of needing to facilitate this transformation through appropriate investment in 

infrastructure alongside technical guidance and policy support. Historically, DNO­s have been 

responsible for the maintenance and upkeep of a largely passive infrastructure. The 

predictability of domestic consumption meant that network assets could be sized via simple 

metrics such as ADMD, with a fit and forget approach, where modelled voltage and thermal 

ratings could be anticipated to remain appropriate for the operational lifetime of the assets. 

Power flows could be assumed to be unidirectional due to the lack of LV-connected 

generation. As a result of this the physical distribution network of the present day is a reflection 

of the historical status quo; the power distribution network features very low levels of 

communication and control, with a corresponding poor level of observability. Geographic 

information systems (GIS) have improved some aspects of asset management, but in many 

cases the cable type was not recorded at the point of installation and is unknown even to the 

network operator [42].  

Traditionally, the steps to design an LV network can be broken down into an evaluation 

of the total load requirement, an evaluation of the supply capacity of the existing network, 

followed by appropriate provision of substations, cable layout and sizing [43]. Cable sizing, 

or cross-sectional area design, will be driven by the aggregated ADMD estimated for the 

aggregated customer types served by a feeder. The network segment under design would be 

sized with sufficient headroom to accommodate worst-case scenarios with minimum 

intervention from the network operator [44]. Historically, users connected to 400V feeders 
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have been consumers of energy, with unidirectional load, and load magnitude and growth 

stable over long time horizons.  

The future electrical distribution network presents a more complex operational and 

planning challenge. The adoption of several new technologies stands to radically shift how 

households consume and use energy. The uptake of rooftop solar [45] in the UK means that 

on particularly sunny days, feeders with high rates of rooftop solar could result in reverse 

power flow from low-to-high voltage on a network. With insufficient load, this could result in 

voltage exceedances and therefore breach of upper voltage limits; a scenario not traditionally 

accounted for with the ADMD-driven design philosophy. The mainstream adoption of EV­s 

and home lithium-ion batteries introduces an energy storage component to households that did 

not previously exist. Households with energy storage have the capability to source or sink 

power to a feeder. Energy storage could potentially be utilised in demand response type 

programs to help balance demand and supply, but unmanaged could result in significant 

amounts of low-diversity load being applied to a feeder such as during periods of overnight 

charging. Finally, the adoption of EHP­s introduces a new electrical load that which has an 

energy consumption highly proportional to external air temperature. Whilst ADMD-sizing 

could be appropriate for rating assets subject to worst-case winter conditions, the inherent 

temperature dependency would result in underutilisation of network assets for most days 

where temperatures are not at winter extremes. 

The electrical distribution network of the future therefore sees the transition of LV load-

types from simple, unidirectional loads to a complex interplay of conventional load, stochastic 

generation, energy storage and temperature dependent electrical heat load. Conventional 

ADMD-sizing methodologies are still valid for LV network design, but simple application of 

an aggregated ADMD without taking into account the energy-mix on a feeder introduces the 

risk that a network will be under or oversized over its intended operational lifetime.   
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This increased complexity in energy consumption places additional pressure on DNO­s to 

ensure that they maintain their obligation to their licence conditions in the presence of 

increasing planning and operational uncertainties.     

In the UK DNO­s are responsible for delivery of electricity to over 26.6 million homes 

and businesses [46] , covering a geographical area encompassing almost the entirety of the 

UK, along with corresponding switchgear, protection, and other associated devices. They 

provide the last mile of electricity to almost every home and business in the UK in both rural 

and urban settings. In part due to the passive nature of the distribution network, in the past 

DNO­s have been institutionally inert with respect to technological change and innovation. In 

the aftermath of deregulation in the GB electricity sector in the early nineties, innovation 

spending fell to all-time lows, falling from £14m in 1990 to less than £1m in 2001 [47]. Thanks 

to various incentives and the introduction of matched innovation funding, DNO capital 

investment in innovation has recovered to pre-deregulation levels in recent years [48]. 

Decarbonisation necessitates the transformation of DNO­s from passive industry 

incumbents to active participants in a rapidly evolving technological landscape, responsible 

for engaging with market participants, and active management of network assets. Alongside 

investment in innovation and development of new hardware solutions, DNO­s must be 

equipped with the appropriate skills at every level of their business in order to support the 

integration of low carbon technology as cost effectively as possible without compromising 

quality or security of service.  
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2.2 Distribution Network Load Uncertainty 

 

Figure 2-1 Load and generation modelling suitable for active distribution network 

planning with high shares of renewable energy systems, reproduced from [49]  

Uncertainty is a component of any complex system as well as being part of everyday life. 

It is a fact that even for a simple system, it is not possible to have perfect knowledge of all 

system conditions and therefore the relationship between system inputs and outputs. In 

practice, there is generally a trade off between the cost to appropriately monitor a system and 

the need to actually do so [50]. Therefore, uncertainty arises from the need to infer possible 

outcomes or operating conditions from limited input data.  

The GB power system is in a continuously evolving state, with generation and load shifting 

moment by moment through the combined actions of literally millions of independent actors. 

In addition to being in a constant state of change, even network operators do not have full 

visibility of the systems they manage. Distribution network operators typically have limited 
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real time and historical visibility of network conditions. Whilst 11kV substations will feature 

some level of monitoring, most day-to-day operations on 415V LV feeders will occur with no 

external monitoring or human intervention until a fault is reported. Whilst potentially featuring 

hundreds of elements and customers in a single distribution network area, the potential 

complexity of the power system at the distribution level has historically been offset by the low 

uncertainty associated with LV-connected load types. 

Accommodating new load types at the LV network level poses one of the fundamental 

problems on the path to decarbonisation for DNOs. These low-carbon technologies include 

battery-based technologies such as energy storage and electric vehicles, as well as small-scale 

generation capabilities including solar photovoltaic systems and wind turbines. Battery-based 

solutions are capable of both charging and discharging via the electricity grid. Generation in 

the electricity network has conventionally flowed from high-voltage to low-voltage, but small-

scale wind and solar generation presents the possibility that conventional load flows can be 

reversed at times of high generation. 

In the presence of an uncertain future, how can low carbon technologies be maximally 

facilitated, accommodated, and optimally managed whilst remaining cost effective? DNO­s 

are responsible for ensuring that network infrastructure remains fit for purpose and mandated 

by their licence conditions to ensure that voltage and thermal limits remain sufficient in order 

to accommodate continuing quality of service to customers. Unlike traditional LV-connected 

loads which historically have been highly predictable over long periods of time, the 

contribution of low carbon load types can vary greatly depending on local weather conditions 

or behavioural routines. Non-network solutions that facilitate demand management through 

intelligent load shifting or other techniques are particularly attractive for DNO­s as these 

solutions can defer the need for costly physical reinforcement until the development of more 

dominant technologies becomes clearer. 
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The combined lack of observability combined with new low carbon load and generation 

types creates an opportunity for the application of data-driven techniques, including machine 

learning methods, which can support decision making in the absence of complete information 

in order to support network decision making given the unique constraints of LV network 

applications.  

Conventionally, monitoring is only available at the point of the LV transformer, typically 

with 30 minute resolution at best due to the half-hourly settlement periods of the electricity 

markets [51], and often subject to poor or low quality data [52]. Each LV transformer can be 

responsible for supplying electricity on the order of tens to hundreds of households, and 

therefore whilst the aggregate voltage and current characteristics can be known, the underlying 

contributions from each household and their corresponding dependencies are not visible. 

Load modelling comprises a range of functions for DNOs and associated stakeholders. It 

is primarily of interest to be able to appropriately predict future LV loads with sufficiently 

robust confidence such that network operators as well as other stakeholders can be supported 

with making intelligent, cost-effective decisions for future network development. 

The advent of LV-connected low-carbon technologies over a relatively short span of time 

stands to rapidly alter conventional load profiles, with corresponding threats to voltage and 

thermal limits. As previously discussed, the electrification of heat and transport will be 

fundamentally reliant on shifting demand from fossil fuel-based systems to the electricity 

network [27] [53]. Domestic applications such as space heating, cooking and hot water 

contributed 26% of all UK CO2 emissions in 2016 [27]. It can therefore be implied that in 

order to decarbonise heat, significant changes must be made to household heat generation and 

usage. 

Similarly, the electrification of transport will be reliant on supporting the adoption of EV 

technology through the provision of an appropriate charging infrastructure. Whilst this 

infrastructure may range from single home chargers to privately managed larger installations 
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[54], fundamentally the advent of EV­s will further contribute to load at the LV level as well 

potentially offer a new reserve of energy storage.  

The rise of distributed generation imposes further changes to the magnitude and shape of 

existing load profiles. Areas with high levels of domestic photovoltaics (PV) may experience 

voltage rises during sunny periods of low demand due to an excess of generation [55]. Wind 

generation is stochastic in nature and therefore can be challenging to forecast, depending on 

the time horizon and availability of appropriate data [56]. Figure 2-1 illustrates example 

idealised probability bands for domestic load alongside idealised wind and PV generation [49]. 

Renewable generation and low-carbon load is not homogenous. Each of these technology 

types features their own characteristics and dependencies, drawing on a range of 

environmental and behavioural factors that ultimately imposes an influence on load conditions. 

Even within a load type, there exists significant potential for load variation and therefore 

network impact. Modern EV­s represent a range of battery sizes; the best-selling Tesla Model 

3 features a 75kWhr battery [57], whereas Toyota plans to release an ultra-compact 8kWhr 

model [58] to support last-mile mobility in the near future. This variation translates into 

different network impacts through variation in charge time, current and user behaviours. 

Furthermore, the adoption of LV-connected renewables will not be homogenous at the 

distribution level due to variations in levels of urbanisation, demographics and climatological 

factors ± therefore there is a need to incorporate localised predictions into future planning 

decisions.  

2.2.1 Distribution Network Uncertainty Stack 

It therefore is known that renewable integration will have an impact on load profiles at LV 

levels; the difficulty then becomes appropriately quantifying the extent of this impact in order 

to support network decision making. The challenge is to develop decision support approaches 

that can systematically deal with uncertainty, incorporating technical as well as practical 

knowledge [52]. Figure 2-2 represents an uncertainty stack concept for distribution networks 
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which has been developed as part of this research project. Here uncertainty is the contribution 

of multiple functional layers, with ®uncertainty¯ increasing as we infer information further 

from the physical layer of the network itself. Whether we wish to make decisions for the 

present day or future network, these decisions will be inevitably by supported by information 

drawn from the network in the past or present day. 

 

Figure 2-2 Generic uncertainty stack for distribution network studies 

The component layer represents the physical network and associated assets; this could 

incorporate connected customer devices as well as DNO managed assets. It is this layer at 

which the truth occurs ± whether a voltage exceeds a certain value on a feeder, or whether a 

tree falls on a line and causes an outage. However, whilst distribution networks are equipped 

with devices that can make autonomous decisions locally without human intervention (such 

as circuit breakers), there exist several layers of inference between the component layer of the 

network and the layer at which decision making occurs. The monitoring layer represents the 

sensor network and data collection infrastructure that is handled by the DNO; due to the need 

to balance sensor placement with capital costs this monitoring layer only offers a limited view 

of local network conditions at any one time [50]. The modelling layer exists to bridge the gap 

between the available data provided by the monitoring infrastructure and the inputs required 
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by decision makers. This could be conditioning raw load data from the substation in order to 

project when load growth might necessitate reinforcement. This insight is represented as the 

visibility layer, where raw data has been combined with specialist knowledge and processing 

in order to infer a prediction about some part of the system. This prediction will incorporate 

some level of error or uncertainty, which must be considered as part of the final decision-

making process, whether autonomous or human.  

This illustrates that uncertainty in a distribution networks context is a composite of 

multiple interdependent factors spanning an entire cross-section of a DNO­s responsibility, 

even when making simple predictions. The frameworks, paradigms, and goals of data 

collection and use have a significant impact on how data is gathered, analysed, managed, and 

understood [59]. Therefore when attempting to manage uncertainty in a decision making 

context it is necessary to develop tools that are sensitive to these influences.  

Whilst challenging, the greater uncertainty prevalent on future networks also creates 

opportunity. Where previously static conditions were the norm, greater network uncertainty 

creates opportunities for new applications, services, and markets to fill the gaps in current 

capabilities.  

2.2.2 Data Driven Solutions for Distribution Networks 

The growth of data has been exponential in recent years, with growth of data continuing 

to exceed forecast expectations year on year. For instance, between 2002 and 2009 data traffic 

grew 56-fold globally, compared to computing power which only showed a 16-fold increase 

[60]. In turn, this massive growth of data compared to the growth of processing power has 

driven the uptake of a wide range of data analytic and data-driven machine learning techniques 

which now permeate a wide range of commercial sectors, from healthcare transport to social 

media and the internet of things.  
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The term data analytics encompasses a very broad definition but can generally be 

understood to mean the process of analysing raw data in order to draw useful insights. For 

modern data analytics, the expectation is that there is some level of automation or algorithmic 

conditioning involved to process the data into a format that will be ultimately interpreted by a 

human user [61]. Machine learning techniques fall under this term, and more specifically 

include models that can make predictions independent of the dataset they have been trained 

on. In both cases the benefit is the ability to rapidly reduce the time required to make decisions, 

if not entirely automate the process, or to draw insights from extremely large datasets that 

would be otherwise uninterpretable by human users. In order to support use of data analytics 

in a commercial environment, there must be appropriate IT infrastructure in place to support 

data collection, management and storage [62]. 

In contrast to growth elsewhere, the energy sector, and specifically distribution network 

operators, have not been so quick to adopt data-driven techniques into their commercial 

processes. In the post-privatisation period from 1990, until Ofgem introduced new 

mechanisms to incentivise innovation in the 2005 - 2010 price controls [63], DNO research & 

development spend had steadily declined to less than 0.1% of revenue [64]. 

This lack of investment has been driven by a number of factors. At transmission level, 

assets are traditionally high-value with a corresponding advanced level of communication and 

control capabilities. In contrast the historically passive function of distribution networks 

combined with the typically low value of assets has resulted in a modern-day system which 

offers limited or often zero data collection capability. For many power system sensors, 

including many emerging and state-of-the-art devices, the majority of data is either not logged, 

or is quickly overwritten [7], inhibiting the potential for data analysis.  

Even when data collection is present for LV network assets, data sources can be 

fragmented with poor quality of data [65], further degrading the insights offered by already 

limited datasets. Furthermore, with limited profit margins, it can be difficult for distribution 
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network operators to undertake technology upgrades and new analysis techniques when the 

returns are uncertain. Additionally, even the associated costs of gathering, storing, and 

analysing data can represent significant investment [66], necessitating a strong commercial 

justification prior to investment in novel data analytics techniques.  

Despite the existing barriers to deployment of data analytic techniques for distribution 

networks, there remains significant interest in the potential value that can be offered through 

novel data-driven methods. The additional load posed by the electrification of heat and 

transport as well as the wider uncertainty contributed by distributed generation is driving 

DNO­s to seek alternative solutions to physical network reinforcement, which can be costly 

as well as disruptive to customers. The high number of low-value assets managed by DNO­s 

poses a further difficulty due to the decision-making overheads involved. The influence of 

renewable integration has an impact across every function of a DNO­s portfolio; from real 

time operational tasks to planning decisions over a twenty-year period. At present there is a 

correspondingly wide range of data-driven techniques developed for distribution network 

applications through research as well as innovation projects. Key areas include [67]:  

Technique Applications 

Load forecasting from input 

data 

¶ Prediction of future energy demand for 

infrastructure planning [68] 

Fault detection ¶ Reducing downtime through predictive maintenance 

[69] 

Information extraction from 

existing load data 

¶ Analysing consumption patterns for customer 

segmentation [70] 

Condition monitoring ¶ Monitoring transformer health to extend lifespan 

[71] 
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 Table 2-1 Data-driven techniques and applications for distribution networks 

Regardless of the final application, the challenge becomes to appropriately integrate data 

analytics techniques in a way is complementary to future power system growth. Data analytic 

techniques will not be the solution for all issues faced by network operators and needs to be 

considered alongside the constraints of the power system and commercial environment. The 

relationship between potential applications, monitoring infrastructure, data processing and 

data visualisation must be considered if data analytic techniques are to be fully exploited in a 

distribution network context [67]. 

2.3 Existing Work 

Renewables integration in the UK has been an increasingly important topic for both 

academia and industry since the commitment to emissions reduction made by the Climate 

Change Act 2008 [18]. In 2023, the UK government expected it­s goal to decarbonise the UK 

power system by 2050 to require £275-375 billion of public and private investment, alongside 

£50-150 billion of investment from electricity network operators [72]. Since then there have 

been a range of approaches developed in order to predict and manage future network load 

conditions as a product of greater renewable penetration, new markets and services as well as 

changing consumer behaviour.  

2.3.1 Trial Data and Industry Studies 

To date, the analysis of potential impact to LV networks contributed by new renewable 

load types has been supported through a variety of Ofgem supported innovation projects which 

has resulted in a pool of disaggregated renewable load data to draw on. Concluding in 2015, 

the UK Power Networks (UKPN) led Low Carbon London trials recruited customers for EV 

and heat pump trials in order to collect data and gain insights on possible future load profile 

impacts [73]. The heat pump component of these trials were fairly small scale, representing 

19 households fitted with a mix of air and ground source heat pumps in the UKPN licence area. 
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In a similar vein, the My Electric Avenue project recruited clusters of households to trial EV­s 

over an 18-month period in order to gain insight into realistic EV usage patterns [74] . In both 

cases the aim was to collect disaggregated load data in order to support predictions of future 

potential load conditions for increased renewable penetration. Other works have focused on 

examining aggregated substation load data in order to provide predictions of future low-carbon 

profiles. The LV Network Templates project developed an approach for predicting load at 

unmonitored substation, on the basis of developing template load profiles derived from 

monitored assets [75].  

More recently, the larger scale Renewable Heat Premium Payment (RHPP) scheme 

collected electrical heat load data from 700 sites with 2-minute heat and electricity data 

collected from 31st October to 31st March 2015 [8]. This offered a significantly larger sample 

size of domestic heat pumps (HPs) combined with increased temporal resolution of data, which 

provided the source data for the GB-scale analysis of increased electrical heat pump 

penetration performed in [76]. However, due to the anonymisation of individual households 

and lack of supporting metadata, it is not possible to directly infer a relationship between 

electrical heat load and geospatially linked parameters. Therefore, whilst the RHPP trial data 

is suitable for modelling large populations of heat pumps, it is not directly suitable for the very 

low populations and low levels of aggregation found typically found at LV level. 

At present the UK government-led Electrification of Heat Demonstration project is also 

underway, which will monitor 750 homes fitted with electric heat pumps over the project 

duration [77]. A key objective is to capture electrical heat load for a comprehensively 

representative range of UK building types beyond what has been captured in previous trials. 

More recent innovation projects have seen distribution network operators­ trend towards 

more sophisticated techniques. 



29 

 

2.3.2 Predictive Models 

Alongside industry studies, there has been extensive development of predictive models 

that model possible network impacts given a certain level of renewables penetration, taking 

some consideration of LV-level specific issues. In order to accommodate the uncertainty 

associated with predictions, probabilistic approaches have been popular. [78] probabilistically 

models potential heat pump impact on low voltage networks using limited combined heat and 

power (CHP) data as a stand in for electric heat pump (EHP) data, quantifying expected 

network impacts with a defined standard deviation. The usefulness of this approach is 

constrained by the relatively narrow dataset used for training the model. Similar approaches 

have been developed for other renewable load types; [79] quantifies the impact of EV­s on LV 

networks using a Monte-Carlo approach. EV load profiles are drawn from My Electric Avenue 

[80]; whilst this consists of 18 months of high-quality EV load data for over 100 customers, 

the relatively small sample size and constraints when recruiting customers create the potential 

for demographic bias in this approach.  

Despite the high data requirements necessitated by the probabilistic approach, any real-

world study will be composed of probabilistic as well as deterministic elements. Therefore, 

there remains the question how to incorporate these techniques effectively in a real world 

decision making environment. For models developed using trial data, there is the difficulty of 

ensuring that the training data remains applicable for the target population under study. For 

LV networks where there may be a low diversity of customer load profiles, these effects cannot 

be neglected. Even within the relatively small geographic area of the UK, there exists a wide 

range of demographic, socioeconomic and climatological variation amongst households. As 

has been illustrated by the examination of smart meter data coupled with ACRON 

demographic information [81], demographic influences can play a role in determining load 

magnitudes. The uptake of domestic PV in the UK demonstrates [82] the strong localisation 

of uptake, rather than latitude being the primary factor in number of installations. Physics 
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based models, whilst less common, are also subject to this concern. Whilst a physical model 

can capture a system in great detail, when designing a system where load is dependent on 

human behaviour, there is a need to draw on external sources in order to determine how these 

behavioural factors will influence load.  

Whilst difficult to quantify, the expectation that the utilisation of data analytic and machine 

learning methods in industry is low compared to the wealth of techniques available in the body 

of research. There exist several barriers to adoption; some of these barriers will be institutional, 

posed by the historic low investment in energy innovation, particularly for DNO­s [83]. 

Machine learning models have been highlighted as opaque, non-intuitive and difficult for 

people to understand [84]. Therefore, there exists an opportunity to develop probabilistic 

methods for supporting LV network decision making, where the contributions of uncertainty 

are treated in a systematic way, if not quantified. 

2.4 Heat Pumps as a Decarbonisation Pathway 

 



31 

 

Figure 2-3 Intra-day heat pump electrical demand for nine sample customers on same 

winter weekday from Renewable Heat Premium Payment (RHPP) dataset. 

Heat accounts for over one-third of the UK­s greenhouse gas emissions [27], and the 

decarbonisation of domestic heating forms a key part of UK government strategy for reducing 

carbon emissions to target levels. To support this, the Sixth Carbon Budget delivered by the 

Climate Change Committee (CCC) in December 2020 has recommended the installation of 

over one million heat pumps annually by 2030 in order to meet decarbonisation goals [37]. 

From a power systems perspective, the additional low-voltage (LV) network loads imposed 

by rapid heat pump uptake will need to be accommodated by distribution network operators 

without breaching existing network limits or quality of service. Conversely, the introduction 

of significant electrified heat resource presents opportunities to support network flexibility or 

new distribution network-based services.       

Reducing the contribution of heat to the UK­s greenhouse gas emissions presents one of 

the largest challenges in achieving long-term emissions targets set by government policy. The 

contribution of domestic heating is estimated to average a third of household emissions [85]. 

In order to achieve 2050 Net Zero goals this must be reduced by a further 95% from 2017 

levels [85]. Decarbonisation of the UK­s heating sector will require a radical shift in the current 

status quo, expected to necessitate widespread adoption of low carbon heating with improved 

efficiency measures. Electric Heat Pumps (EHP) offer one potential low carbon alternative, 

reducing CO2 emissions of up to 25% per unit of heat generated [86]. In combination with a 

fully renewable electricity source, this can reduce the effective household heating CO2 

emissions to zero. Advantages include acting as a low-regret option for off-gas grid households 

[30], and as a low-cost option for newer well-insulated builds. The growth of heat pump 

technology has been supported by UK government policy [87] and industry trials [8] but 

despite this, overall deployment remains low ± 72,000 new domestic heat pumps were installed 

in the UK by the end of 2022 [88]. In contrast, the UK advisory body the Committee for 
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Climate Change (CCC) has recommended the installation of one million heat pumps annually 

by 2030 in order to meet decarbonisation targets [30]. This level of growth presents a major 

challenge for distribution network operators as heat pump loads at maximum output are 

significant both in terms of energy and power compared to existing domestic Low Voltage 

(LV) network loads. 

2.5 Electrification of Heat for Distribution Networks 

Distribution network infrastructure provides the ®last-mile¯ of electricity supply to utility 

customers. Historically, this role has been a passive one. LV network assets would be sized 

using simple metrics such as ADMD [89], with low risk of the initial design constraints ever 

being exceeded due to the relatively static and predictable nature of LV-connected load over 

time. Power flows could be assumed to be unidirectional with no requirement to design for 

reverse power flow conditions. 

     The electrification of heat therefore imposes several immediate challenges for LV 

network operation and planning tasks. There is the fundamental difficulty of accommodating 

additional load on existing network infrastructure. Heat pump load is significant both in terms 

of energy and power compared to conventional domestic loads; peak load of a single heat pump 

is similar to existing peak domestic load [8]. Similarly, the energy consumption of a heat pump 

on a cold winter­s day is on the same order of domestic energy consumption as charging an EV 

[2].  Furthermore, heat pump electrical load magnitude and shape characteristics are seasonal 

due to the positive correlation with domestic heating demand [76].  

Whilst distribution networks are typically composed of primarily passive low value assets, 

the high volume of assets combined with the high heterogeneity of distribution networks across 

a given licence area presents further challenges for network operators. This variation can 

manifest in network topology, as well as customer demographics, local weather conditions and 

levels of urbanisation ± all of which can influence direct electrical load as well as the long-term 

uptake of new load and generation sources on a feeder. As an example, the growth of domestic 
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solar PV in the UK has been highly localised, as opposed to purely distributed with respect to 

geographic solar yields [90]. Therefore, there is a need to incorporate the local physical and 

demographic context when modelling heat pump electrical load for distribution network impact 

assessment. 

2.5.1 Heat Pump Technology for Domestic Heating 

Heat pumps offer a relatively new form of domestic heating for UK households, but the 

technology has been in use for decades prior to the recent resurgence of interest driven by 

decarbonisation strategy. An early concept for the technology was proposed by Lord Kelvin 

in 1854 [91], but this did not feature the closed cycle that is characteristic of modern systems. 

In the UK, the first major installation may have been a system that heated a group of buildings 

in Norwich [92]. This system achieved a coefficient of performance (COP) of 3.45 averaged 

over two winter heating seasons.  

The oil crises of the 1970s triggered increased interest in EHP technology as an alternative 

means of heating buildings versus contemporary methods which were reliant on fossil fuels. 

In 1974 Denmark­s Ministry of Trade initiated an energy research programme to explore the 

feasibility of the technology as an alternative form of building heating [93]. By 1985, as much 

as 15% of Sweden­s housing stock was heated via heat pumps, increasing from basically 0% 

in 1980 [94]. Across Europe, similar developments were occurring in Germany [95] and 

Norway [96]. 

Today, heat pumps are part of a global market. In Europe, the top four countries with the 

highest proportion of household heat pump penetration are Norway (60%), Sweden (45%), 

Finland (41%) and Estonia (34%) [97]. In contrast, there were only 72,000 installations in the 

UK as of 2022 [98]. With an estimated 28.2 million households in the UK [99], these 

installations represent less than < 0.5% of UK households. The technology therefore forms a 

established part of the domestic heating sector for many European nations and further afield, 

but within the UK heat pump type systems do not have the same maturity as elsewhere. 
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2.5.1.1 Basic Principles of Operation 

 

Figure 2-4 Basic principles of heat pump operation, reproduced from [100]  

The underlying principle of a heat pump­s operation is the reverse of a heat engine: 

mechanical work is used to move heat against its natural gradient from a cold location to a 

hotter one. For instance, from the outdoors into a home. A refrigerant such as CO2, or 

hydrofluorocarbon, is used to transport this heat, exploiting the physical properties of 

evaporation and condensation [101]. Through these principles, a heat pump is able to provide 

more heat per unit of electricity consumed. A typical COP of 3.0 would produce three units of 

heat of electricity consumed [102]. In contrast, a gas boiler might only product 0.85 units of 

heat for every unit of gas consumed [103]. 

2.5.1.2 Air Source and Ground Source Heat Pumps 

Heat pumps can be divided into two main categories depending on the placement of the 

outside heat exchanger, either drawing heat from the air or from below ground [101]. 

Air source heat pumps (ASHP) extract energy from the air external to a household. Air/water 

systems use a hydronic system to distribute heat via wall radiators or underfloor pipes. Air/air 

heat pumps distribute the heat energy through a building via ducts [104]. This form-factor can 

be suitable for high-density housing where the installation of ground source heat pumps would 
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be impractical [105]. However, the exposed location of the outdoor unit can result in 

performance reduction during particularly cold events. 

Ground source heat pumps (GSHP) exploits the energy naturally stored in the ground as a heat 

source. This form-factor costs more to install than an ASHP type system [106], with a typical 

cost for an ASHP system estimated at £14,000 and cost for a GSHP at £28,000. The GSHP 

type form-factor is additionally more demanding of space due to the requirement to install the 

exchanger within trenches. However, despite the trade-off in cost and space, a GSHP system 

has a key advantage over ASHP system ± improved COP at cold extremes. This is due to the 

fact that ground temperature is persistently higher than external air temperature during winter 

conditions. 

Within the context of this work, the developed methodologies are not specifically ASHP or 

GSHP dependent. Where COPs have been selected in further sections, they have been selected 

to be representative of ASHP-type systems. However, with appropriate selection of COP, the 

model outputs can be tailored to be representative of ASHP or GSHP systems. 

2.6 Existing Heat Pump Demand Modelling Approaches 

The primary challenge when evaluating the impact of heat pumps on a distribution 

network is accurately quantifying the magnitude of additional electrical load contributed by 

the connection of heat pumps. The current low uptake of heat pump technology in the UK 

results in a general lack of operational demand data that could be used to facilitate heat pump 

effects analysis and general evaluation of network impacts. Excessive additional load will 

result in a significant impact on voltage and reduction in thermal headroom on a network, 

potentially resulting in a breach of operational limits. The difficulty surrounding heat pumps 

is that while their heat output is broadly proportional to outdoor air temperature on a seasonal 

time frame, at a daily and hourly level the demand profile for a single customer is determined 

by a broader range of factors.  
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The electrical demand required to meet a target heating demand for a household is 

influenced by several parameters including building type, heat pump type and building 

efficiency as well as the behavioural patterns of the individual household. In extreme cases, a 

small, poorly insulated building may require more input electrical energy to reach a heating 

setpoint than a large, very well insulated property. This heating demand primarily consists of 

the seasonally dependent component that is dependent on external air temperature, but heat 

demand for a household can also include demand for hot water. The methodologies developed 

in this work will primarily be focused on modelling the relationship between external 

temperature and the electrical demand required to fulfil a space heating requirement, but a base 

level of demand will be allocated to hot water consumption.  

 Therefore, for a single point in time, the additional electrical load presented to a 

distribution network due to heat pumps is a function of parameters specific to each household 

in addition to the common local outdoor air temperature conditions and time of day. This 

contrasts significantly with conventional domestic loads on distribution networks which are 

highly static and predictable in nature. The instantaneous electrical demand of a typically sized 

domestic heat pump can be equivalent or in excess of current daily domestic demand peaks 

[107]. In terms of energy, the average heat pump electricity consumption of 8kWh per day 

[108] is roughly equivalent to the existing average electricity consumption for a UK household 

of 8.5kWh per day [109]. Each additional heat pump connected to an LV network is roughly 

equivalent to the connection of an extra household and therefore is a serious consideration for 

network headroom at higher levels of penetration. Analysis and prediction of heat pump 

electrical demand modelling within the UK is currently constrained in the literature primarily 

to either small-scale physical models which require a high-level of specific system knowledge 

to make predictions [110], or methods which rescale existing heat pump trial data to achieve 

a deterministic outcome [76]. There are currently three fundamental approaches for modelling 

heat pump load profiles that have been used in the literature:  
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° Physical model that captures a detailed heat pump/ heating system but with limited 

capture of time of use effects across a population [110] [111] 

° Use of existing gas or heating demand data, making assumptions about building type, 

building insulation and population information, [112], [113]  

° Use of electric heat pump trial data; examine and rescale for time periods of interest 

[108], [76], [78] 

These approaches all feature their own specific advantages and disadvantages depending 

on the specific area of study. 

 Existing physical approaches are well-suited for simulating highly defined models that 

clearly characterise one heating system; this makes them ideal for modelling highly specific 

behaviours such as fast start-up transients. Underwood et al. [110] developed a compressor-

based parametric model for capturing seasonal performance of different manufacturer­s heat 

pumps, which was able to achieve good results when comparing actual and modelled heat 

output. Other works further incorporate building parameters across a population when 

considering heat pump demand [111], but the approach lacks real demand data to support the 

full validation of results and it is therefore not possible to quantify the associated error. Heat 

pump electrical load and therefore its immediate impact on an electrical network is a function 

of several parameters that will vary from household to household; these include relatively 

fixed characteristics such heat pump type, building and insulation characteristics but are also 

strongly linked to ambient temperature conditions and behavioural routines which will vary 

seasonally. Furthermore, it can be expected there will be diversity in heat pump type, building 

characteristics and behavioural routines even within a local neighbourhood [114]. Figure 3-2 

illustrates sample daily load profiles for nine different households on the same winter­s day 

from the Renewable Heat Premium Payment (RHPP) dataset [115]. All households are based 

in England and therefore are exposed to similar daily temperature profiles and magnitude. 

Each customer load profile clearly features a distinctive shape and there is limited 
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commonality from customer to customer. This combination of physical, seasonal and 

behavioural characteristics makes it very challenging to develop a fully representative physical 

heat pump model that can translate these population-variable parameters into an aggregated 

load profile that accurately reflects the energy, power and time of use characteristics of a real 

heat pump load. 

For DNO­s, both the power and time of use characteristics of electrical heat load are areas 

of concern for optimising network investment and operation. Simplistically, network assets 

must be sufficiently rated to ensure that thermal and voltage limits are not exceeded during 

periods of maximum load; for instance, during a cold winters day when electrical heat load 

would be at its highest. ADMD is a well-established network planning tool for sizing assets, 

which makes estimations on the peak power contributed by individual customers and then 

incorporates the effects of diversity to produce a diversity-sensitive overall peak load for a 

group of customers [116]. However, for load types such as heat pumps, electrical heat load is 

strongly linked to building occupancy and occupant routine, with periods of maximum demand 

centred around morning and evening peaks. Therefore, the time-of-use for electrical heat load 

is of interest for network capacity planning, as this will dictate whether additional electrical 

heat load will exacerbate existing electrical peak load and potential negative or beneficial 

interactions with other load types such as solar and electric vehicles. Finally, whilst daily 

energy demand does not have the same direct relationship to determining required asset ratings 

as peak power, it offers several useful insights. The expected electrical energy consumption 

per day can support capacity planning activities and optimisation of asset utilisation, either 

through planning or demand side management activities. As the load-mix connected to 

households becomes increasingly complex ± potentially including electric vehicles, solar 

generation, heat pumps as well as novel tariff structures ± it becomes more important than ever 

for DNO­s to assess potential adverse interactions between these new load-types as well as 

identify opportunities for more efficient utilisation of existing assets and infrastructure.    
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 A more straightforward approach to modelling heat pump demand is to take existing gas 

or heating demand data and rescale this the equivalent electric heat pump demand based on an 

appropriate Coefficient of Performance (COP) figure. This method has been applied for 

showing large scale effects for the transition to greater levels of heat electrification in the UK 

[112], whereas elsewhere electrical demand profiles have been derived from ambient 

temperature and heating demand profiles with an hourly resolution [113]. Whilst strongly 

linked to the true heating demand characteristics, this method has limitations when applied to 

LV networks on daily or hourly resolutions. Current gas demand magnitude is partially shaped 

by equipment type (i.e. combi versus condensing boiler) as well as home characteristics and 

behaviour. Alteration of the heating system will reshape heating demand according to EHP 

characteristics. This may potentially also alter pre-existing behavioural thermal routines, such 

as when occupants choose to enable household heating [114]. Due to lower flow temperatures 

than conventional boiler-based systems the time of use characteristics of heat pumps can be 

anticipated to be different compared to existing profiles and will potentially be spread more 

widely across the day. In contrast to physical models and heating demand-based approaches, 

methods that utilise existing EHP demand data from trials are able to mitigate the requirement 

to fully characterise the heating system in order to define the electric demand. The primary 

restriction with this approach is that due to the limited number of heat pumps active within the 

UK there is sparse operational data from which to draw conclusions about heat pump network 

impact. Consequently, the level of detailed heat pump analysis involving large populations is 

limited and generally features linear rescaling or averaging of the aggregated profiles in order 

to assess heat pump demand magnitude for a given time window.  

Models based on real heat pump demand data have been developed in the literature, 

circumventing the need to fully characterise a physical heating system. A high-resolution 

probabilistic model drawing on operational data from 72 micro-CHP (combined heat and 

power) units during field trials in 2011 was developed for electrical heat pump demand 

prediction [78]. The probabilistic approach of this study enabled the definition of a range of 
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possible demand values with respect to heat pump penetration. However, this study is reliant 

on the fact that micro-CHP technology represents a good approximation of EHP demand 

patterns and does not draw on real EHP operational data. Recent UK trials have greatly 

improved the availability of domestic demand EHP data [115], [2], however limited analysis 

has been performed to date. At present the majority of heat pump demand modelling studies 

only focus on averaged profiles at operational extremes. As the kinds of loads connected to 

LV networks become more diverse, with a mix of PV, EV, wind and low carbon heating 

technologies, there is a strong need for the capability to model realistic heat pump demand 

profiles alongside the interactions of other technologies. The methodology described in this 

paper will define a composite approach between a fully physical demand model that requires 

detailed inputs and can be difficult to validate, and data-dependent approaches that primarily 

rescale existing demand data. The concept of synthetically generating demand profiles from 

real data has been used in other domains as a way of facilitating system analysis for 

applications where real data may be sparse or difficult to obtain [2], [117]. At present there 

has so far been limited use of these techniques for heat pump demand applications. 

Synthetically generated demand profiles derived from real operational data present an 

opportunity to develop a model that characterises the difficult to capture elements of a 

physically defined heat pump model that can be validated against operational data. This 

maximises the value that can be drawn from limited real-world data that is typically costly and 

practically difficult to obtain. 
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2.6.1 Modelling Electrical Heat Load at Geographical and Temporal Scales Suitable for 

LV Network Impact Assessment 

 

Figure 2-5- Common heat pump modelling approaches versus relevance to scale 

of approach. 

Assessment of additional electrical heat pump penetration at the distribution network level 

is concerned with quantifying heat pump electrical load shapes and magnitudes, such that their 

effects on existing asset voltage and current limits versus increasing penetration can be assessed 

for network operators. However, this modelling context represents a middle ground compared 

to established heat pump electrical load modelling techniques and this necessitates the 

development of a modelling approach that is sensitive to these constraints. 

 Presently there are two main established branches of heat pump electrical load modelling; 

the highly detailed physical approach that features high individual system detail, and the data-

driven approach which draws on real-world data but is often unsupported by sufficient 

underlying information to explain why and how the real-world electrical heat load manifests as 

it does. The basic premise of both approaches will be outlined and contrasted to the specific 

requirements of LV network load modelling in this context. 

2.6.1.1 Established Heat Pump Electrical Load Modelling Approaches 

Physics based models are ideal for small-scale for individual household studies, where the 

heating system is highly parameterised and well-defined by the model designer. The physical 
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parameters may be representative of a ¬real-world­ system or drawn from manufacturers 

datasheets or inferred otherwise from available datasets. The primary observation to be made 

here for this modelling approach is that the output of the model can be directly related and 

understood to be a function of the model inputs and structure. This approach is well suited for 

modelling transient electrical effects with degrees of high fidelity. However, whilst the 

relationship between model inputs and outputs is clear, the transferability of the model inputs 

and model assumptions on a wider scale is less secure. For instance, the physical building 

characteristics may be defined in great detail for a physics-based model. However, how well 

the selected building characteristics represent larger populations of interest is unknown. 

Therefore, physics-based approaches need to be supported with quality supplementary data in 

order to be usable at scales beyond the individual household level. 

In contrast, data-driven approaches bypass the need for detailed parameterisation of 

physical systems by drawing on load data recorded from households fitted with heat pumps. 

This kind of approach is well suited for making observations about potential heat pump 

electrical load effects at scale, as individual effects can be averaged out due to the aggregation 

of load shapes for high numbers of customers [3]. However, due to the existing legal obligation 

for anonymisation of data, often there is poor or limited metadata associated with individual 

customer load profiles. This makes it very challenging to correlate load shapes and magnitudes 

observed to specific model inputs such as housing type, size or local climate conditions. 

Therefore, whilst results are broadly indicative for customer groups of hundreds upwards, there 

remains the difficulty of translating the trial data from the original sample set to new target 

areas of interest for low customer numbers. 

For both physics based and data-driven approaches, the primary difficulty is in the ability 

to translate the outputs of these models to areas outside of the original model. This becomes 

key when dealing with distribution network analysis [118].  
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2.6.1.2 Heat Pump Electrical Load Modelling Requirements for Distribution Networks 

In the UK, there are approximately 230,000 LV substations and 350,000 pole mounted LV 

transformers, with each transformer on average servicing 120 customers or less in an urban 

setting [119]. This represents over half a million discrete geographic areas of interest for 

consideration, with each area representing a unique grouping of building, demographic and 

climatological characteristics as well as network topology that ultimately determine electrical 

heat demand with respect to local temperature conditions.  

 

Administrative  

Region 

Median Number of 

Households 

Number in United 

Kingdom 

Household 1 28,200,000 

Unit 14 1,790,000 

Sector 3,035 12,463 

District 10,244 3,118 

Area 215,165 124 

Table 2-2 Median number of households per postcode geographic code-type versus 

number of unique code-types within UK 
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Figure 2-6 Normalised Shape Aggregation Effects on Total Load; Total Electrical Heat 

Load for Household (a), Unit (b) and Sector (c)-scale administrative regions 

Table 2-2 outlines administrative regions of the UK with respect to median number of 

households [120] and the number of unique postcode geographic code-types versus increasing 

area scale [121]. For distribution network studies concerned with conditions on a specific LV 

feeder or network, the geographic scale and number of households is typically from the sector-

scale downwards.  Figure 2-6 demonstrates the effect of aggregation on the total load imposed 

through a network node using a randomised set of customers from the RHPP dataset with 

respect to these geographic scales. For very low levels of aggregation in the Household to Unit-

scale, as defined in Table 2-2,  the magnitude and shape characteristics are highly specific to 

the localised physical and behavioural parameters of the specific households. For high levels of 

aggregation, such as at the Sector level, the effects of localised magnitude and shape 

characteristics are lost and converge on the same average solution. Therefore, for low levels of 

customer aggregation, load modelling must consider how to incorporate the locally specific 

shape and magnitude characteristics that are otherwise averaged out for high customer numbers. 

To summarise, an electrical heat model for LV network impact assessment aiming to 

incorporate the effects of localisation must be able to incorporate: 

¶ Geospatial heterogeneity; the specific physical and behavioural context of the distribution 

network segment under analysis, versus the average context for the entire DNO licence 

area. Physical factors incorporate building construction, age and type as well as local 

climate. Behavioural context includes householder demographics and thermal routines.   

¶ Geospatial granularity/low levels of customer aggregation; the ability to incorporate the 

effects of local model inputs down to the low hundreds of households or less.  

¶ Temporal granularity; capturing the effects of electrical heat load at a temporal scale 

relevant for LV networks analysis; typically hourly or half-hourly for broad network 

impact assessment. 
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2.6.2 Heat Demand Load Components 

 

Figure 2-7- Components that contribute to the electrical load imposed on the network by 

a heat pump (not exhaustive). 

The geospatially variable factors that contribute to direct heat demand, and therefore heat 

pump electrical load can be defined in two categories: 

¶ Physical, or technical components; the parameters that define the heat pump and 

building characteristics. 

¶ Behavioural, or non-technical components; thermal routines and comfort levels of 

the occupants which are primarily behaviourally driven. 

The energy required to heat an individual household to a target level can be expressed 

generically as shown in (1) using the standard specific heat capacity equation [122] , where ЎὝ 
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represents the difference in external versus internal temperature, ὅ represents the specific heat 

capacity of the overall household J/(kg·°C), ά represents the mass of the overall household in 

kilograms (kg) and ὗ represents the input energy required to achieve the target temperature 

change in joules (J).  

ὗ  άὅЎὝ (1) 

ὗ  ɿάὅЎὝ (2) 

This expression can be further modified to include the behavioural component. A duty cycle 

factor, ɿ, is added to (1) in order to create the relationship expressed by (2) This factor ranges 

between 0 and 1 and represents the proportion of time the heating system is in the on-state 

during a time period; a ɿ of 1 is equivalent to heating being constantly on whereas a ɿ of 0 

represents heating being continually in the off-state. In practice, this factor will be somewhere 

between these two extremes. By varying the behavioural ɿ component, and the physical 

components άὅ and ЎὝ the impact on ὗ can be considered. άὅ encompasses the 

aggregate effect of a building­s construction, size, insulation and physical parameters whereas 

ɿ reflects the aggregate effect of a residents age, economic status and personal preferences that 

otherwise modulate the behaviour of the heating system.  

This equation (2) however, is based on several simplifications and reliant on several 

assumptions. A uniform specific heat capacity ὅ is assumed for the entire household, when 

pragmatically a dwelling will consist of different structural materials, as well as furnishings, 

insulation, water and air. Similarly, as single value is assumed for ά to represent the overall 

mass of the household, which assumes that all mass will be uniformly affected by a heating 

process. ЎὝ simplifies the relationship between external and internal temperature, assuming 

that temperatures are uniform both within and external to the household. In reality, there will 

be natural temperature gradients across a household due to shading, layout and construction. 

Finally, the duty cycle parameter ɿ incorporates the behavioural component of the heating 
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system but does not account for any effects from thermal inertia and any non-linearities in 

transitioning between the two on-off states. 

Therefore, these expressions do not incorporate time to reach target temperature or account 

for heating losses but demonstrate the basic relation between physical and behavioural 

components and their contribution to overall heat demand. 

2.6.3 Limitations of Existing Datasets for Informing Physical and Behavioural Load 

Components 

As has been described previously, electrical heat load can be expressed as the combination 

of the load shape and load magnitude. Both load shape and load magnitude functions will vary 

on the basis of geospatially variable parameters that contribute to electrical heat load, such as 

building type and construction. 

The actual values of ɿ and άὅ that drive an individual­s specific thermal comfort level, 

the equivalent heat demand and the necessary electrical energy to achieve this is difficult to 

quantify due to the behavioural elements as well as the granularity of the physical parameters 

required. This interplay necessitates an appropriate level of detail for model inputs which can 

be challenging to obtain. 

For studies incorporating high numbers of customers, e.g. at a regional or national level, 

these effects can be neglected due to the effects of aggregation for high populations [76]. 

However, for LV-scale applications where the number of households and corresponding heat 

pump population is small their influence is of greater relevance. 

Previous works have already identified a relationship between occupant demographics, 

building type and overall household energy use, where details about the occupants and building 

are inferable from smart meter data [123]. For EVs, demographic effects have been shown to 

result in different probability distributions for EV usage [124] which translates into 

demographically influenced changes in network load. Similarly, it has been demonstrated that 
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household energy consumption patterns are sensitive to householder demographic and 

affluence [81] [125]. 

In practical terms, this may translate into higher electrical demands for groups of houses 

with poorer standards of insulation, or conversely more affluent households with larger interior 

volume. Like many domestic load types, heat pump usage is also behavioural; identically rated 

heat pump and building systems may impose radically different electrical loads due to the heat 

comfort preferences and routines of the individual resident [114].  

Existing works [76] [126] have highlighted the dependency on limited samples of heat 

pump load data for constructing load models. This introduces the risk that modelled load 

profiles do not capture the local influence of building and behavioural parameters, and 

therefore do not capture the corresponding delta between heat load inferred from trial datasets 

versus heat load for the target area. Recent works have tried to address this problem by 

developing parameter based predictions on how heat demand can vary versus building type and 

size [111], whilst the variability of heat demand versus individual behaviour has also been 

documented [114]. Predictions are constrained by availability of locally appropriate data in the 

public domain and are reliant on oblique parameters that may not be recorded reliably for all 

properties.  

Energy Performance Certificates (EPCs) capture property floorspace and nominal efficiency 

though are only published when a property is sold or rented [127]. Therefore, in many parts of 

the UK there are regions with partial or very low EPC coverage. Metadata such as number of 

rooms and occupants is captured in UK census data, but this can be insufficient to capture the 

inherent variability in residential property due to age, construction techniques as well as local 

demographic factors [128]. Furthermore, it is difficult to validate the output of these models 

with a specific value that can be directly correlated and validated versus demand. 

Within the UK and worldwide, significant diversity exists across building types, behavioural 

profiles as well as commercial heat pump type and configuration [128]. The absence of 
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sufficiently granular and comprehensive datasets capturing these parameters at appropriate 

resolutions for physical thermal models, combined with the potential diversity of these 

parameters, creates a need to develop alternative methodologies for robustly modelling locally 

granular heat demand at geospatial and temporal scales appropriate for LV network analysis. 
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2.7 Contributions of this Research in the Context of Prior Work 

  

Figure 2-8 Contribution of this Research in the Context of Prior Work  
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This chapter has outlined the wider context of this work, with respect to the ongoing 

climate crisis and the concurrent efforts of international and national organisations to reduce 

and mitigate the effects of greenhouse gas emissions. Within the UK, significant focus is 

allocated to the decarbonisation of heat, and correspondingly, the electrification of domestic 

heating through the adoption of low-carbon heating solutions. 

The rapid adoption of electrical heat pumps at the distribution network level presents a 

series of technical obstacles for network operators and asset owners for both planning and 

operational tasks. Against the wider backdrop of LV network LCT integration, the technical 

difficulties introduced by greater electrification of heat are in many ways common with the 

challenges faced by increased adoption of electric vehicles and LV-connected solar and wind 

generation. Unlike historical domestic load profiles which exhibit fairly static shape and 

magnitude characteristics, these new load types are sensitive to geospatially variable effects 

such as weather, demographics and building stock characteristics. The influence of these local 

factors has already been demonstrated to manifest in different voltage and current effects 

specific to the feeder under analysis. Given the scale of the entire distribution network, this 

represents over half a million specific sets of geospatially grouped parameters that can 

influence local electrical heat load. Therefore, whilst this work focuses on the specific problem 

of modelling electrical heat load appropriately at distribution network level, the higher 

concepts are universally applicable for modelling new load types at distribution network level. 

The increased complexity of the energy-mix connected to LV feeders ± stochastic solar 

PV generation, energy storage and additional electrical load contributed by EHP­s and EV­s ± 

imposes additional pressure on DNO­s to maintain quality of service and security of supply 

without incurring significant increases in expenditure. DNO­s face transitioning from 

managing a passive network that requires minimal operational intervention, where primary 

functions can involve fault isolation and service restoration, online power flow and switch-

order management [129]. Instead, the integration of LCT­s creates new opportunities for a 
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DNO to take a more active role in network management as a distribution system operator, or 

DSO. DSO­s functions can be broadly summarised as taking an active stance for several 

functions that were not previously required: local balancing of generation and load, facilitating 

uptake of LCT­s within a licence area by simplification and expedition of connections 

processes as well as acting as a facilitator for new market structures amongst various energy 

stakeholders [130].  

To date previous works have focused on examining electrical load profiles on a highly 

aggregated scale, suitable for national or regional analysis. These efforts have been naturally 

constrained by availability and quality of trial data. This work aims to build on previous 

electrical heat load modelling efforts, by developing electrical heat load profiles that are 

sensitive to local building and demographic parameters, in addition to weather conditions. 

Understanding short-term and longer-term impacts of electrical heat load within a licence area 

is key for DNO­s seeking to optimise network utilisation. 

 In the short-term, existing electrical heat load on a feeder is predominantly sensitive to 

external air temperature; this temperature dependency therefore results in periods of very high 

or very low electrical heat load depending on the time of year. The ability to predict electrical 

heat load with confidence throughout the year enables DNO­s to procure flexibility when 

required or encourage demand response participation when balancing electrical heat load 

usage with other load-types on a feeder. Over the longer term, the rate of uptake of EHP-type 

heating on feeders will evolve, generally resulting in increased electrical heat load across a 

licence area, with the potential for areas of concentrated EHP uptake to emerge. Ultimately, 

even in acting in a DSO-type role, future network operators will need to ensure that investment 

is suitably applied to reinforce the network appropriately for future load conditions.  

The methodologies in this work offer additional capabilities to DNO­s over both the short 

and long-term in terms of predicting electrical heat load with respect to localised external air 
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temperature, for customer groups of low diversity, with additional heat demand localisation 

capabilities specific to existing gas demand usage in an area.  

Furthermore, this work aims to step beyond the standalone modelling approach that is 

prevalent in the literature, towards methodologies that contribute to network decision making 

in a real environment. The reliance on pure trial data or isolated physical models inhibits the 

final usefulness of a model for real network applications; there is still a gap between modelled 

outputs and how a network operator or user should apply these findings for decision making 

in a network­s context. However, there is still a need for these approaches in the absence of 

complete visibility at the LV level. Therefore, this work will demonstrate an integrated concept 

that aims to augment modelled electrical heat load with live data disaggregated from the LV 

transformer using a novel approach. This represents an effort to overcome the limitations of 

static models based on limited data or physical approaches, by supporting the models with 

inferred contextual information drawn from the specific network of interest. 

 

Figure 2-9 Research Overview  

The high-level contributions of this work are illustrated in Figure 2-9. Chapter 3 will 

introduce a novel methodology for deriving electrical heat load shapes sensitive to external air 

temperature, and suitable for examining networks with low customer numbers and therefore 

low levels of diversity. This is in contrast to previous works which have focused on electrical 
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heat load shapes at winter extremes, and averaged results for customer group sizes greater than 

those found on typical LV feeders. 

Chapter 4 builds on the work in Chapter 3 by outlining a methodology for further 

localisation of the electrical heat load shapes derived from trial data. Chapter 4 introduces a 

method for scaling electrical heat load with respect to existing measured annual gas demand 

for a postcode, allowing for the prediction of electrical heat load not only with respect to local 

external air temperature, but geospatially variable factors such as building type, construction 

and household demographics. 

Combined, Chapter 3 and Chapter 4 therefore offer a methodology for predicting the shape 

and scale of electrical heat load with respect to external air temperature, existing annual gas 

demand, and number of customers. This approach is fundamentally dependent on the 

parameters derived from static trial datasets, and Chapter 5 seeks to overcome these limitations 

by demonstrating an approach for informing shape and scale parameters from operational 

transformer data rather than static datasets. 

Finally, Chapter 6 draws the methodologies together in a unified concept that seeks to use 

the scale and shape information encoded in static trial datasets, supported by the locally 

specific insights that can be derived from the aggregated load of a real world LV transformer. 
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This chapter describes the limitations of existing electrical heat load modelling 

methodologies and presents a novel probabilistic electrical heat load model developed from 

trial datasets. This builds on previous works which have focused on modelling highly 

aggregated heat pump load at winter extremes rather than across the entire range of outdoor 

air temperature conditions. This methodology is sensitive to local outdoor air temperature as 

well as number of customers.  

3.1 Summary 

The introduction of electric heat pumps as a low carbon option for space heating offers a 

potential pathway for reducing the carbon emissions resulting from domestic heating demand 

in the UK. However, the additional power demands of heat pumps over conventional domestic 

loads have the potential to significantly erode network headroom, particularly at the 

distribution level. The uptake of this technology within the UK is currently limited and the 

effects of widespread adoption on distribution networks are not well characterized due to the 

sparse availability of operational heat pump demand data. This chapter outlines a methodology 

for quantifying the demand impact of heat pumps on Low Voltage networks sensitive to local 

outdoor air temperature by deriving fundamental thermal relationships from real heat pump 

electrical demand data. These relations can then be applied to predict demand for new studies 

independent of the geographic specifics of the original dataset. The strength of this model is 

in the ability to predict an aggregated hourly heat pump electrical demand profile that reflects 

local outdoor air temperature and intra-day usage as well as population size, thereby also 

accounting for diversity effects that are difficult to capture in physics-based models. This work 

augments the usability of limited existing data by facilitating demand analysis sensitive to 

local outdoor air temperature, rather than blanket rescaling of existing customer data as has 

been performed in previous studies. This creates future opportunities for examining heat pump 

demand sensitivity for different geographic locations against existing heat pump assessments, 
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as well as performing studies which incorporate multiple low carbon technologies connected 

to a Low Voltage network. 

3.2 The Challenge around Heat Pump Demand Modelling 

The increase in network load contributed by heat pumps presents a serious threat to the 

existing thermal and voltage limits of LV network assets. In order to maintain quality of 

service for customers whilst minimising the need to incur costly network reinforcement, 

network operators require a clear view of how heat pumps will impact networks at a local level. 

For this purpose, predictive demand models that use operational demand data have an 

advantage over conventional physical demand models, in that they can capture individual 

household behavioural and diversity effects that are difficult to parameterize in physical 

models. However, there is currently very limited availability of UK-based operational heat 

pump data to draw on for examining heat pump network effects. Furthermore, heat pump 

demand is highly sensitive to local outdoor air temperature ; conditions can be highly divergent 

even within a limited geographical area due to factors such as local topography and level of 

urbanization. This necessitates a model that captures the full temperature to demand 

relationship rather than relying on operational maximums. Traditionally, load prediction at LV 

level has been limited to modelling peak annual demand and rating physical assets 

appropriately in order to ensure there is sufficient headroom to meet this modelled peak [131]. 

The need to decarbonize the energy sector necessitates the further uptake of LV-connected 

low carbon technologies such as heat pumps, alongside wind, PV and EVs. The inherent 

stochasticity of these load types with potential for new failure modes demands new prediction 

approaches beyond the historic method of modelling bulk aggregations. On this basis, the 

contribution of this chapter is a methodology for quantifying the impact of heat pump demand 

on LV networks sensitive to local weather conditions by deriving fundamental thermal 

relationships from real heat pump electrical demand data. These relations can then be applied 

to predict heat pump electrical demand for new studies independent of the original dataset, 



58 

 

thereby maximising the utility of sparsely available heat pump demand data. The cost and 

complexity of capturing useful heat pump demand data at scale limits the availability of quality 

datasets for future EHP impact research; by offering a generalised model this work seeks to 

offer a transferable method that can be tailored for impact studies beyond the original dataset 

sample population.  

 This methodology extracts electrical demand versus hour of day and electrical demand 

versus outdoor air temperature relationships from individual customers in an operational 

dataset and translates these relationships into a format that can be then used to probabilistically 

predict heat pump demand through a black-box type approach. Linear scaling factors are 

derived from the operational dataset to act as a proxy for the variation in building type, heat 

pump type and system efficiency that would be seen in a typical UK population. By directly 

modelling these relationships versus electrical demand, the need to transform a heating 

demand into an electrical demand is circumvented. The majority of previous heat pump 

demand impact studies have focused on predicting demand for extreme cold temperatures 

rather than fully capturing the temperature/demand relationship [108], [76]. A key strength of 

this model is the ability to generate a heat pump demand profile that is sensitive to local 

outdoor air temperature conditions, hour of day and population size, thereby accounting for 

diversity effects as well as temperature. Furthermore, by incorporating the full electrical 

demand versus outdoor air temperature and time of day relationship, this model facilitates the 

study of heat pump demand impact alongside other low carbon technologies on an LV network 

for conditions other than extreme cold days. The mean error and standard deviation of this 

model are tested versus two heat pump demand datasets, with consistent results versus 

population size and outdoor air temperature for both cases. This indicates that the developed 

approach will be generally applicable for UK based heat pump populations, facilitating 

analysis of LV networks with demand profiles tailored to local weather conditions. In section 

3.3 of this chapter, the selected methodology for modelling heat pump demand is described. 

Section 3.4 presents the validation results as well as primary model results. Section 3.5 
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discusses the results, section 3.6 outlines potential applications and a basic case study and 3.7 

concludes the chapter with further possible work. 

3.3 Probabilistic Prediction of Localised Heat Pump Demand 

 



60 

 

Figure 3-1 Localized Heat Pump Demand Model Overview showing in sample training 

and out of sample testing/prediction procedures. 

This section contributes a method for quantifying the demand impact of increased heat 

pump uptake for population sizes typical of LV networks, sensitive to local ambient 

temperature. This is performed by extracting the fundamental relationships between heat pump 

electrical demand, temperature, and time of day from a training dataset such that it can be 

applied to a new target application. A one hour-resolution is selected for the synthetic demand 

profiles as a trade-off between achievability and utility. This one hour-resolution has been 

selected to focus on examining the steady state effects of electrical heat demand versus 

external air temperature. One hour is the highest available sampling rate for open-source UK 

temperature data [132], and examining the effects of electrical demand versus external air 

temperature change at higher sampling rates would therefore not provide a meaningful result.  

This steady state analysis contrasts with examining transient electrical effects such as the 

start-up current contributed by multiple devices turning on in quick succession and how this 

might impact network stability.  

This model will utilise UK domestic heat pump data coupled with historical weather data 

in order to characterise the fundamental relationship between daily electrical demand and 

temperature for heat pumps. This will enable generation of heat pump demand profiles 

sensitive to local temperature using only the local temperature information and limited inputs 

to seed the heat pump sizes within the population. The three primary relationships versus 

ambient temperature this study will characterise are:  

° Daily Energy; heat pump electrical demand over the course of a day  

° Daily Average Duty Cycle; average heat pump state for a single day  

° Hourly Duty Cycle; hourly heat pump state within a single day  
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Models capturing these relationships are used with local weather observations at a target 

site to produce a EHP demand for that site; this facilitates modelling hourly heat pump demand 

for cases independent of the original sample dataset. The interrelationships between model 

data, characterization and model tests for this work are defined in Figure 3-1. The datasets 

used for developing this model are described in more detail in section 3.3.1. The model will 

be validated with multiple datasets, both to prove the concept but also to quantify the error 

associated with the model. 

3.3.1 Case Study Datasets 

 

Figure 3-2 Implied joint distributions of daily demand (kWh± x axis) versus daily 

average temperature (ǓC ± y-axis) for target data set heat pump loads #1 - #9, taken from [2]. 

This work makes use of three datasets to model the relationships between demand, 

temperature, and population size. There is presently no large-scale heat pump dataset available 
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that sufficiently captures all of these parameters; therefore, different data sources are combined 

in order to define the relationship between heat pump electrical demand and temperature. The 

reference heat pump demand used for model training is the Renewable Heat Premium Payment 

(RHPP) dataset [115] features 2-minute resolution electrical demand data collected from 418 

air source and ground source heat pumps in the UK from October 2013 to March 2015. This 

dataset does not feature location data or local weather measurements. The electricity usage 

monitored in this dataset does not include domestic hot water use which will not be modelled 

as part of this study. Due to the lack of corresponding local weather data available for 

individual customers in the RHPP dataset, historical weather data from a climatically average 

location in the UK is paired with the existing RHPP demand data to complete the reference 

data set. Historical weather data from the Centre for Environmental Data Analysis (CEDA) 

for the Central England weather station at Pershore [132] is aligned with the RHPP demand 

data. Due to the anonymisation process for RHPP customers, it is not possible to link 

specifically localised weather data to each customer­s dataset.  

In order to allow for a generalised relationship of local outside air temperature versus 

electrical demand to be generated, the Pershore weather series is used to give an average view 

of UK temperature for the corresponding dataset sample period. Pershore weather station is 

based at an inland, low-lying location in central England and is therefore roughly 

representative of weather for the majority of the UK population. [133] analysed the 

relationship between 24 individual meteorological stations throughout the UK and found the 

correlation between CET monthly temperature means was highly significant (p < 0.001), 

justifying the use of the CET as a benchmark for UK-based climate studies. 

Finally, the operational demand data collected during the Low Carbon London (LCL) heat 

pump trials [2] is used as the target data set for validation purposes. This dataset features 

electrical heat pump demand and associated local temperature measurements for nine 

customers; this dataset is used to test that the learned model characteristics produce an accurate 
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predicted heat pump demand from a local temperature measurement. In LCL, customers 1 to 

5 and 7 feature two years­ worth of data; the remaining customers 6, 8 and 9 only feature 60 

days of data. All customers have air-source heat pumps installed with heat pump sizes ranging 

from 8 to 16kW in rating. 

3.3.2 Daily Demand versus Temperature Characterisation 

Electric heat pump daily demand is broadly proportional to ambient temperature: lower 

ambient temperatures translates into higher heat pump daily demand, and vice versa for high 

ambient temperatures. The influence of parameters such as heat pump rating, efficiency, 

building insulation type and most importantly occupant routine behavioural parameters result 

in a range of possible values given a single daily average temperature measurement rather than 

a single possible value. This is directly observable in the LCL dataset shown in Figure 3-2, 

with a particularly wide band of possible demand values for 10 ǓC. Customers 6, 8 and 9 are 

reduced datasets only featuring 60 days of data and therefore only show a partial illustration 

of this characteristic ± they do not capture the full operational variation due to seasonal changes. 

This relationship is presumed to exist in the RHPP dataset, however is masked by the lack of 

available corresponding temperature data. This range of possible demand values for a single 

daily average temperature is the basis for taking a probabilistic approach in this study. In order 

to create the basis for the model, the hourly demand measurements for each RHPP customer 

are converted from an hourly advance to daily total in kWh. In order to allow for comparison 

across the entire dataset, the total daily demand for each customer is normalised with respect 

to a reference population maxima using the formula: 

Ὀ  
Ὀ

Ὀάὥὼ
 (3) 

where DkWh is the daily demand for a specific day and Dmax is the maximum daily demand 

for the customer dataset being normalised. This scales all customer data on a range from 0 to 

1; 0 representing zero demand and 1 representing maximum demand. The normalised 
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customer demand is mapped to the CEDA Pershore weather station ambient temperature data 

for the same time period as the training dataset. The training customer demand data and 

weather data is then unified and plotted in the heatmap shown in Figure 3-3. The aggregated 

demand data has been split into 1 ǓC intervals and the distribution plotted in Figure 3-3. This 

clearly illustrates the same characteristic shape as the Low Carbon London data in Figure 3-2; 

a narrow tail for ambient temperatures above 15 ǓC and a widening band of higher demand for 

lower temperatures. Datapoints for lower temperatures are sparse in the overall dataset and the 

increased granularity of the distribution at very low temperatures is visible. The standard 

deviation and mean is calculated for each of the 1 ǓC dataset intervals, 

 

Figure 3-3 Joint histogram showing implied dependency structure of normalized daily 

heat pump demand against daily average temperature (ǓC) from training dataset. 

translating the raw data into a Gaussian distribution for each temperature band. This provides 

a plausible range of normalised demand values for each 1 ǓC interval. This is represented as: 
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Ὢὼ 
ρ

„Ѝς“
Ὡ   (4) 

(4) represents the standard form of a Gaussian distribution, with a temperature specific 

mean ‘ and standard deviation „, which is obtained for each temperature band in the 

Normalised Daily Demand versus Daily Average Temperature ǓC relationship illustrated in 

Figure 3-3. The derived mean and standard deviation parameters are provided in Table 8-1 

for reference.  Therefore when making a demand prediction the daily average temperature 

is first identified, and then the demand value is generated based on a distribution determined 

by the corresponding standard deviation and mean for that temperature that has been derived 

from the data in Figure 3-3. This represents the conditional distribution as a lookup table 

consisting of mean and standard deviation, thus removing the need for a fitting a complex 

functional relation.  

Ὀ  is constructed by obtaining a random sample from the normal distribution 

defined by the appropriate mean ‘ and standard deviation „ parameters for the 

temperature-band. This random sampling is represented in (5), where . represents normal 

distribution. The obtained random sample Ὀ  is scaled into kWh using the formula 

shown in (5) , where Ὀάὥὼ is the maximum daily kwh demand for the particular EHP. 

Ὀ  Ḑ.‘ȟ„  (5)  

Ὀ  Ὀ Ὀάὥὼ (6) 
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3.3.3 Daily Duty Cycle 

 

Figure 3-4 Conceptual operating envelope for daily average demand versus daily average 

duty cycle 

A model for predicting daily heat pump energy has been derived however it is still 

necessary to characterise how this energy is used throughout the day. For this purpose, the 

modelled duty cycle will be disassociated from time-of-day characteristics. The purpose of 

this section is to derive the proportion of on and off durations for a particular day, not how 

heat pump activity is distributed throughout the day. Heat pump outputs can be one of two 

types: fixed output or inverter based variable output. Fixed output heat pumps operate by 

cycling on and off between maximum power during the required heating period. Inverter based 

heat pumps can modulate their output to any intermediate point between zero and full power 

as required to meet heating demand. Typical fixed output heat pumps operating periods range 

from 9 to 40 minutes [134], therefore over a time period of one hour the power characteristics 

of a fixed output versus inverter based output will average to the same profile in order to meet 

the same heating demand for the majority of cases if conversion efficiencies are assumed to 

be identical.  
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Conceptually, therefore the daily average demand is directly proportional to the amount 

of time the heat pump spends in the ¬¬on­­-state. The ratio of time spent in the on-state versus 

the off-state will be represented as a duty cycle measure. On this basis this work will develop 

a two-state model for linking the previously derived daily heat pump energy in section 3.3.2 

to an hourly demand figure. The modelled duty cycle ɿAV is calculated from the ratio of the 

predicted daily demand DPredicted (kWh) over the real maximum demand Dmax for the 

customer profile. This is further scaled by duty cycle population data through the value ɿmax 

as shown in (7). Each customer profile has their own fixed value of ɿmax, representing the 

maximum time the heat pump spends on at the cold operational extreme. The theoretical upper 

limit for ɿmax is 1 (representing always on) however the mean ɿmax obtained from the 

training population is 0.68, representing a heat pump that is on 68% of the time at its upper 

operational extreme. The values of ɿmax are derived from the RHPP population dataset for 

validation purposes. For an instantaneous sample period heat pumps of any output type can be 

assumed to be in one of two states: on or off. Under steady state conditions the on-state can be 

assumed to be fixed, although ramping to steady state will introduce intermediate values of 

demand. Therefore the daily heat pump demand is directly proportional to the amount of time 

a heat pump spends on the on-state. Figure 3-4 and (7) illustrate the conceptual relationship 

between the maximum daily demand Dmax, the maximum daily duty cycle ɿmax scaling 

factors, the predicted daily demand DPredicted(kWh) and the derived duty cycle ɿAV . 

‏  
Ὀ  

Ὀάὥὼ
 άὥὼ (7)‏

The duty cycle ɿAV therefore represents the average heat pump state for the daily time 

period. Once the daily demand DPredicted(kWh) and the daily average duty cycle ɿAV is 

known the on-time ton, off-time toff and on-power Pon can be determined. For a single day 

this is then used to derive the toff, ton and Pon for the heat pump as shown in (8), (9) and (10). 

This makes the assumption that the heat pump is either fully on or fully off with no 

intermediate values. 
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ὸ ὸ ὸ ‏  (8) 

ὸ  
ὸ ρ ‏

‏
 (9) 

ὖ  
Ὀ

‏
 (10) 

Figure 3-5 illustrates the relationship between the original observed demand and the 

modelled demand Pon derived from (8), (9) and (10). The left-hand figure shows the original 

observed demand over the course of a day; the right hand figure shows the same observed 

demand dataset but sorted by magnitude rather than plotted versus time. Whilst the observed 

demand modulates between the on/off state, the actual observed value of Pon varies roughly 

between 1.5kW to 3.8kW. The simplified modelled demand assumes a fixed kW figure for 

Pon, that is proportional to the maximum daily demand Ὀ  and daily average 

duty cycle ‏ Ȣ For the case in Figure 3-5, this modelled demand Pon is calculated as 2.4kW 

and is plotted alongside the observed Pon, illustrating how derivation of ‏  from 

Ὀ  can be used to model a good approximation for the proportion of time a heat 

pump spends in either the on or off state. The distribution of the modelled on/off states for a 

single day are derived in the next section. 
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Figure 3-5 (left) Observed Demand (kW), (right) Modelled Demand (kW) and Observed 

Demand (kW) for single day. 

3.3.4 Hourly Duty Cycle 

The remaining aspect of the model is to develop a method for determining heat pump 

hourly demand profile from the daily average energy and daily average duty cycle. As 

illustrated in Figure 3-2 the shape of a daily electrical demand profile can vary significantly 

from household to household due to heat pump and building parameters, as well as behavioural 

routines. The primary concern around heat pump type loads is that without a storage element 

to buffer or shift time of use, heat pump loads can be anticipated to be needed at similar times 

of day for most households, in combination with their high energy and high-power 

characteristics. Therefore, the specific time of day for heat pump activity becomes of critical 

interest ± a load that is distributed evenly throughout the  

 

Figure 3-6 Real demand (kW, blue), modelled duty cycle (green) and average real 

demand (red) 
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day will not pose the same risks to voltage and thermal limits as a load that tends to be clustered 

around existing the domestic load peaks in the morning and evening. The time of use patterns 

across the entire RHPP dataset will be characterised and then fed back into a validation model. 

Ideally power would be modelled as an instantaneous value, however due to the variability in 

heat pump type and operation, it is not possible to develop a high-resolution predictive model 

that is fully applicable for the entire dataset. The approach here is to therefore develop a 

practical method for characterising sub-daily demand magnitudes to a reasonable resolution 

for network-based analysis and validation. The aim of this model is not to detect or characterise 

fast transients (which are better predicted by physics-based models), but rather steady state 

network conditions and how they contribute to network limits. This work will therefore model 

hourly demand magnitude rather than instantaneous power. Further work would be possible 

to reduce this time resolution further for specific applications. It has been shown in section 3.3 

that modelling a linear relationship between the daily demand and daily average duty cycle 

ɿAV through (7) allows for derivation of the ton, toff and Pon values for a particular day. This 

section will outline a framework for linking the derived daily average duty cycle to a set of 

hourly duty cycle values determined by ambient temperature. This set of hourly duty cycles 

will retain the overall predicted ton, toff and Pon values determined by the ɿAV for a particular day. 

The individual time of day versus temperature relationships for all RHPP customers will be 

aggregated into a single framework that can be used to generate synthetic demand profiles. 

Figure 3-6 illustrates a sample raw demand profile translated into daily and hourly duty cycle 

for a single customer. 
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Figure 3-7 Conditioning of raw heat pump electrical demand profile into time of use profile 

versus temperature 
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3.3.5 Heat Pump Demand from Temperature Translation Model 

This section describes the process for translating the daily average duty cycle ɿAV into a 

corresponding set of hourly duty cycle values, allowing for shaping of an overall daily demand 

profile. Building on the relationship between daily demand and daily duty cycle defined in 

section 3.3.4, for all daily customers the raw load profile is translated into an hourly duty cycle 

and temperature profile relation. Due to the direct relationship between heat pump energy 

consumption and ambient temperature, the time of use characteristics for a particular heat 

pump will also vary with temperature ± heat pump activity during the day reduces with warmer 

temperatures and vice versa for cold temperatures. The output of this conditioning stage is that 

for each unique customer there exists an aggregated duty cycle profile for each hour of the day 

and temperature combination dataset The data conditioning process to transform the raw 

demand data into a daily average temperature versus hourly duty cycle profile is outlined 

graphically in Fig.8. For each customer, the raw demand profile for each 1ǓC slice is converted 

to instantaneous heat pump state as shown in (11), where Emax represents the maximum 

instantaneous demand magnitude for the day. This is then converted to hourly duty cycle. The 

process to convert the raw kWh/2mins measurements Ὁὸ into the averaged hourly duty 

cycle is given in (9). The factor of 30 is the number of measurements required to sample a 

one-hour period due to the two-minute sampling rate in the raw trial data. Finally, all profiles 

belonging to the same customer and 1ǓC temperature set are averaged to create an aggregated 

profile of hourly duty cycle versus temperature through (13), where n represents the number 

of datasets available for a particular customer and 1 °C temperature combination. This final 

figure ‏ then provides a single average hourly duty cycle ‏ for a customer, drawn from the 

aggregate of a customer­s raw data and corresponding ‏ͺ  for a particular hour of day 

ranging from 0 to 23. This process does not make any distinction between weekend, weekday, 

or any exceptional days such as holidays or bank weekends. The impact of the 

weekday/weekend distinction on modelling strategies has been assessed in [135], which 

identifies clear changes in load routines during weekdays versus weekends. The aim of this 
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work however is to first develop a generalised model that can then be tailored to suit specific 

analysis tasks. 

Ὁὸ  
ρ ὸ πȢρ Ὁάὥὼ
π ὸ πȢρ Ὁάὥὼ

 (11) 

ͺ‏  
ρ

σπ
Ὁὸ 

(12) 

‏  
ρ

ὲ
 ͺ‏

(13) 

Each customer therefore has a 24 x 20 array where there is a row associated with each 

hour of the day and a column associated with each 1°C temperature slice, with each cell 

representing an hourly duty cycle ɿh that reflects the heat pump activity for those conditions. 

The array is defined as follows for each customer: 

‏  ὪὸὩάὴὩὶὥὸόὶὩȟὬέόὶ έὪ Ὠὥώ (14) 

The final output of this process is shown at the bottom of Figure 3-7 as the hour of day 

versus temperature plot. This shows an example of a time versus temperature relationship for 

a single customer. Figure 3-8 shows a further selection of temperature versus time of use 

profiles for nine additional customers: this clearly illustrates the diversity in time versus 

temperature relationships for multiple customers. From this limited selection it can be seen 

that customers tend to retain heat pump behaviours across the temperature range. Customers 

that do not enable heating during the day for cold extremes tend not to enable heating for any 

other temperature. Similarly, customers that have heating operating continuously at cold 

extremes still exhibit this behaviour at warmer temperatures. 
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3.3.6 Daily to Hourly Demand Relation Learning 

 

Figure 3-8 Selection of nine customer temperature versus time of use profiles from training 

dataset 

This section will further condition the data in order to link sets of hourly duty cycles to a 

single daily average duty cycle figure and therefore shape a demand curve based on a single 

daily average duty cycle value. Each of the 418 temperature versus time of day profiles derived 

from the RHPP dataset and defined in (14) are combined into a three-dimensional array 

defined as: 

‏ ὪὸὩάὴὩὶὥὸόὶὩȟὬέόὶ έὪ ὨὥώȟὧόίὸέάὩὶ (15) 

The customer axis is transformed into a numeric ɿav value by computing the average daily 

duty cycle for each customer and temperature set of 24 ɿh values: 

‏  
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The array in (15) is now modified with the customer axis being replaced with the ɿav 

corresponding figure calculated in: 

‏ ὪὸὩάὴὩὶὥὸόὶὩȟὬέόὶ έὪ Ὠὥώȟ‏  (17) 

Finally, this array sorted by average daily duty cycle. This sorts the array by heat pump 

activity for the entire population sorted by most active to least active. Figure 3-9 shows the 

0ǓC slice of this array. This array shows the distribution of heat pump activity across the entire 

RHPP population versus time of day. Clear morning and evening peaks are visible, but there 

are also customers with very high and very low heat pump activity at either extreme. This 

array clearly illustrates that heat pump activity exists on a continuum rather than there being 

clearly defined repeating profiles. It is theorised that this characteristic will be true for all UK 

based heat pump populations over a certain size that feature a certain level of diversity. The 

subsequent temperature slices in Figure 3-10 clearly show the reduction in heat pump activity 

with temperature. The onset of the  

 

Figure 3-9 Heat Pump Hourly Duty Cycle (0 to 24 hours, x-axis) versus Average Duty Cycle 

(y-axis) 
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Figure 3-10 RHPP Heat Pump Hourly Duty Cycle Distribution - (0 to 24 hours, x-axis) 

versus Average Duty Cycle (y-axis) for 0ǓC, 5ǓC, 7ǓC, 10ǓC, 15ǓC and 19ǓC 

morning demand peak at 6am and drop off at 10pm correlates closely with the December 

averaged profiles obtained from the Customer Led Network Revolution heat pump study, 

which consisted of 89 customers [108]. It is now possible to generate an hourly demand 

estimate using only a daily average temperature input combined with the demand and duty 

cycle linear scaling factors. The daily demand is generated as per the relationship shown in 

Figure 3-2. From this an hourly duty cycle can be obtained through the relationship between 

hour of day and daily average duty cycle shown in Figure 3-10. Finally the daily average duty 

cycle is paired with the closet matching set of hourly duty cycles for the appropriate 

temperature in (14). The predicted hourly demand Dpredicted_h for each hour of the day being 

calculated is obtained though (15): 

Ὀ ͺ ‏ 
Ὀ

ςτ
 (18) 
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where Dpredicted_h (kWh) is the predicted daily power and ɿh is the predicted hourly duty cycle. 

Fig.12 illustrates the final load profile output of the process for a single theoretical customer 

and range of temperature values. 

 

Figure 3-11 Daily demand profiles for a single customer for 0ǓC, 5ǓC, 10ǓC, 15ǓC and 20ǓC 

3.3.7 Training Dataset ± Customer Profiles 

 

Figure 3-12 Distribution of RHPP Customers by mean heat pump daily demand (kWh) 
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Figure 3-13 (left) Maximum duty cycle versus customer # (right) Distribution of maximum 

duty cycle for RHPP customer dataset (kWh) 

The RHPP training dataset acts as the source of scaling factors for daily demand Dmax and 

duty cycle ɿmax in this study in (23) and (7). The structure of this model is such that the model 

may be seeded with scaling factors from other populations or datasets as required for specific 

analysis. This section describes the general population characteristics of the scaling factors 

used within this study. The limitations of using the RHPP dataset method have been identified 

in previous works ± customers in the RHPP dataset are predominately local authority landlords 

rather than private tenants [76]. Additionally, heat pump technology has advanced since the 

installation of the sample population hardware in 2013 and therefore this may not fully be 

representative of a modern population due to improvements in achievable COPs and building 

efficiencies. The normalised demand generated in section 3.3 is multiplied from the scaling 

factor Dmax derived from the RHPP population demand magnitude. Figure 3-12 illustrates the 

mean daily demand for each customer across the RHPP dataset. The population predominately 

features customers at the lower end of the mean daily demand. 

The maximum duty cycle ɿmax per customer in the RHPP dataset is shown in Figure 3-13. 

This shows that apart from customers with very low heat pump demand, maximum duty cycle 

is not strongly correlated to heat pump demand and is distributed normally throughout the 
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dataset. The right-hand side of Figure 3-13 shows that maximum duty cycle is approximately 

normally distributed throughout the RHPP dataset. 

3.4 Validation of Predicted Demand Profiles 

The developed model is validated against the observed demand data in the RHPP training 

dataset and the LCL target dataset. The model is fundamentally derived from training dataset 

characteristics and therefore the tests versus the LCL dataset validate how well the method 

works versus unseen data. Large scale population testing is performed with the training dataset, 

using the user profiles and demand shapes generated from the training dataset. The inputs used 

to generate a demand prediction are for a single day are the daily average demand, and the 

customer scaling factors: maximum daily demand Dmax and maximum daily duty cycle ɿmax. 

These inputs are then fed into the thermal relations derived in this paper in order to generate 

daily and hourly demand predictions. Random populations of customers ranging from 1 to 160 

are used; with the error being assessed as a simple mean absolute percentage error from 0ǓC 

to 15ǓC. Heat pump behaviour below 0ǓC is beyond the scope of this model due to the lack of 

data for this condition in the used datasets; beyond 15ǓC is not examined as beyond this point 

heat pump activity becomes minimal in the real data in terms of energy as shown in Figure 

2-1Figure 3-3.  

3.4.1 Daily Demand Testing 

 0°C 5°C 

# MAPE (%) ʎd (%) MAPE(%) ʎd (%) 

1 38.6 43.3 82.9 285.9 

5 23.7 23.1 21.4 18.6 

10 17.0 13.8 18.7 13.7 

20 15.1 11.4 15.1 8.9 

40 12.1 7.2 13.9 8.8 

https://en.wiktionary.org/wiki/%CF%83
https://en.wiktionary.org/wiki/%CF%83
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80 12.6 4.6 13.2 4.9 

160 12.6 3.2 12.3 3.2 

 

 10°C 15°C 

# MAPE (%) ʎd (%) MAPE (%) ʎd (%) 

1 82.8 230.0 68.3 109.4 

5 20.8 18.6 24.6 20.6 

10 16.3 10.8 18.5 13.3 

20 13.2 8.9 12.5 8.8 

40 13.0 8.1 11.0 7.9 

80 12.3 4.5 8.4 4.8 

160 12.8 3.4 7.6 5.5 

Table 3-1 Daily demand prediction mean absolute percentage error (MAPE) and 

its standard deviation for 0, 5, 10, 15ǓC and aggregations of 1, 10, 20, 40, 80, 160 

customers using training dataset. 

 

 Target Local Weather Pershore CEDA Weather 

# MAPE  

(%) 

ʎd 

(%) 

MAPE 

(%) 

ʎd 

(%) 

9 14.4 8.1 18.6 11.1 

Table 3-2 Daily demand MAPE and its standard deviation for target customer dataset 

using target local weather and Pershore CEDA weather observations 

https://en.wiktionary.org/wiki/%CF%83
https://en.wiktionary.org/wiki/%CF%83
https://en.wiktionary.org/wiki/%CF%83
https://en.wiktionary.org/wiki/%CF%83
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Figure 3-14 Real Demand, Predicted Demand (Target Local Weather) and Predicted 

Demand (Pershore CEDA Weather) for 9 aggregated LCL customers from 7/01/2014 to 

20/03/2014. 

The real versus predicted daily demand is calculated for randomly selected groups of 1, 5, 

10, 20, 40, 80 and 160 customers. For each size group, a random selection of customers is 

selected from the training dataset and the real daily demand versus predicted daily demand 

calculated. This process is replicated 100 times for each group size in order to obtain a mean 

and standard deviation for error, with a new random selection of customers generated each 

time. 100 runs per customer group is chosen as a trade-off between computing time and 

accuracy. From this the mean absolute percentage error for each customer in each group is 

calculated as shown in, where Dreal_d is the real daily demand and Dpredicted_d is the 

predicted daily demand as derived from (5) . This process is then repeated for the temperature 

points 0ǓC, 5ǓC, 10ǓC, and 15ǓC. The final MAPE for each temperature/group number 

combination is simply the average MAPE obtained for each set. The percentage standard 

deviation ʎ is calculated as per (20). The results for this process are shown in Table 3-1. 

ὓὃὖὉ 
Ὀ ͺ Ὀ ͺ

Ὀ ͺ
ρππ (19) 
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For the target dataset there are nine customers and the maximum overlap in time for the 

overall dataset is a 60-day period ranging from 17/01/2014 to 20/03/2014. The aggregated 

customer demand from this period is used to evaluate the training dataset derived model for 

predicting demand for other customer datasets. Two temperature profiles are used to 

synthesise the daily demand: one is the Pershore weather dataset used for the training dataset, 

the second is the averaged local temperature data from the target dataset. Figure 3-14 shows 

the real versus predicted daily demand for the aggregated target data profile over a two-month 

winter period. Table 3-2 demonstrates MAPE = 14.4% with ʎd = 10.8% for the 9 LCL 

customer winter case, whereas Table 3-1 for 10 RHPP customers on a 0°C day resulted in 

MAPE = 17.0% with ʎd = 13.8% . This can be attributed to the fact that the Pershore weather 

data does not reflect the local ambient temperature conditions for the target dataset customers, 

which are distributed throughout the south-east of England. However, this result does illustrate 

that the normalised demand versus temperature relationship derived from the training dataset 

shown in Figure 3-3, combined with a simple scaling factor is able to achieve good results for 

daily demand for small heat pump population even with a non-local temperature series. The 

MAPE and ʎ modelled using the Pershore weather dataset in Table 3-2 align well with the 

corresponding training dataset error values in Table 3-1 for population sizes of 10. 

3.4.2 Hourly Demand Testing 

There are several features of interest when examining the shape of a daily demand profile 

for network design and operations. The magnitude of the demand peak, the time of the demand 

peak, in addition to maximum rates of change are all of interest when assessing network impact, 

however this list is not exhaustive. The MAPE method used in the previous section is not 

suitable for measuring the shape quality; small values feature heavily in the dataset at higher 

temperatures and large errors in small hourly demands which can skew the whole figure. In 
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order to overcome the skew that would exist with a conventional MAPE, a weighted MAPE 

is used. This WMAPE is weighted by the sum of total real demand for a given day and is 

calculated as shown in (21), where Dreal_h is real hourly demand, and Dpredicted_h is the 

corresponding predicted value of demand for the same hour generated from (18). The WMAPE 

gives a general metric of predictive accuracy but does not explicitly assess the predicted 

demand peak or the predicted time of the demand peak versus the real values as part of this 

study. 

ὡὓὃὖὉ 
В Ὀ ͺ Ὀ ͺ

ВὈ ͺ
 (21) 

‏
ВὈ ͺ Ὀ ͺ

ВὈ ͺ
 

(22) 

Table 3-3 Hourly demand WMAPE and its standard deviation for 0, 5, 10, 15ǓC and 

aggregations of 1, 10, 20, 40, 80, 160 customers using training dataset. 

 0°C 5°C 

# WMAPE  

(%) 

ʎh 

(%) 

WMAPE 

(%) 

ʎh 

(%) 

1 66.1 14.7 68.5 16.8 

5 37.4 7.7 37.7 6.9 

10 27.0 5.8 31.2 5.3 

20 20.1 3.7 29.7 4.1 

40 15.6 3.1 17.4 3.9 

80 13.1 2.2 14.6 4.7 

160 11.6 2.0 13.6 2.1 

 

 10°C 15°C 

https://en.wiktionary.org/wiki/%CF%83
https://en.wiktionary.org/wiki/%CF%83
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# WMAPE  

(%) 

ʎh 

(%) 

WMAPE 

(%) 

ʎh 

(%) 

1 81.3 13.7 87.1 9.0 

5 50.2 7.3 69.9 7.0 

10 38.3 5.6 58.1 6.6 

20 31.2 4.1 47.7 5.1 

40 24.0 4.0 38.2 3.7 

80 17.9 4.7 32.3 2.9 

160 14.6 2.2 27.2 2.2 

 

 Target Local Weather Pershore CEDA Weather 

# WMAPE  

(%) 

ʎh 

(%) 

WMAPE 

(%) 

ʎh 

(%) 

9 35 13.1 37 15.6 

Table 3-4 Hourly demand WMAPE and its standard deviation for target customer dataset 

using target local weather and Pershore CEDA weather observations 

 

3.5 Model Performance Evaluation 

The proposed model in this study has outlined a simple approach for predicting daily and 

hourly heat pump demand profiles for a user-defined sample population, using only daily 

average temperature and linear scaling factors as inputs. The performance of the model against 

two independent datasets have been examined in order to evaluate the wider applicability of 

this model for UK based heat pump population, with consistent results across both the training 

RHPP and target LCL datasets. Whilst constrained by the lack of further available heat pump 

https://en.wiktionary.org/wiki/%CF%83
https://en.wiktionary.org/wiki/%CF%83
https://en.wiktionary.org/wiki/%CF%83
https://en.wiktionary.org/wiki/%CF%83
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demand data to examine this point further, these initial results do indicate that the derived 

model will be applicable in general for UK customers. As illustrated in Figure 3-11 and Figure 

3-14 the model offers good capability for predicting the magnitude of daily demand for heat 

pump populations for operating conditions ranging from 0ǓC to 15ǓC. The mean daily demand 

error reduces as temperature increases; this is in line with the dependency relationship plotted 

in Figure 3-3 which features a smaller band of possible values for higher temperatures when 

compared to cold temperatures. In contrast, the mean error for hourly demand increases with 

temperature. This can be attributed to the greater diversity in demand shape at warm 

temperatures as users are more likely to transition to only operating heating for limited time 

windows. The general error characteristics for both the daily and hourly demand tests reflect 

findings of previous LV studies which observed strong scaling relationships between the 

number of households and MAPE of a forecast method [136]. Whilst there are no directly 

comparable heat pump studies using MAPE that the results of this work can be compared 

against, it can be broadly compared with existing LV studies forecasting other load types. 

Previous works forecasting LV substation loads using have achieved MAPE­s in the region of 

11%±16% utilising ARIMA methods [137] [138]. While the model contributed here is a 

predictor of load from temperature, it could offer a forecasting capability if used in conjunction 

with a temperature forecast from a numerical weather prediction model. Typically forecasting 

temperature yields lower errors than demand so the anticipated heat pump demand forecast 

error would be broadly aligned with this figure. The demand activity peaks shown in Figure 

3-8 and Figure 3-10 are in agreement with the demand peaks of averaged heat pump demand 

data from a comparable but geographically separate trial [108]. Whilst limited in size 

compared to the overall training dataset, the results for the target population show consistent 

error results when compared with the RHPP error for groups of a similar size. This does 

suggest that the RHPP derived characteristics for the demand and demand shape model will 

be widely applicable for UK households. As has been shown, heat pump electrical demand 

magnitude is highly sensitive to temperature. Whereas existing works tend to focus on the 
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demand impact of heat pumps for the extreme cold case [87] [113] [78], this work facilitates 

the generation of representative heat pump demand profiles ranging from 0ǓC up to 20ǓC. 

Given the increased penetration of low carbon technologies (LCTs) on LV networks, it 

becomes of increased importance to model the combined effects of LCTs alongside 

conventional loads rather than study the extreme case for one technology type in isolation. The 

future LV power system will need to be safely rated to incorporate the effects of photovoltaics, 

wind, and electrical vehicles in addition to low-carbon heating. The temperature sensitivity of 

this model allows for generation of demand profiles for any seasonal condition rather than the 

extreme case, enabling study of heat pump effects alongside other technologies. Table 3-4, 

which uses local weather data, illustrates a noticeable effect on the final error of a demand 

forecast. A typical winter day is therefore expected to be different in shape and magnitude 

depending on the local climate extremes ± the model presented can generate locally specific 

demand profiles alongside a quantified error, rather than using an extreme winter case not 

tailored to local conditions. Whilst this model captures the behavioural time of use relationship 

that is typically absent from physical models, there are certain pre-requisites to consider when 

using this method to predict electric heat pump demand. In particular, this model is dependent 

on source user profiles in order to seed appropriate scaling factors when performing demand 

normalisation and a proxy for these on de-normalisation. The scaling factors used in this study 

are contemporary to the capabilities of heat pump technology at the time of the original study. 

In order to revise these scaling factors for future generations of hardware, these values would 

have to be adjusted in taking into account typical COP­s and critical physical parameters for 

new hardware. Scaling factors will inevitably be a function of building parameters such as 

floor area, building layout and insulation efficiency as well as heat pump rating, itself related 

to the latter parameters. Building floorspace has been shown to have the greatest influence on 

household heating demand [139]; a potential opportunity for further work would be to derive 

building characteristics including floorspace from remote imagery or aerial lidar data in order 

to automatically define scaling factors tailored to a local area [140]. It has not been possible 



87 

 

to model the effects of heat pump demand below 0ǓC due to the very limited availability of 

data from this extreme operating region. Below 0ǓC the COP of conventional EHP­s drops off 

significantly, greatly reducing conversion efficiency [141]. The typical mitigation strategy to 

counter this behaviour is to install secondary resistive heating to supplement the heat pump 

output for extreme cold cases. This raises the threat of yet higher demand peaks that are driven 

by outdoor air temperature and would require a second model to incorporate the load 

characteristics of this behaviour. 

The developed model is constructed and tested using a combination of RHPP [115] and 

Low Carbon London [2] trial data, which concluded with data collection in 2017 and 2015 

respectively. In addition to being reflective of domestic EHP technology at the time, the 

recorded electrical heat pump demand will reflect the characteristics and the severity of the 

cold weather conditions during the trial sampling periods. Neither trial overlapped with the 

extreme weather events of the 2018 British Isles cold wave [142], or the less recent 2008 

¬Beast from the East­ which saw temperatures of -14.2°C in parts of south-east England [143]. 

In contrast to these more extreme winter events, the Met Office provisionally declared 2023 

as the warmest year ever for the UK for minimum temperature [144]. On top of these climatic 

considerations, the exceptionally high cost of energy has seen estimated drops in household 

gas and electricity consumption by 10.8% and 8.4% respectively [145].  

Therefore, the raw trial data does not provide insight into how domestic EHP­s may 

respond at the coldest winter extremes, but consideration must be additionally given to the 

ongoing drift and rapidly evolving changes in the climate of the United Kingdom as well as 

the economic context in which households use energy. The climatological and economic 

context of the original trial data should be considered when seeking to apply this methodology 

to further EHP impact studies. 
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3.6 Applications and Case Study 

 

Figure 3-15 Distribution network feeder load for 0%, 25%, 50%, 75% and 100% EHP 

penetration on 40 customer residential network during five day winter period (a-top) and 

corresponding daily average outdoor air temperature (b-bottom) 

Through the development of a EHP-specific load model, this work facilitates the further 

analysis of EHP impact on LV networks both in isolation, and alongside the effects of other 

low-carbon technologies. The method could be used for a range of applications including 

examining EHP penetration network impact, as part of a demand response analysis or as part 

of mixed-energy network studies. The probabilistic approach allows for confidence intervals 

to be defined alongside a load prediction; these could be derived from the relevant MAPE and 

ʎ in Table 3-1 and Table 3-3. This complements existing probabilistic approaches for other 

LV-connected low carbon technologies [146]. It is therefore envisioned that this heat pump 

specific model could be used alongside other probabilistic load types in order to 
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thoroughly examine possible network conditions in the presence of load and generation 

uncertainty. The main challenge EHPs present is the effect at scale at the last mile of 

distribution networks. Underground cables at this part of the network accounts for a significant 

volume of the assets of a network owner and replacement or reinforcement of these to 

accommodate EHP load may require an investment beyond their capabilities. As an example 

application, the predictive model is used to model a simple power flow scenario for a single 

LV feeder with 40 connected households and varying levels of EHP penetration. Smart meter 

data from the Low Carbon London trials [147] is used to create a base domestic load and 

combined with increasing levels of EHP penetration on the feeder. Heat pump electrical 

demand is then predicted for an artificial five-day winter period; Figure 3-15 illustrates the 

output of this study.  

 

Figure 3-16 Uncertainty versus Time of Day versus Number of Customers 
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Figure 3-17 Mean demand and standard deviation for 1, 10, 25 and 100 customers 

The fundamental shape of the overall load profile does not significantly change between 

the 0% and 100% penetration cases; the morning and afternoon peaks are roughly concurrent 

for all levels of penetration however the morning peaks additionally get wider. However, the 

magnitude of the daily load peaks can be seen to significantly increase in value, with the 

evening peak approximately doubling in value for the 100% case. This agrees with the 

expectation outlined at the outset of this paper that full heat pump penetration is roughly 

equivalent to doubling the number of households on a network. 

Figure 3-16 and Figure 3-17 demonstrate the effects of uncertainty versus time of day for 

groups of 1, 10, 25 and 100 customers. For each customer group of n size, 100 random 

selections have been made from the load profiles developed in 3.3.5 for the °C case and the 
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average standard deviation from the mean demand calculated. For Figure 3-16 there is 

increased confidence, or reduced standard deviation from mean demand, for an increasing 

number of customers. The two lowest troughs of uncertainty roughly correspond to the 

morning and evening spans of time where heating activity is typically highest for a household. 

Figure 3-17 demonstrates the same results but plotted versus kWh rather than % standard 

deviation from mean. Each of the customer group cases displays a roughly similar load shape 

throughout the day, but the uncertainty for any time of day rapidly diminishes for increased 

number of customers.  

These results are drawn from the load profiles generated from the RHPP dataset therefore 

these profiles provide an average view of electrical heat demand and uncertainty. For a real-

world feeder with several households of similar construction, occupant demographics and 

thermal routines, there may be reduced diversity versus the averaged RHPP case. 

3.7 Conclusion 

This chapter has defined a model for quantifying the demand impact of increased uptake 

of electric heat pumps for population sizes representative of typical LV network applications 

using demand relationships derived from existing operational datasets and sensitive to local 

weather conditions. A generic relationship between heat pump electrical demand and outdoor 

air temperature has been identified from real customer data and validated on two independent 

datasets. This model facilitates the analysis of heat pump demand that is sensitive to local 

outdoor air temperature conditions, rather than blanket rescaling of existing customer data as 

has been performed for previous studies, augmenting the utility of sparsely available demand 

data. By using a probabilistic approach, the distribution of prediction error has been quantified. 

This creates future opportunities for examining heat pump demand sensitivity for different 

geographical locations against existing heat pump assessments, as well as performing studies 

which incorporate multiple low carbon technologies connected to a LV network. The main 

priority for further work would be to relate the magnitude of electrical demand to an estimated 
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COP and nameplate heat pump rating, such that the scaling factors used for the model could 

be modified to accommodate improvements in heat pump efficiency. It would additionally be 

of interest to examine the variation in weekday, weekend, and exceptional events. 
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This chapter presents a novel localisation electrical heat load model, overcoming the 

limitations of highly aggregated electrical heat load profiles in order to develop load profiles 

that are sensitive to geospatially variable factors such as building physical parameters and 

individual demographics. The impact of localisation is demonstrated via ADMD and through 

a feeder case study. 

4.1 Introduction  
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Figure 4-1 Basic relational structure between geographic boundary, geospatially linked 

physical and behavioural components, heat load and final electrical heat load imposed on the 

distribution network 

In the last decade electric heat pumps (EHP) have transitioned from a fringe solution for low-

carbon heat [148] to a key component of the UK government­s strategy to decarbonize the 

domestic heating sector [27] [149]. Alongside this, the sophistication of heat pump load 

modelling techniques has progressed in recent years in step with the increasing relevance and 

maturity of the technology as well as the needs of the energy sector. The earliest efforts to 

assess heat pump network effects in the UK were constrained by a total absence of data, 

limiting assessments to user surveys to capture non-technical information  [148] and small 

scale trials [150] [151]. Improvements in availability of load data through industry trials have 

facilitated the development of methodologies for modelling highly aggregated load on national 

scales, typically under winter-worst case conditions [76] [152]. Studies performed at the 

household-level modelled the relationship between detailed physical building parameters, 

occupant routines, heat pump activity and therefore heat pump electrical load [126].  

However, modelling heat pump electrical load with the geospatial granularity appropriate 

for distribution networks imposes unique constraints not fully addressed by existing 

techniques. In addition to the ratings of the heat pump used, electrical heat demand is 

proportional to the physical characteristics of a building, such as construction type and 

insulation materials, as well as the behavioural routines of the occupant [114] and 

climatological conditions [153]. 

These parameters are subject to local variation due to different geospatial distributions of 

housing types [128], customer demographics and other influences such as levels of 

urbanisation; this geospatial variability has not been addressed by existing works which to date 

have focused on highly aggregated load profiles. 
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This chapter seeks to address the issue of electrical heat demand localisation by developing 

an approach for locally scaling electrical heat demand predictions from pre-existing annual gas 

meter data. Whilst this work draws on UK-specific datasets, this method demonstrates the use 

of supplementary data to leverage improved insights where distribution-network type impact 

studies are typically data constrained. 

The contribution of this chapter is therefore as follows: 

¶ To develop a heat demand scale localisation mode appropriate for distribution network 

analysis that can scale heat demand (and consequently electrical heat demand) sensitive 

to geospatially variable parameters such as building construction and demographics 

¶ Coupling of the heat demand scaling model with the previously developed heat demand 

shape model [153] to provide an end-to-end conversion of annual gas demand to half 

hourly electrical heat demand suitable for LV network impact studies. 

¶ To demonstrate the value of using localised heat demand predictions for LV network 

impact studies, as opposed to blanket application of pre-existing trial data. This is 

performed by a demonstration of After Diversity Maximum Demand (ADMD) versus 

local heat demand, and through a network case study that quantifies the impact of 

increasing HP penetration. 

 

UK gas meter data is freely available at annual resolution down to the postcode level for 

all gas-connected households. 86% of UK properties use gas as the source for their primary 

heating system [154]. This translates into a potential data source with greater geographic 

granularity and breadth than existing heat pump trial data or parameter-based models, that can 

complement existing works and leverage future analysis as part of isolated heat pump effects 

analysis or as part of multi low-carbon technology (LCT) studies. 

This chapter has been organised as follows. Section 4.2 documents the methodology 

developed in this work. Section 4.3 describes datasets used in the model development and 
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application process in this work. 4.4 outlines the theoretical foundation for the conversion of 

annual gas demand to daily electrical demand in the presence of limited data, and demonstrates 

and tests the outlined methodology versus the training data, quantifying the error associated 

with this approach. Section 4.5 provides the developed conversion model, and Section 4.6 

demonstrates application of the developed model in a network context performing an ADMD 

and network impact case study, deriving local heat demands and assessing the effects of 

increased heat pump penetration on real LV network feeders. Section 4.7 discusses the results 

of the methodology combined with the network impact assessment and identifies opportunities 

for future work.  
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4.2 Methodology Overview 

 

Figure 4-2 Detailed Methodology Overview for Scale Localisation of Electrical Heat 
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This work constructs a process for providing localised electrical heat load predictions, by 

drawing on previous electrical heat demand shape modelling work combined with a novel 

methodology for appropriately scaling the magnitude of electrical heat demand sensitive to 

local physical, behavioural and climatological parameters. 

For electrical heat load, there are two primary components of interest: 

¶ load magnitude; the scale of electrical heat load during active periods, proportional to 

the physical parameters of a household such as construction and insulation type. 

¶ load shape; the time of day activity of the electrical heat load, linked to behavioural 

patterns of household occupants and thermal routines. 

This work couples the load shape model developed in [153] with a novel methodology for 

determining the appropriate scaling for load magnitude through use of existing gas demand 

data. These components are then combined in a conversion model which performs the end-to-

end translation of localised annual gas type demand into localised half hourly electrical heat 

demand suitable for LV network type studies. Figure 4-2 demonstrates the relationship 

between the existing demand shape model, combined with the novel scaling and end-to-end 

conversion model developed in this work. This conversion model is then used to quantify LV 

network impact for two case studies, demonstrating the sensitivity to the geospatial variability 

of electrical heat. A brief overview of each component is outlined below. 

4.2.1 Heat Demand Scaling 

   In order to provide the magnitude localisation for heat demand shapes, this work draws 

on geospatially granular gas demand data to inform localised heat demand. Due to the annual 

resolution of this dataset, a model is developed to translate the data into predicted daily demand 

that can then be coupled to the load shape model.  

    This work exploits two fundamental theoretical relationships: the sinusoidal variation 

of seasonal temperature variation in high latitude environments, combined with direct 

proportionality of heating demand to daily average temperature [153].  By inferring that 
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seasonal heat demand is directly proportional to the sinusoidally variable seasonal temperature, 

heat demand itself may be assumed to be primarily sinusoidal at a seasonal level. This 

sinusoidal characteristic is held to be applicable regardless of the specific heat demand type, 

but will naturally be subject to daily random variation due to temperature fluctuations and 

human activity such as public holidays and other routines. Furthermore, this proportionality 

will exist regardless of customer magnitude ± a small household will have lower overall heat 

demand, but will still vary in a sinusoidally proportional manner to local temperature in the 

same way a large energy inefficient household would.  

     It is therefore hypothesized that each customer­s seasonal demand variation can be 

represented as a sinusoid of fixed frequency and phase regardless of heat demand type or 

customer size, with each customer featuring their own unique amplitude and offset values that 

form the aggregate representation of the individual customers geospatially linked physical and 

behavioural parameters.  Therefore, if the annual energy consumption (area under the 

sinusoid) is known, the unique amplitude and offset values for the customer can be inferred.  

In order to define the sinusoidal function that approximates daily demand for each 

individual customer, the amplitude and offset parameters are extracted from the training 

demand datasets by linearizing the raw data and performing a simple linear regression. The 

output of this regression is to extract the unique amplitude and offset parameters that defines 

each customer­s seasonal demand curve. These unique offset and amplitude values are then 

fitted to a generic probabilistic model that translates annual to daily demand with common fit 

parameters for all three heat demand types tested in this methodology; gas-type demand, 

electrical heat-type demand and direct-heat-type demand. This model is then validated versus 

the training datasets, with mean absolute percentage error (MAPE), mean absolute error (MAE) 

and Pearson­s correlation coefficient (R) calculated versus the daily error and the peak error.  
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4.2.2 Heat Demand Shape 

On half hourly timescales, electrical heat demand shape has been demonstrated to vary in 

accordance with the time of day, behavioural patterns, and occupancy routines of the user in 

addition to temperature [76]. Furthermore, it has been demonstrated that these load shapes are 

applicable regardless of the size of household being heated. This methodology uses load shape 

model developed in [153] in order to provide the time-of-day activity for the heat demand 

model; the load shape model probabilistically generates forty-eight half-hourly normalised 

load shapes sensitive to daily average temperature, daily total normalised demand, and level 

of customer aggregation. These normalised load shapes provide the base normalised electrical 

heat demand that is then scaled by the novel methodology developed in this paper. 

4.2.3 Conversion Model 

In order to transform the daily electrical heat demand into a series of sub-daily shapes, the 

electrical heat shape conversion model from [153] is applied combined with the electrical heat 

scaling methodology derived in this work. Through the use of linear thermal conversion 

efficiencies, gas demand is translated into heat demand, and then into equivalent electrical heat 

demand. 

4.2.4 LV Network Impact 

The developed model is then applied to the target temporal low-resolution, geospatially 

high-resolution dataset of interest, in this case the geographically granular BEIS (Department 

for Business, Energy & Industrial Strategy) Postcode Gas Demand dataset [155]. The derived 

model and global fit parameters are applied to the annual gas demand figure for the postcode 

or geographic area of interest, with daily electrical heat demand as an output.  

Two case studies are performed to demonstrate this methodology in an LV networks 

context; an examination of localized ADMD versus number of customers and heat pump 

coefficient of performance (COP), and a network impact assessment performed on a real 



102 

 

distribution network feeder. An average, high and low electrical heat demand case are 

examined in order to demonstrate the effects of localisation on average minimum endpoint 

voltage for a range of heat pump penetrations. Together these case studies demonstrate the 

utility of the developed model and allow localized comparisons to be made versus the averaged 

results in existing trial datasets.  

4.3 Case Study Datasets 

 

 

(a) 

 

 

(b) 

 

 

(c) 

 

 

(d) 
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Figure 4-3 Plotting 30-day average demand for RHPP ± Heat (a), RHPP ± 

Electric (b) and Energy Demand Research Project (EDRP) - Gas (c) datasets for full 

duration of data capture. 

 

 

Dataset EDRP [15] RHPP [10] RHPP [10] 
Postcode BEIS 

[16] 

Heat Demand 

Type 
Gas Electric Direct Heat Gas 

Model Function Training Training Training Target 

Number of 

Customers/ 

Entities 

4000 700 700 3 million 

Sampling 

Frequency 
30 minutes 2 minutes 2 minutes Annual 

Geographic 

Resolution 
N/A N/A N/A 

Average 15 

households 

[156] 

Date of 

Collection 
2010 2012 - 2015 2012- 2015 2015 ± Present 

Table 4-1 Dataset overview for annual-daily winter peak demand translation 

The datasets used within this study consist of the training datasets used to construct and 

test the relationship between annual and daily heat demand, alongside the target dataset where 

the daily heat demand will be predicted in the absence of data using the developed predictive 

model. Testing is performed versus the training dataset. Due to the legal obligation for 

sufficient anonymisation of data [157], there is generally a trade-off between the geographic 

granularity and temporal resolution of publicly available demand datasets. Generally, high 
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temporal resolution demand data has been geographically anonymised or aggregated [115], 

whilst various government published datasets provide high geographic granularity with poor 

temporal resolution. Studies at the LV level necessitate access to data with high temporal and 

geographic resolution. This study uses three heat-type demand datasets with high temporal 

resolution that will be used to construct and test a model that then can be applied to the low 

temporal resolution, geographically granular dataset. These are tabulated in Table 4-1, 

showing the number of customers per dataset and sampling frequency versus heat demand 

type. 

Samples of these three heat-type demand datasets are plotted in Figure 4-3, with 

conditioning of the raw demand data for clarity. For each heat-type demand (electrical heat 

(a), gas heat (b), and direct heat (c)), twenty random customers that have a full year of 

continuous demand data from each heat-type demand dataset are sampled. The 30-day rolling 

average for each customer is then plotted. For further context to demonstrate the seasonal 

variation of heat demand versus temperature, the daily average temperature [132] from the 

2015 Central England dataset is plotted in (d). 

4.3.1 Training Data 

Three datasets are used to construct and test the relationship between annual and daily 

heating demand from existing heat-type demand data where both the annual and daily demand 

is known, such that the methodology may then be applied to low temporal resolution datasets 

where only the annual demand is known.  

The first dataset; the Energy Demand Research Project (EDRP) dataset  [158] consists 

of gas meter data collected in 2010 in order to provide improved insights into UK energy 

consumption at the time. Collected at 30-minute intervals with several thousands of customers, 

this dataset offers great breadth of individual behavioural variation but due to the 

anonymisation process there is no associated granular geographic information that can support 
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correlation of metadata to directly measured demand. This forms the training gas demand 

dataset for this study. 

Alongside this is the Renewable Heat Premium Payment (RHPP) dataset which consists 

of data collected from 700 [115] household heat pumps during the period 2013 ± 2015 at a two 

minutely resolution. At the time this formed the largest European field trial of domestic heat 

pumps. Similar to the EDRP data, no associated geographic information is published with this 

dataset. The RHPP dataset forms the training electrical and direct heat demand datasets for 

this study.  

4.3.2 Target Data 

 

Figure 4-4- Distribution of Annual Gas Demand 2017, 2018 and 2019 per Postcode 
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The target dataset for this study is the BEIS Postcode Gas Demand dataset [155]. This 

features annual gas meter information for 1.1 million postcodes in the UK, with each postcode 

representing an average of 15 households. This dataset therefore features high spatial 

granularity but very low temporal resolution. This dataset has been released in annual editions 

every year since 2015 to the present day and therefore represents an up-to-date view of UK gas-

provided heat demand. For this work the release from 2019 is used; 2020 was not used due to 

the exceptional circumstances caused by the outbreak of Covid-19 and the consequent 

disruption to normal heating routines and data collection. The inherent value of this dataset is 

therefore due to several complementary factors; in contrast to trial data [2] [115], the dataset 

is a contemporary representation of gas demand as opposed to being several years old, in 

addition to being geographically granular, geographically comprehensive and reflecting the 

demand characteristics of a mature heating technology. The postcodes provided in the dataset 

provide gas demand for 119 unique postcode area codes, and 2524 unique postcode district 

codes. Using the total known codes for each geographic level provided in [156], the coverage 

in the dataset constitutes of 95.9% of all postcode area codes, and 80.95% of all postcode 

district codes within the UK. 

4.4 Scaling of Electrical Heat Demand 

4.4.1 Theoretical Relationship between Annual and Daily Demand 

This section will demonstrate the fundamental theoretical components between annual heat 

demand and daily heat demand that the core predictive model will be constructed with using 

the training heat demand type datasets. The key goal of this section is to demonstrate that an 

individual household­s daily heat type demand is periodically proportional to annual total heat 

type demand, regardless of local climate, geography, behavioural factors or the specific heat 

demand type. This sinusoidal proportionality can then be exploited in order to derive a peak 

winter demand or intermediate daily demand from a single annual total demand figure. 
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 Direct Heat Demand (kWh)  Daily Average Temperature (ºC) 

Figure 4-5  Demonstration of inverse relationship between seasonal mean daily 

temperature (°C) and seasonal mean daily demand (kWh) for single customer from 

direct heat training dataset. 

 

Figure 4-6 Theoretical demand composition illustrating temperature dependent (Ὀ   

and non-temperature dependent (Ὀ  components. 

   Heating demand for an occupied property is primarily linked to the ambient external 

air temperature, the desired internal temperature [3] and the physical parameters of the 

https://fsymbols.com/signs/square/
https://fsymbols.com/signs/square/
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property that determine the input energy required to bring the building to a comfortable steady 

state condition for the occupant. Whilst the physical parameters and desired internal 

temperature remain more or less static on seasonal timescales [159] [160], the external air 

temperature varies seasonally in accordance with the local climate of the property. For non-

equatorial locations this translates into large variation between the seasonal minimum and 

seasonal maximum demand and therefore an equivalent large variation on electrical network 

conditions.  At a seasonal level, behavioural effects such as daily usage patterns are 

minimized and that on a daily or longer time scale demand is fundamentally proportional to 

temperature rather than behavioural components [76]. Due to the sinusoidal characteristic of 

seasonal temperature variation [161] mean daily heating demand can therefore be 

approximated as a fixed frequency sinusoid. This can be further deconstructed as follows, with 

the mathematical relationship shown in (23) and visually in Figure 4-6. 

¶ Ὀ  determines the maximum magnitude of the temperature dependent demand 

component.  

¶ Ὀ  represents the positive offset from the x-axis and therefore the non-temperature 

dependent component of the overall demand.  

¶ Ὀ  represents the total offset of the sinusoidal function.  

¶ Frequency f is determined by the length of the year.  

¶ Phase ‰ is constant and is used to offset the lag between the Gregorian calendar and 

seasonal temperature minimum and maximums. 

  

Ὢ Ὀ
Ὀ

ς
ÓÉÎς“Ὢ ‰ Ὀ  (23) 

Ὀ  Ὀ Ὀ  (24) 

Ὀ  Ὀ  (25) 

Ὀ Ὀ  Ὀ  (26) 
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This definition allows the idealized sinusoid to be decomposed into the temperature 

dependent and non-temperature dependent components. By assuming the function as a sinusoid 

plus fixed offset Ὀ  , overall demand may therefore be represented as a fixed non-

temperature dependent load plus varying temperature dependent sinusoid. This is key as while 

household gas demand in the UK is primarily heating, non-temperature dependent components 

such as cooking and water heating contribute a continuous seasonal load that is largely 

insensitive to temperature and minimal in scale to peak heating demand [162]. Additionally, 

due to local climate or personal preference, some households may maintain a heating baseload 

throughout the year [114]. Assuming that the temperature dependent component is the most 

significant portion of the overall gas demand and that the overall demand function closely 

approximates an ideal sinusoid, it is therefore possible to model the daily demand using the 

annual consumption as a single input. For a pure sine wave, the area under the curve is 

proportional to the maximum amplitude. In this case the area under the curve represents the 

total annual gas consumption Ὀ  for a particular customer, which is then related to the 

maximum demand Ὀ .  

Ὀ  
Ὀ

ς
ÓÉÎς“Ὢ ‰ Ὀ  (27) 

This may then be used to extrapolate the daily winter demand peak that will be experienced 

at the minimum seasonal temperature as well as intermediate daily demand figures throughout 

the year. This relationship will be used to derive a predicted daily winter peak demand from a 

measured annual demand, supporting network analysis on seasonal and daily timescales in the 

presence of low temporal resolution demand data. 

4.4.2 Application of Sinusoidal Approximation to Demand Datasets 

This section outlines the process used to extract the customer specific sinusoidal amplitude 

and offset fit parameters from raw heat-type demand data. Beyond this the sinusoidal 
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parameters are used to fit the training datasets such that predictions can be made for the target 

dataset using a single unified model that is insensitive to heat demand type. 

The methodology can broadly be split into initial conditioning of the data, parameter 

extraction and dataset fitting. 

4.4.2.1 Data Conditioning 

A common process was applied to all three training datasets in order to cleanse, condition 

and format the data prior to forming the annual to winter peak demand model. Users from the 

RHPP and EDRP datasets with less than 12-month continuous demand data were discarded and 

the time period was resampled from 2-minutely to daily for the RHPP dataset and from 30-

minutely to daily for the EDRP dataset. Customers with periods of zero data were intentionally 

retained as this could reflect household absence rather than communications errors. 

4.4.2.2 Parameter Extraction 

As has been described previously, daily heat demand may be represented as a sinusoidal 

function at a seasonal level due to its proportionality with seasonal temperature variation. Each 

customer therefore features a unique amplitude and offset value that reflects demand magnitude 

and ratio of temperature dependent to non-temperature dependent load. These unique amplitude 

and offset values are extracted from the conditioned training datasets through application of a 

univariate linear regression. (28) is used to convert the x-axis in the original time series data for 

each customer from day of the year to day angle, where day of year ranges from 1 to 365 and 

day angle ranges from -1° to 1°. This folds the sinusoidal function into a linear function as 

shown in Figure 4-7, allowing representation in the generalised linear form provided in (30). In 

the linear form ‍ forms the y-intercept and is equivalent to Ὀ  in the sinusoidal form (24) 

(31). ‍  forms the gradient of the linear regression and is equivalent to Ὀ  in the 

sinusoidal form (26) (32). ‐ represents the general error function of the solution.  
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The output of this process is to derive from the raw demand data for gas, electrical and 

heating types, the unique set of ‍ and ‍ values for each customer that can then be related 

to the annual demand figure. Using the fully visible training dataset the relationship between 

real annual and real peak demand is examined alongside the predicted peak demand; this 

process is performed in the next section.  

 

Figure 4-7 Transformation of Sinusoidal Function (left) to Linear Form and Linear 

Regression (right) for example customer 

Ὢ Ј ÓÉÎ
Ὀὥώ έὪ ὣὩὥὶ

σφυ
 ς“ ‰  (28) 

‰  ρȢρ (29) 

Ὢ Ὀ  ‍ ‍ Ὢ Ј ‐ (30) 

‍  Ὀ  (31) 

‍  Ὀ  (32) 

Table 4-2± Sinusoidal and Linear Forms for Daily Demand 

Parameter Sinusoidal Form Linear Form 
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Total Daily Demand 
Ὢ Ὀ  

Ὀ

ς
ÓÉÎς“Ὢ ‰  

Ὀ  Ὀ  

‍ ‍ Ὢ Ј 

Temperature Dependent 

Component 

Ὀ

ς
ÓÉÎς“Ὢ ‰  ‍  Ὢ Ј 

Non-Temperature 

Dependent Component 
Ὀ  ɼ0 

4.4.2.3 Dataset Fitting 

 

Figure 4-8  ‍ͺ  distribution (top) and ‍ͺ  distribution (bottom). 

This section outlines the methodology for translating the individual customer sets of ‍ 

and ‍ values extracted in the previous section from the gas, electric and direct heat training 

‍πÉĦċũĲĬ

‍ρÉĦċũĲĬ
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datasets into representative probability distributions that will reflect the fitted amplitude and 

offset values extracted for each of the demand datasets. This relies on two basic assumptions 

that will be tested: 

¶ Heat demand is fundamentally sinusoidal regardless of heating technology type. 

¶ Therefore, an individual customers amplitude and offset are intrinsically proportional to 

the same individual­s total annual demand, regardless of customer size. 

For all customers in the heat, gas and electrical training datasets an ‍  (amplitude) and 

‍ (offset) value have been derived through the previously described parameter extraction 

section. In order to transform all customer values to a common scale, the unique ‍ and ‍ 

values for each customer are normalized with respect to each individual customers unique 

annual demand, as illustrated in (33) and (34). 

‍ͺ
Ὀ

‍
 (33) 

‍ͺ  
Ὀ

‍ 
 (34) 

The probability distributions of the normalized ‍ͺ  (33) and ‍ͺ   (34) values 

for the training datasets are illustrated in Figure 4-8. As per Table 4-2, ɼ0 reflects the offset 

or non-temperature dependent component of the load profile. ‍ represents the amplitude, or 

temperature dependent component of the load profile that varies seasonally. The three 

probability distributions derived from the heat-type demand datasets are then averaged [163] 

in order to construct global probability distributions for ‍ͺ  and ‍ͺ  as per (35) 

and (36), which are also plotted in Figure 4-8. A normal distribution will be used in order to 

provide a general fit.  

Two primary observations can be made. The ‍ͺ  distribution for all datasets 

features a very closely aligned mean; 387 for gas, 394 for electric and 391 for heat. This 

confirms that the amplitude (ά) for all heating types is fundamentally proportional to annual 

demand through the sinusoidal assumption. Furthermore, this illustrates that even for real 
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demand data this sinusoidal characteristic remains dominant. The offset of the P(‍ͺ  

distribution with respect to the P(‍ͺ ) and P(‍ͺ
  illustrates that, on average, 

gas type demand features a higher slightly π offset value than electrical and direct heat type 

demands. This is to be expected due to gas type demand incorporating non-heat type functions 

such as cooking [164] and therefore contributing a higher baseload. 

ὖɼͺ
ὖɼͺ  ὖɼͺ ɼͺ

  

σ
 

(35) 

ὖɼͺ
ὖɼͺ  ὖɼͺ ɼͺ

  

σ
 

(36) 

ὖɼͺ
ρ

„Ѝς“
Ὡ  (37) 
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4.4.3 Model Validation 

 

Figure 4-9 Real raw demand profiles (top) versus synthetically generated demand 

profiles (middle), and aggregated real versus predicted demand (bottom) 

Modifying the generalized linear form presented initially in (10), the daily demand for any 

day of the year for any heat type demand can now be predicted using only the known annual 

demand Ὀ  and the global probability distributions  ὖ‍  and ὖ‍  

constructed in pervious sections. This output is presented in (38) and demonstrated visually in 

Figure 12 for customer sets of  varying population sizes. 

/ǳǎǘƻƳŜǊ І όǇǊŜŘƛŎǘŜŘύ

/ǳǎǘƻƳŜǊ І όǊŜŀƭύ
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Ὢ Ὀ  
Ὀ

ὖ‍

Ὀ

ὖ‍
Ὢ Ј 

(38) 

Two general tests are performed to assess the quality of the model output and assess the 

sensitivity of this methodology to heat demand type: 

¶ Daily Error testing: Calculation of MAPE and coefficient of determination for general 

daily error case. 

¶ Winter Peak Error testing: Calculation of MPE for Daily Winter Peak demand. 

General daily error is of interest to assess the quality of the predictive model for 

applications where continuous time series load profiles are applied, such as in studies 

incorporating multiple low carbon technologies. Peak error is of interest as this is an indication 

of the worst-case network conditions, and in itself influences ADMD which is an established 

metric for LV network planning [89]. 

Figure 4-10 illustrates the workflow for computing the model error. The developed model 

will be tested versus populations of customers to assess the error at a typical LV network scale. 

For each heat demand type, random customers are selected from the global training dataset 

pool to generate customer group sizes of 1, 5, 10, 25, 50, 75 and 100. For each customer group 

size 100 random samplings are performed, with the error for each sampling being calculated 

and averaged. 
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Figure 4-10 Workflow for predicting peak daily demand from annual demand and 

validation 

4.4.3.1 Daily Error Testing 

The Ὢ Ὀ  function for a continuous 365-day period is computed for each individual 

customer in a customer set and the daily mean absolute percentage error and coefficient of 

determination R2 (39) with respect to the measured values are calculated. For all heat demand 
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types, the R2 converges on greater than 0.95 for customer group sizes of 25 or above. Similarly, 

the MAPE converges on less than 10% for all heat demand types for customer group sizes of 

25 or greater. 

Ὑ ρ  
Вώ ώ

Вώ ώ
 (39) 

ὓὃὖὉ Ϸ  
ρ

ὲ

Ὢ Ὀ   Ὢ Ὀ  

Ὢ Ὀ  
 

 
(40) 

4.4.3.2 Winter Peak Error Testing 

The sum total of the predicted winter peak versus the real winter peak for each group is 

calculated as per (21), where the value of Ὢ Ј is set to the maximum day-angle of 1° to obtain 

the annual peak.  Mean percentage error is calculated as per (42). 

Ὀ
Ὀ

ὖ‍
 
Ὀ

ὖ‍
ρ 

(41) 

 

ὓὖὉ Ϸ  
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Ὀ  Ὀ

Ὀ
 

(42) 

Figure 4-11 shows the mean percentage error and standard deviation for each of the group 

size and heat demand type combinations. This illustrates that for all three heating types the 

error converges on a low mean percentage after approximately 25 customers, despite the 

inherent offset associated with each case. For distribution network forecasting applications, 

errors of 11% to 16% have been achieved elsewhere [137]. 
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Figure 4-11 R2, Daily Mean Percentage Error and Daily Winter Peak MAPE for Model 
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4.5 Conversion Model 

 

Figure 4-12 Gas, Direct Heat and Electrical heat type demands and their associated 

conversion factors ʂ (gas to heat conversion efficiency) and COP (coefficient of performance, 

heat to electrical heat conversion efficiency) 

This section outlines the process for transforming input annual gas demand into half hourly 

electrical heat demand using the annual to daily demand relation developed in this work and 

the daily to half hourly demand relation developed in [153]. The conversion model provides 

the link between a geographic area, input gas demand and the translation into a half hourly 

electrical heat demand suitable for LV network impact analysis. 

     The workflow for this process is shown visually in Figure 4-13. Beginning with the 

input annual gas demand Ὀ , this is converted into the peak winter value Ὀ  as per 

(41). The input n represents the number of customers that corresponding Ὀ  values are 

generated for. Gas, direct heat, and electrical heat type demands are all expressions of the input 

energy required to bring a household to a target temperature level. Using appropriate 

conversion efficiencies, translation between heat type demands can be performed as shown in 

Figure 4-12.  To translate daily gas demand into the equivalent electrical demand, two 

conversion efficiencies must be considered. The first – accounts for the gas to heat efficiency 

of the gas boiler system, typically 80% to 90%. [103]. More recently, the Boiler Plus Standards 

introduced in England in 2018 mandate a minimum efficiency standard of 92%, but this is 

only applicable to new installations [165]. For this study a single gas-to-heat efficiency of 85% 

is used in order to approximate average boiler efficiency rather than specifically modelling 

older or newer boiler efficiencies. Therefore, in order to transform the predicted direct heat 

demand from gas the equation in (43) is applied. The second efficiency ὅὕὖ (coefficient of 
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performance) represents the efficiency of the electrical to heat conversion for the heat pump 

system, typically 2.5 to 3 for modern systems [28]. This is applied as shown in (24) in order to 

derive the equivalent daily electrical heat daily demand Ὀ . 
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Figure 4-13 Workflow for conversion of Annual Gas Demand to Half Hourly Electrical 

Heat Demand 

Each of the application case studies uses a common process for transforming Ὀ  

into equivalent half-hourly electrical heat demand Ὀ  load profiles suitable for localized 

distribution network analysis. 

The workflow for this process is shown visually in Figure 4-13. Beginning with the input 

annual gas demand Ὀ , this is converted into the peak winter value Ὀ  as per (41). 

The input n represents the number of customers that corresponding Ὀ  values are generated 

for. Gas, direct heat and electrical heat type demands are all expressions of the input energy 

required to bring a household to a target temperature level. Using appropriate conversion 

efficiencies, translation between heat type demands can be performed as shown in Figure 4-13.  

To translate daily gas demand into the equivalent electrical demand, two conversion 

efficiencies must be considered. The first – accounts for the gas to heat efficiency of the gas 

boiler system, typically 80% to 90%. [103]. Therefore, in order to transform the predicted direct 

heat demand from gas the equation in (23) is applied. The second efficiency ὅὕὖ (coefficient 

of performance) represents the efficiency of the heat to electrical conversion for the heat pump 

system, typically 2.5 to 3 for modern systems [102]. This is applied as shown in (24) in order 

to derive the equivalent daily electrical heat daily demand Ὀ . 

Ὀ
Ὀ

–
 

(43) 

 

Ὀ
Ὀ

ὅὕὖ
 

(44) 

 

In order to perform the final transformation between daily electrical heat demand Ὀ  

the probabilistic electrical heat load shape model from [153] is used in order to relate the input 
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daily demand magnitude Ὀ  to a set of 48 half hourly demand magnitudes. An input 

temperature of 0°C and the input duty cycle function derived from the RHPP dataset from 

[153] was used. 

4.6 LV Network Impact 

Having derived the methodology for transforming input annual heat type demand into half 

hourly electrical heat type demand, this section demonstrates the application of the derived 

approach in an LV network context through the following case studies: 

¶ ADMD versus input annual gas demand and COP; estimating localized ADMD 

contributed by electrical heat load for a range of COPs 

¶ LV network impact assessment versus increased electrical heat pump penetration. 

     ADMD remains a useful metric for DNOs in order to assess and size the physical 

ratings of network assets with respect to the maximum expected load conditions [89].  High 

penetrations of heat pumps stands to significantly alter existing design assumptions and it is 

therefore of interest to estimate locally specific ADMD from localised electrical heat load. 

Through these case studies the utility of the localized heat demand model will be demonstrated 

with respect to specific LV network impact assessment. 

4.6.1 ADMD Study 

     This section will examine the variation in predicted ADMD due to electrical heat 

load, given the normal variation in annual gas demand in the BEIS dataset. ADMD is 

calculated as per the equation below (45), with the input variables listed in (46). ὲ defines the 

number of customers, – is the gas-to-heat conversion efficiency, and ὅὕὖ is the heat-to-

electrical heat conversion efficiency. 

ὃὈὓὈ
ρ

ὲ
ὖ 

(45) 
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(46) 

Using the previously developed electrical heat shape model in chapter 3 [153], and the 

localized gas to daily electrical demand model derived in this work, a localized ADMD model 

can be constructed in order to predict a local ADMD contributed by electrified heating, 

sensitive to local building parameters and demographics. The mean, plus and minus one 

standard deviation with respect to the mean annual gas demands from the 2019 BEIS dataset 

are used as inputs for this study, whilst model inputs ʂ, COP and number of customers n are 

varied in order to demonstrate the variation of ADMD with respect to number of customers, 

and heat conversion efficiency.  Figure 4-14 demonstrates the output of this workflow. The 

sensitivity of final ADMD with respect to COP is clear; due to improvements in technology 

COPs have been improving in recent years [102]. The lower the number of customers and 

COP the more severe the potential network impact. 

 Figure 4-15 demonstrates the relationship between COP, ADMD and the variation with 

respect to the annual gas demand dataset. A one-standard deviation from mean input annual 

gas demand translates into approximately a 20% deviation in terms of predicted ADMD. This 

highlights that households that fall in postcodes with extremely low or high gas demands may 

be expected to have correspondingly low or high electrical heat load. Elsewhere, the ADMD 

curve obtained from the raw RHPP dataset in [76] falls between the mean case for a COP of 2 

to 2.5. This suggests that the RHPP household sample set is broadly representative of the 

average housing stock of the UK reflected in the BEIS annual gas postcode dataset. Similarly, 

in the CLNR study, the ADMD of electrical heat pumps converged on 1.5kW for customer 

populations of 50 or greater [89]. For both the RHPP and CLNR studies, the advancements in 

typical HP COP with respect to when the trial data was originally collected will result in a 
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shift in final estimated ADMD with respect to the original trial data. This work offers the 

capability to localize ADMD beyond the previously existing average representations into 

predictions sensitive to local parameters as well as the continual improvements in COP.    

 

Figure 4-14 Localized ADMD (kW) for RHPP dataset 
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Figure 4-15 Variation in modelled ADMD versus variation in input Annual Gas 

Demand with respect to population mean. 

4.6.2 LV Network Impact versus Increased Heat Pump Penetration 

 

Figure 4-16 Aerial geospatial image of modelled feeder 

To demonstrate the local heat demand methodology derived in this paper in a general 

network impact context, the approach is applied a real network 415V feeder. A low and high 
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feasible postcode heat demand are taken from the 2019 distribution shown in Figure 4-4, 

converted into equivalent electrical demand through the workflow in Figure 4-13, and applied 

to the corresponding feeder, examining the potential impact of increased HP penetration. The 

impact of these demands is contrasted versus the electrical demand figure from the pre-existing 

RHPP dataset. Alongside this, the equivalent population average heat demand from the RHPP 

dataset is used. 

The feeder is modelled in OpenDSS from GIS network data made available by SSEN (1 

of 6 DNOs in GB). The feeder consists of 54 loads connected with an unbalanced phase 

distribution and has a total length of approximately 1600 metres; note that impedance and 

maximum current data for the cabling was matched to GIS cable type information based on  

[166] [167] [168]. An aerial geospatial image of the modelled feeder is provided in Figure 

4-16 where Bing Aerial [169] and QGIS [170] are used for visualisation.  

4.6.2.1 Network Impact Assessment Methodology 

A 48 half-hourly daily Monte-Carlo style approach is taken to model the impact of 

increasing load growth due to HP uptake on the developed feeder for each postcode demand, 

where Exelon­s demand profile for a winter­s day [171] is used for the base load to represent 

a ¬worst­ case scenario. HP penetrations are then increased from 0% to 100% in 10% 

increments. The model developed in [153] is used to generate the daily behavioural profiles. 

For each penetration, HP loads are randomly distributed across the feeder loads and results are 

stored for a number of profiles and load locations per penetration. The minimum feeder 

endpoint voltage is used as a metric to quantify the operational consequence of the results. 

Therefore for each penetration step, the minimum feeder endpoint voltage represents the 

minimum voltage obtained across multiple random allocations of profiles and load locations. 
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4.6.2.2 Results 

Figure 4-17 presents the results of the Monte-Carlo style impact assessment. A three-

dimensional plot that shows average minimum feeder endpoint voltage for across the sample 

vs time vs HP penetration is presented where Figure 21(a)-(c) represents each individual 

postcode annual gas demand; 9000 kWh (low), 14,000 kWh (RHPP-mean) and 19,000 kWh 

(high) respectively. In comparison of Figure 21(a) and Figure 21(b) the low postcode demand 

scenario yields a higher average minimum endpoint voltage across the day as HP penetrations 

increase than compared with the RHPP-mean. This indicates that the impact from HP uptake 

is less severe, particularly in relation to the impact from the early morning space heating 

demand which sees the minimum endpoint voltage drop below 216 V at around 50% 

penetration in the RHPP-mean scenario compared with at 80% in the low scenario. The impact 

on the traditional evening peak is also reduced. In contrast, in comparison of Figure 4-17 (b) 

and Figure 4-17 (c), the impact of HP uptake on the minimum endpoint voltage is evidently 

more severe as a lower average minimum endpoint voltage across the day as HP penetrations 

increase is evident than compared with the RHPP-mean. The number of minimum voltage 

violations for the three 100% penetration scenarios are demonstrated in Table 4-3; for the low 

postcode annual gas demand case there are no minimum endpoint violations, whereas this rises 

to three hours for the high annual gas demand case. As both scenarios are modelled with 100% 

penetration, this clearly demonstrates the impact of how locally-specific gas demand can result 

in different outcomes for an LV feeder when converting the existing gas demand to electrical 

heat demand. 



129 

 

 

Figure 4-17 Average minimum endpoint voltage vs time vs penetration. (a) 9000 kWh (low) 

(b) 14000 kWh (RHPP ± mean) and (c) 19000 kWh (high) 

(a) 

(b) 

(c) 
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 9000kWh (low) 14000 kWh (RHPP ± 

mean) 

19000 kWh (high) 

Number of violations 

(hours) 

0 1 3 

Table 4-3 Number of violations (hours) for 9000 kWh (low), 14000 kWh (RHPP ± 

mean) and 19000 kWh (high) cases at 100% penetration 

As demonstrated in Figure 4-17, the variations in heat demand have the potential to influence 

at what penetration of HPs voltage violations are likely to occur and the subsequent severity. 

Therefore, in using the standard RHPP-mean approach, as is currently common practice, the 

true scale of HP impact may be heavily over/under-estimated which would feed into DNO 

network planning and management decision making. This may translate to an over/under-

estimation in the scale and cost of the solution necessary to support HP uptake and ensure 

reliable network operation. This also may influence decision making with regards to the 

appropriate solution and when it should be deployed i.e. adopting a flexible management 

approach in the interim with a view of reinforcing in the future or deploying a fit for purpose 

flexible solution for the long-term. Fundamentally, the results presented emphasise the scale 

of impact from variations in heat demand on the network and the value of this methodology in 

its ability to capture these variations. 

4.7 Discussion 

The chapter has demonstrated a robust and easily scaled methodology for deriving a local 

heat demand, and therefore local electrical heat load, from a single annual gas demand figure, 

enabling the calculation of localized daily winter demand for temporally sparse datasets. The 

core annual to daily demand translation methodology was tested using a common process and 

fit parameters for three heat-type demands, and a range of customer population sizes, with a 

MAPE below 10% for population sizes of 25 and greater. 
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This work circumvents the requirement to obtain detailed building, demographic, and 

behavioural parameters in order to construct a bottom-up model of local heat demand. This 

approach has been shown to be insensitive to size of customer or specific heat demand type. 

By drawing on a geographically granular dataset, combined with the developed methodology 

for improving temporal resolution of heat-type demand data the existing reliance on pure heat 

pump trial data for modelling electrical heat load at LV scale can be reduced and instead 

augmented with locally sensitive demand data.  

A key strength of this model is its insensitivity to specific heating system type. Therefore, 

this approach can be adapted to predict future local electrical heat demand for air source heat 

pumps, ground source heat pumps or even electrical combi boilers as long as appropriate 

model inputs for conversion efficiencies are used. 

In the case of the RHPP dataset, at the time of writing it is now approaching nine years 

since the initial trial data was captured [115]. Trial data remains essential to examine and 

validate population level effects that are difficult to model using conventional physical 

approaches ± this will be supported by the upcoming BEIS Electrification of Heat 

Demonstration Project which will collect demand data from a further 750 domestic heat pumps 

[77]. However, even the most up to date trial data represents a limited geospatial and temporal 

view of locally variable demand influences and the methodology offered in this paper presents 

a way of complementing the value provided by heat pump trial data. 

This work directly builds on the heat pump modelling approaches outlined in [76] [153] 

[78], which all construct averaged demand profiles from limited trial datasets. As has been 

highlighted by the authors in [76], a key outstanding issue with these approaches was the 

difficulty of rescaling findings to new target areas. This issue is not constrained to electrical 

heat load modelling and reflects a wider issue in the literature for modelling new load types at 

distribution network level, where modelling efforts are often constrained by limited and aging 

trial data.  
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Through the ADMD and network impact assessment case studies, the variation in final 

electrical heat load due to local heat demand has been demonstrated. From a pure ADMD 

perspective, a one standard deviation shift in input local annual gas demand has been shown 

in this chapter to translate into a 20% shift in predicted local ADMD. Therefore, whilst existing 

datasets provide an average view of potential electrical heat load, they do not reflect the real 

diversity of potential electrical heat loads present in the overall population. 

Similarly, the network impact case study demonstrates the variation in average endpoint 

voltage versus time of day and penetration level of heat pumps. The average case from the 

RHPP dataset alongside example high and load gas demand cases are plotted, with average 

minimum endpoint voltage shown to strongly correlate with the three electrical heat scenarios 

shown. This demonstrates the potential variation from the mean when comparing highly 

aggregated electrical heat pump load obtained from geographically distributed trial data, as 

opposed to localised results for specific geospatial clusters of physical and behavioural 

parameters. 

The developed conversion model is dependent on the core assumption that annual mean 

gas consumption at a postcode level can be translated into an equivalent hourly electrical heat 

load using the use of simple linear conversion efficiencies. Whilst a gas central heating system 

and electric heat pump driven system both are designed to output heat to achieve the desired 

room temperature for occupants, the switch from fossil-fuel fired to electrically supplied 

heating can have behavioural implications that impact final energy consumption. [172] 

explored the concept of a rebound effect for households introducing improved energy 

efficiency measures, and whether decreased costs to achieve a nominal thermal comfort level 

resulted in a corresponding increase in energy usage as occupants made use of increased 

savings. More recently, [173] estimated that economy-wide rebound effects could erode more 

than half of anticipated energy savings gained from efficiency improvements. The evidence 
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base for this phenomenon is still developing however, with limited specific understanding of 

how this effect would manifest for households adopting heat pumps.  

Within the UK, many residential premises do not have a connection to a domestic gas grid 

(off-gas) [174] and therefore the developed method cannot be directly applied to derive a local 

demand due to the lack of gas data for off-gas households. However, there are modifications 

that can be made to this approach to facilitate examination of local heat demand for off-gas 

networks in order to assess LV network impact. Off-gas postcodes could be paired to gas 

postcodes with similar physical and demographic features, or similarly off-gas heat demand 

could be estimated based on regional or sub-regional magnitudes.  Whilst the specific 

approach would be subject to the availability, quality, and relevance of supporting datasets, 

this would provide further insight into localised electrical heat load where presently only 

highly averaged estimates exist. 

4.8 Conclusion 

  This work develops a composite model that harnesses the information encoded in the 

geographically granular postcode level annual gas demand published by the UK Department 

for Business, Energy & Industrial Strategy (BEIS) [16] and leverages existing relationships in 

more temporally detailed but less geographically granular gas, direct heat and electrical demand 

datasets. This enables the use of existing geographically granular, temporally low-resolution 

datasets to scale electrical heat demand magnitude sensitive to local conditions. This scaling 

methodology may then be coupled with existing heat demand models or trial datasets which 

provide heat demand shape information. This supports distribution network operators with 

optimising network investment and identifying risks in the presence of uncertainty 

surrounding EHP uptake. 

At present, gaining LV network load insights sensitive to geospatially variable parameters 

is a key issue for DNO­s, as evidenced by the current emphasis of industry innovation projects 

focusing on improving distribution network visibility at the 11kV level and below [175] [176]. 
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By exploiting the periodic nature of seasonal heat demand, a regression model has been 

contributed here from three sources of heat demand data and used to construct a predictive 

relationship between annual and seasonally variable daily demand. This relationship enables 

the use of temporally low-resolution, geographically high-resolution datasets such as the BEIS 

Postcode Level Gas Demand for localised heat demand prediction, leveraging the 

geographically granular physical and behavioural information encoded in the dataset. This 

demonstrates a hybrid approach that uses the high temporal granularity of exemplar data 

combined with the geographical scale granularity of a target dataset in order to maximise the 

usability for LV specific applications where localised sub-daily temporal resolution is required. 

From the examination of annual to daily demand for gas, heat and electric demand, the 

expectation is that this regression model can be applied to any heating technology that is 

proportionally sensitive to ambient temperature. Beyond the specific context of this work, the 

developed methodology demonstrates the value in synthesising geodemographic data from 

multiple sources in order to obtain localised insights for distribution network load under 

various scenarios for hypothesised LCT penetration scenarios. 
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This chapter presents an approach for disaggregation of electrical heat load from aggregated 

LV transformer data, facilitating the extraction of electrical heat load from existing LV sensors 

without the need for additional monitoring capability. This improves network situational 

awareness with respect to electrical heat load. 

5.1 Summary 

Whilst efforts are underway in order to forecast heat pump uptake and the consequent load 

and magnitude effects on existing distribution network assets, the limitations of using trial data 

and supplementary datasets means that there will always be a differential between the 

electrical heat demand as modelled and the actual electrical heat demand on a specific feeder. 

The transition to target levels of heat pump uptake will take time and tools will be required in 

order to support the intermediate period of early and mid-technology uptake. This chapter 

seeks to overcome this difficulty by developing a methodology for the disaggregation of 

electrical heat load from LV substation data in order to extract locally specific electrical heat 

demand. This facilitates the examination of heat pump electrical demand and penetration on a 

feeder without the need for additional hardware monitoring capability. In turn, this then 

enables possibility of flexibility type assessment for the additional heat pumps on a network. 

A disaggregation technique to extract electrical heat load from aggregated heat and non-heat 

load is tested and applied on test data synthesised from electrical heat pump and smart meter 

trial data with the error quantified.  

5.2 Introduction  

Within the UK, electrical heat pump uptake is only a fractional part of the long-term 

strategic target imposed by the UK government­s Heat and Buildings Strategy. The ambition 

for 2028 is to support the installation of 600,000 heat pumps per year [38], whilst in 2019 less 

than 1% of English housing stock had a heat pump for space and/or water heating [177]. There 

has been extensive work performed to date on the subject of electrical heat load modelling 

with sensitivity to various parameters, both as featured earlier in this thesis as well as in the 
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wider literature. This has encompassed modelling the effects of increased domestic electrical 

heat pump penetration on distribution networks drawing on existing trial datasets or 

constructing physical models that reflect parameters of typical households and associated 

heating systems. 

Whilst these works provide indicative predictions for future electrical heat load, the reality 

is that there will inevitably be a gap between the heat load forecasted by a model developed 

from generic datasets and the actual electrical heat load imposed on a specific feeder due to 

increased heat pump penetration. As the progression to high penetrations of heat pump 

technology will not be instantaneous, distribution network operators will require tools to 

support with the ongoing adoption of heat pumps at the LV level.  

LV networks are traditionally designed with very low levels of communication and control, 

which was complementary to the needs and function of the historic LV network. Typically, 

the substation transformer is the only point of visibility on the distribution network, and this 

represents an aggregated view of the voltage and current characteristics of all of the 

downstream loads. Historically this level of monitoring has been sufficient for day-to-day 

management and future network planning. However, the increased uncertainty associated with 

heat pumps and new LV connected low carbon technologies in general presents the risk that 

lack of visibility surrounding increased electrical heat load presents a threat to existing and 

future network assets. 

This work seeks to develop and demonstrate a methodology for disaggregating electrical 

heat load from the aggregated load at the point of the LV transformer, facilitating improved 

understanding of the connected load characteristics and future decision making. The presence 

of partial heat pump presence on a network presents several opportunities for improving 

decision making at both the planning and operational level. By enabling access to locally 

specific electrical heat load, future impacts due to increased local heat pump penetration can 

be improved whilst being supported with the generically developed electrical heat load models. 
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Similarly, by understanding the dependencies of the connected electrical heat pumps, 

participation in a flexibility type scheme can be addressed for that specific feeder. Finally, 

there is also the opportunity to extract local electrical heat load from neighbourhoods with 

more advanced levels of penetration to support estimation of network impacts elsewhere. 

5.3 Aims and Objectives 

On this basis, the contribution of this chapter is to address the gap presented by generic 

development of electrical heat load and develop a methodology for extracting locally specific 

electrical heat load from aggregated LV transformer data. This enables the future coupling of 

generically developed models with locally specific insights in order to support the future 

planning and operation of power distribution networks. 

5.4 Literature Review  

Load aggregation and disaggregation techniques have been applied extensively in the 

wider research literature for a variety of applications, including signal processing and other 

data conditioning tasks where level of detail is traded off versus ease of model computation 

[178]. In an energy specific context, disaggregation has been the subject of research for 

developing various techniques to support non-intrusive load monitoring for power system 

applications [179]. For power distribution networks, significant research focus has been 

applied to the problem of disaggregation of household appliances from smart meter data [180].  

This has in part been driven by the increasing uptake and availability of smart meter data 

[46], combined with increasing levels of interest in characterisation of household energy usage 

alongside increased future uncertainty surrounding low carbon technology uptake and usage 

[21]. Non-intrusive appliance load monitoring (NIALM) techniques have been developed to 

differentiate household appliances from aggregated smart meter data, facilitating higher 

fidelity analysis of household energy consumption without the need for additional monitoring 

capability [181]. Additionally, monitoring of household energy usage through a single 
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household meter as opposed to appliance specific meters is more palatable for stakeholders.  

A range of NIALM techniques have been developed in order to take raw household smart 

meter data and disaggregate this into constituent household appliance loads in order to provide 

improved insight onto time of use and power contributions of various domestic appliances. 

Initial works were based on simple edge detection methodologies to indicate whether known 

appliances were in the ®on¯ or ®off¯ state [182]. Increased sophistication and data-processing 

capabilities has led to more advanced disaggregation methodologies. [183] utilised hidden 

Markov Models with segmented integer quadratic constraint programming to disaggregate 

household power at an average frequency of 0.3Hz into the appliance level. However, the 

utility of these insights has been limited by lack of practical implementations. In order to 

exploit knowledge of household-level appliance usage in a networks context, computational 

overheads combined with complexity of integration compared to the yet to be quantified 

benefits of appliance-level knowledge must be overcome. 

In contrast, disaggregation of load types at the substation level has not yet extensively 

been examined. Despite the high rates of smart meter deployment at the distribution network 

level within the UK, with household adoption at 51% as of March 2022 [46], DNO system 

observability is presently constrained by default to substation-level or higher monitoring. 

Whilst energy suppliers have access to smart meter data for billing purposes, DNO­s do not 

have equivalent access due to the legal separation of DNO and energy supplier functions 

within the UK [184]. This situation is evolving however, with Office of Gas and Electricity 

Markets (Ofgem) approval of UKPN [185] and SSE [186] proposals for use of anonymised 

smart meter data, with further recommendations to treat smart meter data as ®presumed open¯ 

[187].   

Therefore, LV asset monitoring is typically performed at the point of the LV transformer, 

providing a single set of voltage and current measurements that represents the aggregation of 

up to hundreds of households.  This has been suitable for historic DNO function, but the 
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uptake of new load types such as electrical heat pumps combined with electric vehicles and 

rooftop solar will impose changes on LV network energy and power profiles. The integration 

of these new low carbon technologies will also be accompanied by the introduction of more 

sophisticated network operation and control techniques, to facilitate the planning and operation 

of the future LV distribution network. In order to minimise physical network intervention in 

the presence of uncertain future technology uptake, it is desirable to develop techniques for 

maximally understanding present and future network conditions without the need for 

significant additional hardware monitoring. 

[188] demonstrated the case for developing disaggregation techniques for MV distribution 

networks, characterised by higher levels of monitoring and control in comparison to LV 

networks. 

5.5 Problem Overview 

Due to the nature of LV transformer load in a distribution networks context, there are 

several constraints to be accounted for when developing a disaggregation methodology for this 

application. These can be grouped as constraints determined by the LV transformer as well as 

constraints imposed by the specific problem of electrical heat load disaggregation. These 

constraints inherent to the LV network and are not specific to the selected aggregation 

methodology. 

The LV transformer places limitations on the observability of the overall network and, in 

turn, the observability of connected electrical heat load. Typically sampling frequency is in 

the region of half hourly due to alignment with the 30-minute settlement period for electricity 

markets [189], therefore whilst bulk demand trends can be observed, high frequency events or 

load switching is not visible and therefore cannot be exploited as model input features. A 

typical LV transformer is responsible for supplying on the order of one to a few hundred 

households, which therefore means the operating region spans from the very low to the 

moderately high levels of aggregation [190] . With reference to the ADMD curve in Love [76] 
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and in previous chapters, LV network operation exists along the knee of the ADMD curve 

where the rate of change versus number of customers is highest.  This necessitates the ability 

to be able to sufficiently disaggregate electrical heat load for aggregated demands with low 

diversity as well as high diversity. 

 

Figure 5-1  Normalised heat and non-heat daily load shapes for high and low 

penetration cases; (a) 5 customers, 100 and 1% penetration (b) 15 customers, 100% and 1% 

penetration (c) 25 customers, 100% and 1% penetration (d) 5 customers, 75% and 25% 

penetration (e) 15 customers, 75% and 25% penetration (f) 15 customers, 75% and 25% 

penetration 

The behaviour of electrical heat type load with respect to non-heat load places further 

restrictions on the problem approach. Figure 5-1 demonstrates the seasonal variation for heat, 

non-heat and aggregated load for a group of 25 customers. Broadly it can be observed that 

whilst the heat load features a stronger seasonal dependency, both heat and non-heat load 
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follow the same general seasonal trends. Similarly, Figure 5-4 demonstrates the time of use 

characteristics for heat and non-heat load over a ten-day winter period. Again, the time of use 

characteristics for heat and non-heat load exhibit a strong correlation. This is to be expected 

due to the positive correlation with household activity for both heat and non-heat appliance 

usage; appliance and heating usage will be at its highest during hours when residents are at 

home. 

Therefore, any disaggregation technique to be applied must be able to extract features 

specific to electrical heat demand whilst overcoming the similarity of time of use and seasonal 

variation of non-heat load, as well as the diversity difficulties when operating in an LV type 

environment. This functionality must take into account the range of number of customers 

typically connected to a LV feeder, the range of possible electrical heat pump penetrations 

ranging from zero to one hundred percent and the feasible range of local temperatures for the 

target area in question. This must also be able operate with the limited observability constraints 

of an LV transformer. 

 

Figure 5-2 Axes of dependencies 

Furthermore, there are the difficulties associated with the time of use similarities for heat 

and non-heat load types. Figure 5-1 demonstrates the similarity between normalised half 
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hourly shapes for a range of customer group sizes and penetration cases. It can be observed 

that for the 25% and 75% penetration cases demonstrated, there is a very close similarity in 

half hourly load shapes. For the 1% and 100% cases, there is a slight deviation in normalised 

half hourly magnitude but there otherwise remains a close similarity in load shapes. Therefore, 

when attempting to infer the electrical heat penetration on an LV feeder through data-driven 

techniques, then additional input features beyond half hourly shape must be exploited in order 

to provide a result with sufficiently small error and translatability outside of the original 

training datasets. 

Therefore, to summarise, the model design must be able to accommodate for the following 

constraints: 

¶ Sampling Frequency: Suited for use with data of 30 minute sampling frequency 

¶ Low to High Diversity: The methodology must be adaptable to a wide range of 

customer diversity, typical of LV network applications, encompassing scenarios 

form extremely low to high diversity.  

¶ Low to High Penetrations: Need to be able to manage robust disaggregation for 

varying penetrations of heat pumps; low penetrations versus high penetrations will 

have significantly different impacts. Low penetrations with limited impacts will 

be of lesser interest compared to high penetration feeders, but the ability to 

differentiate between different penetrations is required.  

¶ Temperature Range: Heat pump usage and demand magnitude varies on a 

seasonal basis; therefore the disaggregation methodology must be able to differing 

usage profiles for the same equivalent penetration  

¶ Shape Insensitive: High similarity between heat and non-heat load shapes means 

the designed approach needs to exploit other features rather than load shape and 

magnitude. 
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On this basis, any selected methodology must be able to overcome the similarities in shape 

and time of use activity for heat and non-heat load in order to accommodate a broad range of 

conditions associated with LV networks. The selected limits are defined in Table 5-1. The 

possible EHP penetrations of interest are bounded from 0% to 100%, capturing the range 

between no EHP uptake on a feeder and full EHP uptake for all households. The temperature 

range of interest has been bounded between 0°C and 25°C. The lower 0°C limit is constrained 

by the range captured between electrical daily demand and external daily average air 

temperature in Figure 3-3, derived from RHPP data [115] and the Central England daily 

temperature series [132]. Below 0°C is an operational zone of interest due to the decrease in 

achievable COPs in this region, but the lack of EHP trial data for this region limits the 

validation and analysis that can be performed. Finally, the numbers of customers of interest 

has been defined as ranging from 1 to 75. The lowest bound has been set at 1 as the lowest 

practicable number of customers on a feeder, whereas the upper limit has been set at 75 to 

reflect point at which the ADMD curve has been observed to stabilise in the RHPP dataset via 

[76]. This represents the number of customers required for the effects of diversity to result in 

the aggregated electrical heat load shape to converge. 

Parameter Minimum Maximum 

EHP Penetration (%) 0 100 

Temperature (degC) 0 25 

Number of Customers 1 75 

Table 5-1 Parameter minimum and maximum limits for disaggregation study design 
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Figure 5-3 Twenty customer feeder with 100% electrical heat pump penetration; one 

year period with half hourly resolution 

 

Figure 5-4 20 Customer feeder with 100% electrical heat pump penetration; 10 day 

winter period with half hourly resolution 

 

5.6 Methodology  

This work describes a methodology for disaggregating electrical heat load from the 

aggregated load data collected at the point of an LV transformer within the distribution 

network. The overall work can be broken down as follows: 
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¶ Construction of synthesised training datasets in order to form the aggregated LV 

transformer load for model testing 

¶ Definition of disaggregation methodology and accompanied features for applying 

to constructed aggregated load 

¶ Test and cross-examination of disaggregation methodology with respect to 

temperature, penetration and number of customers 

Existing smart meter and electrical heat pump data is used to construct synthesised test 

data that forms the aggregated LV transformer load for test. The disaggregation methodology 

is tested versus sensitivity to temperature, number of customers and heat pump feeder 

penetration. 

 

Figure 5-5 Methodology overview for disaggregation of electrical heat load from 

transformer load 
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5.6.1 Training Datasets and Aggregated Load Synthesis 

This work makes use of two datasets in order to synthesise the aggregated LV transformer 

load, prior to application of the developed disaggregation techniques in order to extract 

electrical heat from non-heat load. Due to the lack of a comprehensive dataset featuring 

domestic load combined with electrical heating, two datasets as used to synthesise an 

aggregated load. The first dataset consists of smart meter data obtained from the EDRP dataset 

[158]. This dataset is used to provide the domestic non-heat load for the study. The second 

dataset consists of the electrical heat pump demand data from the RHPP dataset and is used to 

provide the electrical heat demand data for the study. The RHPP dataset was selected as it 

remains the largest publicly available electrical heat pump dataset within the UK. The 

relationship of these datasets is illustrated in Figure 5-5; for a feeder with a given number of 

connection­s, electrical heat is paired with smart meter data for each customer and then 

summed in order to provide an aggregated LV transformer load for test. For simplicity 

technical losses including resistive and reactive losses are not included in this study. 

The developed methodology is tailorable to number of customers, and percentage level of 

EHP penetration amongst the total customer group. The aggregated load at the point of the 

transformer can be represented as in (47), where ὒέὥὨ is the aggregated load at the 

transformer which is the summation of the total customer loads n connected on the feeder. 

This can be expressed further as in (51), where the aggregated load at the transformer is the 

summation of customer heat-type electrical load and non-heat type electrical load present on 

the feeder. The addition of a penetration factor  ɲ in (49) which varies from 0 to 1, reflects 

the corresponding EHP penetration level from 0% to 100% for the feeder under consideration 

(50).  

ὒέὥὨ ὒέὥὨ 
(47) 
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ὒέὥὨ ὒέὥὨ  ὒέὥὨ  
(48) 

ὒέὥὨ ᶮ ὒέὥὨ  ὒέὥὨ  
(49) 

ὖϷ ᶮ ρππ (50) 

 When constructing an aggregated load consisting of a defined number of customers ὲ 

with defined EHP penetration level ὖϷ  the following process is applied. ὲ random 

samples are obtained from the non-heat type electrical load EDRP dataset, with a further n x 

 ɲ samples obtained from the heat-type electrical load RHPP dataset, rounded up to the nearest 

whole number. RHPP customer data is resampled from 2-minute to 30-minute intervals so that 

the sampling frequency is consistent with the 30-minute sampling frequency of the EDRP 

dataset. As sampling windows vary across as well as within the RHPP and EDRP datasets, the 

randomly sampled profiles are aligned by day of year so that the seasonality of both load types 

are aligned. The obtained heat and non-heat electrical load profiles are then summed for each 

24-hour period over a 365-day period beginning on January 1st and ending on December 31st 

in order to provide the synthesised aggregated transformer load ὒέὥὨ. Whilst the number 

of customers n and penetration level ὖϷ  will be varied as model inputs for the 

disaggregation process, the methodology for constructing the synthesised aggregated load will 

remain the same for any variation in model inputs. 
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5.6.2 Disaggregation Theory 

 

Figure 5-6 Overview of synthesised load data coupled at point of LV transformer 

Figure 5-6 diagrammatically shows a synthesised aggregated transformer load for four 

customers, each consisting of a heat-type and non-heat type load profile obtained from the 

RHPP and EDRP datasets respectively. This section will discuss the process for disaggregation 

of the summed heat-type electrical load from the aggregated heat-type and non-heat type load 

at the point of the LV transformer.  

5.6.2.1 Base Summer Load Subtraction 

The Base Load Subtraction feature is constructed on the basis of two assumptions. Firstly, 

that domestic non-heat load is largely static in contrast to temperature-sensitive, and 

consequently seasonally variable heat-type load. Heat-type load for this study will only include 

electrical heat load used for space heating and does not include electrical heat load used for 

5ƛǎŀƎƎǊŜƎŀǝƻƴ

¢ƻǘŀƭ IŜŀǘ ¢ƻǘŀƭ 9ƭŜŎǘǊƛŎ

!ƎƎǊŜƎŀǘŜŘ [ƻŀŘ

[± ¢ǊŀƴǎŦƻǊƳŜǊ

/ǳǎǘƻƳŜǊ

IŜŀǘ 9ƭŜŎǘǊƛŎ

/ǳǎǘƻƳŜǊ

IŜŀǘ 9ƭŜŎǘǊƛŎ

/ǳǎǘƻƳŜǊ

IŜŀǘ 9ƭŜŎǘǊƛŎ

/ǳǎǘƻƳŜǊ

IŜŀǘ 9ƭŜŎǘǊƛŎ

wItt 
5ŀǘŀǎŜǘ

5ƛǎŀƎƎǊŜƎŀǘŜŘ [ƻŀŘ

95wt
5ŀǘŀǎŜǘ



150 

 

hot water. Typical household energy consumption has been estimated at 4.3kWh per day by 

the Energy Saving Trust [191], whereas the median maximum energy consumption due to 

EHP load from the RHPP dataset is measured at 35.25kWh per day [115]. The RHPP dataset 

measures hot water energy consumption distinct from heating, but only 22 of the 700 

customers actually return nonzero values for this field. Given the limited hot water energy 

consumption in the RHPP dataset, combined with the unknown contribution to energy 

consumption in the EDRP dataset [158],  and that hot water energy consumption this method 

does not attempt to account for the effects of hot water heating. For winter extremes the 

contribution of hot water heating will be relatively small compared to space heating, but this 

does mean that for warmer cases the effects of hot water will not be accounted for. 

Non-heat domestic load incorporates a range of loads including domestic appliances, 

lighting and entertainment devices. Secondly, that heat-type load usage during summer months 

is functionally zero. The load at the LV transformer ὒέὥὨ  can be expressed 

generically as shown in (51), where the aggregated load is a function of the simultaneous heat 

and non-heat load applied to the transformed. During summer months where heat load is at its 

seasonal minimum, the heat-load may be assumed to be zero as per (52) and the remaining 

measured load at the transformer is equivalent to the connected non-heat load on the network. 

ὒέὥὨ ὒέὥὨ  ὒέὥὨ  (51) 

ὒέὥὨ ὒέὥὨ  π (52) 

During the Winter months, the ὒέὥὨ  value obtained during the Summer case may 

then be utilised as per (53). This posits that the aggregated transformer winter load 

ὒέὥὨ  minus the measured summer non-heat load ὒέὥὨ  

ὒέὥὨ  ὒέὥὨ  ὒέὥὨ  (53) 

Whilst simplistic, this methodology is advantageous as it provides a transformer specific 

estimation of heat-load from the obtained ὒέὥὨ  parameter without the need for 
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external training data of unknown translatability. However, this technique is constrained by 

the fact that non-heat load is not truly static on seasonal timescales due to increased household 

occupancy and appliance usage during Winter months. Therefore, this will result in a 

limitation for the minimum achievable error using this technique.  

5.6.3 Model Inputs 

As has been discussed earlier in 5.5, the developed disaggregation methodology is 

designed to facilitate the estimation of electrical heat load for a range of EHP penetrations and 

customer group sizes relevant to the typical quantities found on an LV feeder. The model 

inputs consist of the number of customers on a feeder ὲ, alongside the defined percentage 

penetration of how many customers on that feeder are equipped with EHPs. ὖ Ϸ

ρππ represents all customers on the feeder for a defined group size being equipped with an 

EHP, whereas ὖ Ϸ π would reflect zero penetration of EHP­s on an LV feeder. 

Ὥὲὴόὸί   
ὲ υȟρπȟςυȟυπȟχυȟρππ

ὖ Ϸ ρȟςυȟυπȟχυȟρππ
 

 

(54) 

5.6.3.1 Test Matrix 

The following penetration and total number of customers connected to a transformer in 

Table 5-2 are applied to test the disaggregation methodology for a range of scenarios. This 

spans the possible range of penetrations and encompasses customer group sizes from low to 

high levels of aggregation.  

Customers Penetration (%) 

5 1 25 50 75 100 

10 1 25 50 75 100 

25 1 25 50 75 100 
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50 1 25 50 75 100 

75 1 25 50 75 100 

Table 5-2 Test Matrix for Number of Customers ὲ and Penetration ὖ Ϸ  

5.6.4 Validation  

5.6.5 Metrics 

A number of standard and custom metrics will be used for this work. Standard metrics 

allow for comparisons between this work and others. Custom metrics are useful for 

demonstrating model functionality in accordance with its specific strengths. Due for the need 

to compare model effectiveness across a range of penetrations and customer numbers, with 

consequently different seasonal minimum and maximum amplitudes, scale invariant metrics 

such mean absolute percentage error are preferred.  

Additionally, a novel metric capturing how well the relationship between the time of year 

and heat load is represented is described. 

 

5.6.5.1 Peak Daily Percentage Error (Median) (%) 

The percentage error ‏ between the expected electrical heat load for a point in time ὺ 

and actual electrical heat load for a point in time ὺ is expressed as in (55).  

Ϸ ‏  
ὺ ὺ

ὺ
ϽρππϷ (55) 

For each combination of n and ὖ Ϸ , heat and non-heat electrical load profiles are 

randomly sampled as required from the RHPP and EDRP datasets. Further to this, for each 

combination of n and ὖ Ϸ , multiple random samplings are obtained to construct multiple 

aggregated loads. The peak daily percentage error ‏  is for each result set is calculated as 

per (56), where ὺȟ reflects the actual electrical heat load at time t, and ὺȟ reflects the 
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estimated disaggregated electrical heat load at time t.  Then the overall median ὓ  (%) for 

a n,ὖ Ϸ  input of 50 random samplings obtained as per (57). 

‏ Ϸ άὥὼɴ  
ὺȟ ὺȟ
ὺȟ

ϽρππϷ (56) 

ὓ Ϸ     
(57) 

5.6.5.2 Day Angle Rate of Change and Intercept 

Rather than use direct historical temperature as a model input, this work uses day angle as 

a proxy to reflect the seasonal temperature variation. As has been discussed in Chapter 3 the 

relationship between daily average demand and daily average temperature can be represented 

as a linear relationship with non-linear behaviour at the extremes. The linear region for heat 

pump demand can be modelled as shown below, where (58) is the generic form for a linear 

relationship, and (59) shows the specific form for the relation between daily demand and 

temperature. Due to the lack of historical temperature unity for the paired heat and non-heat 

datasets, the relationship between day angle and daily demand will instead be modelled as an 

equivalent function.  

ώ άὼ ὧ (58) 

ὈὥὭὰώ ὈὩάὥὲὨ ὯὡὬ ά ὝὩάὴὩὶὥὸόὶὩὨὩὫὅὧ (59) 

ὈὥὭὰώ ὈὩάὥὲὨ ὯὡὬ ά Ὀὥώ ὃὲὫὰὩЈ ὧ (60) 

The day angle derived metrics therefore correspond to how well the disaggregated heat 

aligns with the true heat-load rate of change and intercept. The rate of change directly 

corresponds to how much heat load will vary on a seasonal basis, and the intercept determines 

the maximum expected load under extreme conditions. 
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As an alternative to pointwise metrics, this metric performs a comparison of how well the 

disaggregated data follows the real temperature dependent relationship of the actual data. 

5.6.5.3 Estimated number of heat pumps and Penetration 

Finally, a metric that reflects penetration level versus number of meters is proposed. Using 

the heat localisation model developed previously, an estimation of the required heat pump size 

can be made. Using an estimated average heat pump rating, once the heat load is disaggregated 

then an estimation of number of heat pumps installed on the network can be made. This 

provides an alternative to numerical comparisons, and offers a more interpretable estimate of 

predicted heat pump penetration versus estimated penetration. (63) illustrates the relationship 

between the maximum disaggregated demand Ὀάὥὼ, the defined maximum heat pump rating 

maximum and its relationship to the number of estimated heat pumps installed on the network. 

This can be then translated to an estimation of penetration as per (64).  

ὲ
Ὀάὥὼ

ὙὥὸὭὲὫ ὓὥὼ
 (63) 

ὖϷ
ὲ

ὲ
 (64) 

5.7 Results 

5.7.1 Peak Daily Percentage Error (Median) (%) 

 Penetration P (%) 

1 10 25 50 75 100 
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Customers 

(n) 

5 1831.5 5907.9 746.8 501.5 386.8 130.4 

10 7632.4 7043.4 707.2 287.5 111.9 48.3 

25 23804.2 2212.4 685.7 130.2 63.2 17.9 

50 28606.4 1365.4 303.9 90.3 32.2 14.6 

75 105729.3 759.4 217.1 78.2 29.5 1.4 

Table 5-3 Peak Daily Percentage Error for Number of Customers and Penetration (%) 

The results obtained for the Peak Daily Percentage Error (median) ὓ Ϸ  process as 

described in  5.6.5.1 is tabled in Table 5-3. There are some clear observations to be made. 

Low input values for n and ὖ Ϸ  result in excessively high values of ὓ Ϸ . As an 

example case, for the 1% penetration 5 customer scenario, a 1831% for ὓ Ϸ could occur 

when actual electrical heat load is approximately 180kWh and estimated is close to zero. This 

is a natural weakness when using percentage error type metrics to compare actual versus 

expected values. For the 1% cases for customer groups between 5 to 75, this percentage error 

roughly scales proportional to customer group size, indicating that for extremely low EHP 

penetration cases there is a tendency to underestimate electrical heat load. Given the very low 

ratio of electrical heat load compared to non-electrical heat load, this results in a high error as 

anticipated using the methodology in 5.6.2.1. 

At the other extreme, the ὖ Ϸ ρππ, n  75 scenario demonstrates a very low 

ὓ Ϸ  of 1.4. This has several implications; for high penetration cases such as this one, 

electrical heat load will be dominant compared to non-heat electrical load. Using the base 

summer load subtraction methodology used to estimate ὒέὥὨ  in (53) then is a good 

approximation of aggregated electrical heat load on a feeder. Intermediate values for ὖ Ϸ  

and n see increased percentage errors compared to the high ὖ Ϸ , n case result in a consistent 

under-estimation of electrical heat load. 
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5.7.2 Day Angle Rate of Change and Intercept 

Figure 5-7 displays the results for the error metrics ά  (61) and ὧ  (62). These have 

been computed for customer group sizes 5, 10, 25 and 50 for the penetration (%) cases 1, 10, 

25, 50, 75 and 100. Each customer group size and penetration combination has been 

constructed via random sampling of EDRP/RHPP non-heat/heat load pairs. Fifty random 

samplings are performed for each group size and penetration combination in order to provide 

an averaged result. Finally, for each group size/penetration combination, the error is calculated 

for each of the fifty random samplings. The peak ά  Ϸ  for each set is plotted, along with 

the standard deviation. 

The day angle error, ά  Ϸ  ,reflects how well the slope, or seasonal rate of change, of 

the predicted electrical heat load matches the real electrical heat load. In Figure 5-7 (c) the 

ά  Ϸ  converges close to zero for the 100% penetration, 50 customer case. This indicates 

that for customer groups that feature sufficiently high levels of diversity and where electrical 

heat load is dominant during winter worst case conditions, the disaggregation methodology is 

able to represent an appropriate slope that reflects the seasonal variation of electrical heat load. 

However, for low penetration/low customer number cases the quality of the slope estimation 

becomes particularly poor. 

Figure 5-7 (a) represents the offset error ὧ  Ϸ . This is a measure of how well the offset 

parameter captures the seasonal maximum of the estimated electrical heat load versus real 

electrical heat load. For the high-penetration/high -customer case, the error (%) converges on 

approximately 20 %. For 50 customers, this would equate to estimating the presence of 60 

EHPs connected to the feeder rather than the true value of 50. However the offset error 

ὧ  Ϸ  is relatively stable for penetrations of 20% and higher for all customer group sizes ± 

this indicates there is a parameter that scales proportionally with customer group size that is 

contributing to a fixed percentage error. This potentially could be the contribution of energy 
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consumption due to hot water heating that is imposing a fixed percentage error between the 

predicted and real electrical heat load. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 5-7 Peak Daily Percentage Error (a), Peak Daily Standard Deviation (b), Day 

Angle Percentage Error (c) and Day Angle Percentage Error (d) for customer group sizes of 

5,10,25 and 50 for penetrations of 1%, 10%, 25%, 50%, 75% and 100% 
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5.7.3 Estimated number of heat pumps and Penetration 

The equivalent estimated number of heat pumps for each ὖ Ϸ , n case is tabled below in 

Table 5-4. Given the disproportionately high percentage errors obtained by the metric using 

5.6.5.1, this offers an alternative EHP penetration specific metric that demonstrates the 

estimated number of EHP devices connected on a feeder versus the actual configured value for 

the aggregated dataset. In this case, the predicted number of EHP devices tends to overestimate 

the true number of devices. However, as a very rough order of magnitude it provides a 

qualitatively closer indication of EHP penetration than the percentage-type metric. 

Number of 

Customers 

5 10 25 50 

True 

Mean 

Predicted 

Mean 

True 

Mean 

Predicted 

Mean 

True 

Mean 

Predicted 

Mean 

True 

Mean 

Predicted 

Mean 

Penetration 

(%) 

        

1 0 0 0 0 0 0 1 0 

10 1 2 1 1 3 3 5 6 

25 1 1 3 4 6 8 13 17 

50 4 4 5 7 13 16 25 31 

75 3 5 8 11 19 24 38 46 

100 5 7 10 13 25 31 50 60 

Table 5-4 Estimated number of HPs connected on LV feeder for customer group sizes 5, 

10, 25 and 50 at penetrations of 1%, 10%, 25%, 50% and 100% 

5.8 Discussion 

This work has outlined several of the challenges associated with electrical heat load 

disaggregation at the point of the LV transformer and tested a methodology for performing 

disaggregation of electrical heat load.  
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Despite the simplicity of the disaggregation methodology, the estimated number of heat 

pumps presented via Table 5-4 provides a relatively close estimation of true EHP penetration 

on a feeder sensitive to the variation in penetration and customer group size for each scenario. 

This is in contrast to the percentage type metrics in Table 5-3 which result in extremely high 

peak percentage errors for low penetration/low customer group size type cases due to low 

estimated values being penalised disproportionately. 5.7.2 demonstrated that daily estimated 

electrical heat load could be approximated via the linear function provided in (60), however 

for the high-penetration/high customer group cases there remains a fixed offset in estimated 

versus actual electrical heat load. This will be a result of estimating peak electrical heat load  

ὒέὥὨ  as the function of ὒέὥὨ  and ὒέὥὨ . In actuality, 

ὒέὥὨ  will not be static over a full seasonal period; as this encompasses device usage 

such as lighting, entertainment systems and appliances, all of which will see greater utilisation 

during darker and colder winter months when occupancy will be higher. 

There are naturally limitations with this approach that is imposed by the test data. As the 

household smart meter and electrical heat pump data is obtained from separate customers at 

separate times, the test data as synthesised does not fully represent the concurrent demand 

relationships that might be seen in a household paired with a heat pump. For future applications 

it may be possible to make better use of day of week and locally specific temperature features 

in order to differentiate between heat and non-heat load. Similarly, the adoption of electrical 

heat pumps in a neighbourhood may impact non-heat load shapes and time of use 

characteristics ± therefore care should be taken to understand the consequences of this. 

Whilst electric heat pumps form a key component of the UK heat decarbonisation strategy, 

they do not form the only source of electric heat. Resistive electrical heating is well established 

in UK rural households and similarly common in urban environments [177]. Due to the 30-

minute sampling frequency and levels of customer aggregation it is not possible to distinguish 

between electrical heat pump load and resistive electrical heat load; therefore, this work is 
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reliant on the fact that resistive heating is not particularly widespread in UK households and 

is trending to be phased out in future in favour of more efficient solutions such as heat pumps.  

5.9 Further Work 

This section describes a methodology that would be desirable to develop as a further piece 

of work. This disaggregation technique seeks to overcome the static limitations of the 

previously described technique and exploits the fact that heat-load and non-heat load both vary 

on seasonal timescales in phase with the orbit of the earth around the sun and corresponding 

variation in seasonal temperature due to axial tilt for high latitude countries [192]. The 

common phase of heat-load and non-heat load poses a difficulty when attempting to 

decompose the two load types.  

This methodology will examine the variability of the aggregated transformer load on days 

where the daily temperature deviates from the seasonal average daily temperature. For this 

case, the aggregated transformer load can be considered as the sum of multiple components; 

the seasonal average components and the deviation from mean components. For each degree 

deviation from the seasonal average temperature, there is a corresponding change in heat and 

non-heat load. However, heat and non-heat load will demonstrate different proportional 

responses with respect to temperature. 

ὒέὥὨ
 
 ὒέὥὨ

  = ὒέὥὨ  + ὒέὥὨ Ὕ ᶻ

ὒέὥὨ Ὕ ὒzέὥὨ  

(65) 

By examining the daily demand deviation from seasonal average temperature from time series 

data, the heat-content of an aggregated load can be estimated and therefore the electrical heat 

pump penetration connected to a specific LV transformer. Due to time constraints, this has 

been left as further work. 
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5.10 Conclusion  

This chapter has demonstrated and tested a methodology for performing the 

disaggregation of electrical heat load from aggregated LV transformer load, facilitating locally 

specific understanding of electrical heat load without the need for additional hardware 

monitoring or infrastructure. In turn, this enables the extracted locally specific electrical heat 

load to be applied in future network impact studies, for other areas of interest or to support the 

assessment of flexibility on the feeder. 

This methodology offers an alternative to traditional NIALM techniques which are 

primarily designed to disaggregate load on an appliance level with high-fidelity data, and 

therefore might struggle with the conventional sampling frequency of LV transformers. 

Looking forward, the primary objective would be to validate the developed methodology 

with real-world aggregated LV transformer data, incorporating a genuine heat and non-heat 

load component alongside contemporaneous weather data, instead of relying solely on 

synthesised heat and load data. This validation with real-world data would help refine the 

methodology further, improve its accuracy, and potentially make it more adaptable for various 

scenarios. 
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Unification of Electrical Heat Load 

Modelling 
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This chapter provides the unified concept for the work presented in preceding chapters, 

presenting an implementation that combines generic electrical heat load models with a 

methodology for deriving feeder specific electrical heat load. 

6.1 Introduction 

The previous chapters in this work provided standalone methodologies for the modelling 

and prediction of electrical heat load. The first two chapters presented methods for electrical 

heat load prediction by deriving models from existing trial data and subsequently augmented 

by supplementary datasets. The previous chapter presented a process for deriving an electrical 

heat load model from operational LV substation data, bypassing the requirement for trial data 

to develop electrical heat load predictions. 

As increasing levels of renewables penetration is achieved, with correspondingly 

increased operational complexity, DNO­s will seek to move beyond the standalone predictions 

provided by historic trial data in order to maximally optimise network decisions. Conversely, 

due to data quality issues, limited sensor capability, and the pragmatic difficulties of data 

processing in a live operational environment, raw LV transformer data necessitates further 

conditioning in order to be robust enough for decision making purposes. Alongside this, whilst 

it is the DNO­s responsibility to ensure security of supply at the LV level, this responsibility 

is complemented by the particular needs and plans of commercial, residential and civic 

organisations connected to a specific feeder or present in a locality. This chapter presents a 

unification of the previously developed concepts.  

6.2 Rationale 

As has been previously discussed in this work, there is a heavy reliance on trial data in 

order to inform potential future LV network effects due to the impact of increased renewables 

integration. Due to the cost and effort of implementing large scale trials, the number of datasets 

to draw on is limited, with the RHPP trial providing the only large-scale heat pump dataset 
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publicly available in the UK. Monitoring for this trial concluded in 2015 [8], presenting a eight 

year gap between close of the trial and the present day. The gap between initial trial design 

and equipment commissioning is even larger, with RHPP heat pumps installed between 2009 

and 2014. To put this in perspective, the proportion of UK energy supplied from low carbon 

sources in 2010 was 10.1% - a figure largely unchanged from 2000 [21]. Since the Climate 

Change Act of 2008, this proportion increased to 21.5% in 2020, with corresponding changes 

in the energy landscape at the commercial and individual level. The last ten years have resulted 

in more changes to the generation and distribution of electrical energy in the UK since the 

initial development of a unified electricity system [193]. These timescales are typical for large 

scale trials which require up front design effort to ensure alignment with long term strategic 

needs, household recruitment and installation as well as ongoing monitoring and analytical 

outputs. 

  Therefore, while trial data provides population-level insights into potential future 

electrical heat load, the following informational lags should be taken into consideration: 

¶ Time; length of time elapsed between trial data capture and target area of study. 

Corresponding changes in building construction, heat pump performance, 

household energy consumption and user behaviours due to the passage of time. 

¶ Space/spatial variability; the geospatial distance between the area of trial data 

capture and the target area of study. Climatological differences, demographic 

differences, urban/rural variation. 

Work in previous chapters has sought to reduce the temporal and spatial differentials 

between trial data and a target feeder, through scale localisation of trial data derived models 

using contemporary gas demand datasets. However, there are inevitably limitations with this 

approach. Due to the limitations of trial data for the model construction, temporal and spatial 

differentials cannot be fully eliminated. Furthermore, developed methods inform potential 
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electrical heat load across a range of penetrations, but cannot provide information about 

notional future penetration. 

 Whilst there is a wide body of literature surrounding the modelling and prediction of 

future renewables penetration, this literature in itself remains demonstrative of future 

penetration versus various parameters rather than providing definitive outcomes. In an analysis 

of Chile­s electricity system, scholars found that optimizing across uncertain fuel prices lead 

to greater renewables and storage, and note that ®failing to appropriately upgrade [capacity 

expansion] models may lead to a significant underestimation of [renewable] integration costs 

and risks, misleading relevant decisions in policy, regulation, [and] market design¯ [194]. 

 As has been demonstrated through recent events, the status quo for energy consumption 

and production cannot be relied upon to continue indefinitely. The impact of recent price 

shocks has yet to be fully quantified, but early indications within the UK show that households 

had cut gas and electricity usage more than 10% heading into the 2022 winter season due 

surging costs [195]. In parallel, plug- in electric vehicle sales increased by 26% year-over-year 

in October 2022. The fragmented nature of the PV, domestic energy storage and EHP market 

makes it difficult to assess trends in the near-term but the 404% increase in wholesale gas 

prices and 346% in wholesale electrical prices from 2021 to 2022 [196] will inevitably drive 

consumers to seek renewable alternatives to their existing electrical and gas grid-fed supplies. 

Therefore, whilst renewables penetration studies can forecast uptake on the basis of 

demographic, geospatial and climatological factors, renewables uptake at the LV level is still 

ultimately subject to wider macroeconomic dependencies which can disrupt previous adoption 

trends. 

To summarise, the limitations of static trial data coupled with underlying economic and 

behavioural assumptions required for penetration studies alongside macroeconomic 

dependencies present a need for overcoming these constraints. Trial data remains essential as 

a method of capturing population-level effects that cannot be robustly modelled through 
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traditional methods such as physics-based buildings models. For example, a hi-fidelity model 

of a building plus heating system can be constructed to explore the relationship between heat 

and electrical demand, but this requires additional assumptions regarding occupant behaviour 

and local factors such as weather. Similarly, penetration studies are key for supporting the 

examination of feeder-specific impacts with respect to increased renewables penetration, but 

there remains the difficulty of validating what is a reasonable penetration level. 

As a countermeasure to the uncertainty surrounding technology penetration, the magnitude 

and pattern of electrical heat load, a novel concept is proposed. This concept seeks to exploit 

the existing body of insights provided by generic trial data and augment it with the depth of 

locally specific insights obtainable from operational data extracted from the existing LV feeder 

monitoring infrastructure. 

6.3 Concept 

 

Figure 6-1 Unification Concept Overview 

To overcome the limitations of demand models derived from trial data coupled with the 

limitations in renewables penetrations studies, a concept for drawing on the previously 

developed electrical heat disaggregation methodology combined with the generically derived 

electrical heat load models is proposed.  Figure 6-1 provides a top-level view of how the 

existing concepts described previously in this work link together. Through the use of 

disaggregated electrical heat load from LV transformer data, a locally specific electrical heat 
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load model that overcomes the temporal and spatial limitations of generic heat load can be 

derived. Due to the disaggregation methodology drawing on existing sensor outputs, there is 

no requirement for additional hardware monitoring for this implementation. Table 6-1 

provides an overview of the pros and cons for trial versus operational data when aiming to 

predict electrical heat load on an LV network. Although not a full digital twin implementation, 

this work seeks to create a digital twin type relationship between electrical heat load and an 

LV feeder that could then feasibly be scaled to encompass all LV load types. 

 

 Trial Data Operational Data 

Pros Complete set of time series data 

Controlled data collection environment 

Electrical heat load specific 

measurements 

High sampling frequency 

Temporally and spatially specific to target 

area 

Underlying penetration can be inferred 

Cons Need for translation to target area 

Temporal and spatial differential from 

target area 

No inferable penetration information 

for target area 

No isolated electrical heat load measurement 

Low sampling frequency 

Data quality; sparse/incomplete data 

 

Table 6-1 Overview of Pros and Cons for Trial versus Operational Data in Predictive 

Context for Electrical Heat Load 

The top-level concept coupled with the previously developed work in Chapter 3  and 

Chapter 4 is shown simplistically in Figure 6-1. The physical entity represents the physical 

asset and it­s associated conditions; in this case a LV network transformer and the applied 

electrical load. As has been explored in previous chapters, this load is sensitive to various 

parameters such as time of day, time of year and weather. The load data is then fed to the 
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processing stage. This is where disaggregation of the base LV transformer load occurs via the 

methodology presented in Chapter 5, allowing for the extraction of electrical heat load from 

non-heat load. This disaggregated electrical heat load can now be fed to the digital entity, 

which is a model representation of the LV feeder, transformer and associated loads. The 

generic electrical heat load model developed in Chapter 3 and 4 can now be supplemented 

with the extracted feeder-specific electrical heat load. In turn, this facilitates the modelling of 

outcomes beyond the conditions observed on the feeder.  This can be supplemented with 

auxiliary data sources such as weather and supporting socioeconomic data. 
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Figure 6-2 Detailed Unification of Electrical Heat Load Modelling and 

Disaggregation work 
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In an operational environment, captured operational data may not be as complete or 

sampled at the same high frequencies as trial data [8]. Furthermore, due to the need to 

disaggregate from LV transformer data, the difficulty of not having an isolated electrical heat 

load measurement must be offset. This supports the extension of predictions derived from 

disaggregated heat load beyond the operational range of the recorded measurements. This is 

of particular value when aiming to infer electrical heat load for worst case winter conditions, 

such as those experienced during winter of 2018 when several low temperature records were 

broken in quick succession [142].  

6.4 Applications 

The unification of generic models derived from trial data alongside locally specific models 

derived from more limited operational data present a range of application opportunities for 

DNO­s as they face the facilitation of increased renewables penetration. 

The changes in UK generation and load mix at the LV distribution network level 

necessitate an understanding of the specific electrical network impacts as a result of these 

changes. Whilst large-scale generation poses a simpler problem for characterisation and 

analysis, the distributed nature of small-scale load and generation at the LV network level 

presents a different problem. To date, analysis of future potential network impacts has been 

supported by models based on engineering principles supported by exemplar datasets where 

available. Both engineering assumptions and underlying data used for model construction 

stand to bias results, therefore this chapter has presented an alternative methodology that seeks 

to reduce these effects. 

Feeder-specific load models present several application opportunities in both planning and 

operational type areas, as well as opening up opportunities for decision-making and analytical 

interactions with local stakeholders such as councils and commercial entities as well as 

individual citizens.  



171 

 

Practical Implementation for Distribution Network Operators 

The methodologies developed in Chapters 3,4 and 5 outline standalone concepts that draw 

on static trial data or operational transformer data in order to predict electrical heat load. 

Chapter 7 combines this into a unified methodology that leverages the benefits of using 

existing trial data combined with real-time operational aggregated transformer load to provide 

locally specific insights. In the context of DNO­s working towards greater integration of data-

driven solutions for planning and operational tasks, this work contributes several benefits. 

By exploiting information already embedded in transformer monitoring, the 

disaggregation techniques in Chapters 3 offer a way to estimate electrical heat load penetration 

on a feeder without the need for additional monitoring hardware. Given the scale of the 

electricity distribution network, solutions that minimise physical intervention in existing 

infrastructure provide are particularly attractive from an investment perspective. Solutions 

with low requirements for physical intervention enable DNO­s to rapidly test out new 

methodologies with reduced risk to existing infrastructure, and then subsequently scale 

successful trials up to business as usual BAU as required.  

The combined methodologies offer a solution for predicting electrical heat load that is 

directly linked to understandable parameters such as external air temperature, and equivalent 

annual gas demand. This has several benefits for usability in a commercial environment; in 

contrast to a black-box solution, the model outputs described have a clear link to physical 

model inputs and the inputs can be fully linked to the outputs. The transparency of the 

developed approaches therefore allow results to be sense checked or audited by non-expert 

users, increasing the maintainability and dependability of the model for use in future 

applications.  

Finally, the works developed in Chapters 3 and 4 draw on contemporary electrical heat 

pump trial data combined with gas demand data. As has been discussed previously, these 

datasets are subject to becoming less representative with time as technology evolves, building 
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efficiencies improve and household energy consumption evolves. A key strength of these 

models is their adaptability; the models developed are not restricted to being used with the 

existing trial datasets. Future datasets, as long as electrical heat load is captured at a minimum 

of one-hour resolution can be substituted in to refresh the model outputs without requiring any 

fundamental change in approach. Similarly, any daily average temperature series can be used 

as long as it is relevant to the geographic area being studied. This enables model outputs to be 

periodically refreshed as new representative data is forthcoming. 

Planning horizons for distribution networks can span decades, and techniques that remain 

explainable in the midst of changing conditions are key for DNO­s seeking to optimise 

investment in the face of an ever-evolving political, technological and regulatory landscape. 

As standalone models, the work in previous chapters also offer low computation times 

alongside their maintainability. Electrical heat load for a group of 100 customers on an LV 

feeder can be modelled with less than 10 minutes of computation time; this could be further 

reduced with appropriate refactoring; this is less than the 30-minute time settlement interval 

used by energy markets. As part of a larger integrated system, further computation time would 

have to be allowed to permit for the transfer of data, communications and any further new 

system interfaces such as a presentation or visualisation layer at the decision-making interface. 

A conceptual model pipeline would vary depending on the specific architecture and 

constraints of existing systems, but generally would consist of the data collection, processing 

and decision making layers presented in Figure 6-2. A practical implementation would utilise 

the existing monitoring and data handling infrastructure embedded within an LV substation.  

The combined disaggregation and electrical head load prediction model would be hosted 

remotely; with the ready availability of cloud computing, an automated pipeline that ingested 

aggregated transformer load data could be hosted on a remote Amazon Web Services (AWS) 

instance. Compared to an in-house IT solution, the implementation could then benefit from 

several cloud-specific advantages such as auto-scaling, where the hosted instance can be 
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automatically scaled up or down based on demand, and elastic infrastructure, where computing 

resources can be adjusted with time to optimise cost versus performance. This architecture 

also allows for the ingestion of parallel data streams from multiple LV substations 

simultaneously, facilitating insights at a regional or licence-area specific level. 

The decision-making layer and how this interfaces with model outputs would then be 

tailored to the specific use-case and needs of a DNO. To support planning type decision-

making, automated reports could be generated over monthly or longer time horizons to provide 

an up-to-date view on the adoption of EHP across households in a licence area. Alternatively, 

a digital twin-type model that reflected the existing state of a network could be offered 

alongside the capability to turn-up and turn down parameters such as penetration levels and 

weather conditions to understand how a network segment might react under scenarios of more 

extreme loading. 

On shorter time-scales, decision making tools could be offered for network stakeholders 

making operational decisions. Forecasts for electrical heat load in areas of interest could be 

updated on a rolling basis as weather forecasts are correspondingly updated by forecasters. 

Ten-day weather forecasts are cited as only being right around 50% of the time, whereas a 

five-day forecast can accurately predict the weather in around 90% of cases [197]. Increasing 

weather forecast accuracy over shorter time horizons translates into increased confidence 

intervals for electrical heat load; this can enable network operators to anticipate time periods 

of particularly high or low network utilisation to correspondingly optimise their short-term 

decision making. 
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6.5 Conclusions 

This chapter has presented an integrated concept for extracting a locally specific electrical 

heat load model from LV transformer data, supplemented by generic models derived from 

historic trial datasets. This provides an interface between real world data collection and 

existing predictive models, where the limitations of standalone predictive models are 

overcome with live data.  

To effectively utilize the full potential of the digital twin type technology in the power 

system, a holistic approach is required to address various challenges such as modelling, data 

management, storage, computational requirements, and scalability [127].  Even though high-

performance computing facilities and emerging technologies such as cloud computing could 

serve as a stepping-stone to deal with most of these challenges, the challenges related to 

modelling and data management require more than engineering skills to solve [198]. 

Furthermore, efficiently balancing the trade-off between the accuracy of predictions by digital 

twins and optimizing computational complexity required for various types of models/data will 

be challenging [199]. 

Decarbonisation strategy comes from top level decisions in government but the success of 

UK decarbonisation depends on ability to be responsive and flexible in adapting 

implementations at the local level. Developed solutions must be sufficiently adaptable to 

account for the inevitable step-changes in energy usage patterns as stakeholders drive towards 

Net Zero. In the past, taking a one-size-fits-all approach to infrastructure development has 

often resulted in poor outcomes for local residents and users. The specific needs and challenges 

of different communities can vary enormously. 

 In an environment where DNO­s are increasingly looking to exploit network data for 

operational and planning type tasks, this chapter presents a concept for linking engineering 

models with generic trial data and feeder specific operational data. 
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This thesis has addressed some aspects of the difficulty of modelling electrical heat load 

in a LV distribution network context, which is characterised by low observability, low 

availability of data and high levels of uncertainty with respect to how uptake of the technology 

will proceed over the medium to long term. Building on previous works which focused on 

modelling EHP impacts at operational extremes using standalone trial data, such as a worst-

case winter day case, this work has demonstrated methodologies for supplementing limited 

and aging trial data with complementary weather and geospatial datasets in order to broaden 

the scope of network studies and maximise the value of potential insights. Additionally, the 

future possibility of model integration with live operational data to fill the gap between trial 

data and real-world needs has been explored. 

The chapters presented in this work form a contribution to de-risk accelerated adoption of 

EHP­s at the distribution network level. EHP technology forms a fundamental component of 

reducing UK domestic heating dependency on fossil fuels. However, the integration of EHP 

to existing networks presents a significant planning and operational challenge for DNO­s and 

future distribution system operators­ (DSOs) due to a combination of factors relating to the 

technology itself, as well as the context of the intended application. The significance of EHP 

power and energy characteristics in comparison with existing household usage, combined with 

their seasonal variability, their sensitivity to geospatially variable parameters such as building 

construction and householder routines. This is further compounded by the level of difficulty 

of intervention for existing and future housing stock. As the integration of LV-connected 

renewable technology gains momentum in the coming years and DNO­s seek to balance cost-

driven commercial decisions with technically-driven operational decisions, sufficiently 

understanding the energy mix on a feeder will be key to optimising future investment and 

operational decisions. 
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7.1 Outcomes of Research  

The main observations and results from the work presented in this thesis are summarised 

in this section. Electrical heat load contributed by increasing domestic heat pump penetration 

at the LV distribution network level is a function of residential thermal comfort levels and 

climatological conditions as well as physical building characteristics. The energy and power 

characteristics of domestic heat pumps combined with their temperature sensitivity will alter 

conventional LV load patterns and necessitates sufficient understanding for LV network 

operators to minimise risk to network assets and security of supply. 

Weather Localisation of Electrical Heat Load for Distribution Networks 

As a response to the limitations of building physics-based models and pure aggregated trial-

data for quantifying potential LV network loads, this work has developed a methodology for 

scaling existing trial data sensitive to geospatially variable parameters.   

In order to offer insights beyond the operational extremes presented in existing studies through 

aggregation of existing trial data, a methodology for predicting electrical heat load sensitive 

to local temperature conditions was developed. The RHPP and LCL EHP datasets were paired 

with corresponding temperature data in order to derive an electrical heat load versus 

temperature relationship. The most direct dependency was identified between daily average 

temperature (°C) and normalised daily demand. By expressing both temperature and demand 

at a daily resolution, the inherent variability due to diurnal temperature variation and heat 

pump cycling could be minimised. Through demand normalisation, the range of customer sizes 

in the trial could be observed across a common scale. The outcome of this work was to provide 

a model for electrical heat pump load that was sensitive to both the entire range of operational 

temperatures (as opposed to operational extremes) and number of customers. A key capability 

is the ability to model electrical heat load versus low numbers of customers, as opposed to 

high numbers of customer aggregations. This facilitates examination of increased EHP 

penetration effects for LV customer scales. 
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This model is constructed on the assumption that daily average external air temperature is 

the primary factor in electrical heat load demanded by a household. Linking hourly electrical 

heat load shapes to a single daily average external air temperature will not capture the 

variations or fluctuations of electrical heat load driven by normal temperature variation 

throughout a day. As a measure of purely external air temperature, it does not take into account 

other weather conditions such as snow, ice or wind and their influence on electrical heat load. 

Additionally, this work is dependent on correlating the Central England temperature series to 

RHPP customer loads ± this temperature series will be on average representative of customers 

local weather conditions, but locally specific extremes may not be captured using this 

methodology. Future work that is not constrained by anonymised customer locations could 

develop a more refined relationship between electrical heat load and variation in local weather 

conditions. 

Scale Localisation of Electrical Heat Load for Distribution Networks 

A further development was to overcome the scale limitation of the previous chapter by 

developing a methodology for providing geospatially sensitive magnitude scaling. This was 

performed through the unification of geospatially linked annual gas demand data to inform the 

scaling of the normalised magnitudes output by the previously developed model. Three 

different heat-type datasets (gas, electric and direct heat) were used in order to test the 

relationship between annual and daily demand prior to application of the methodology in a 

case study. 

The presented case studies demonstrate the variability in EHP impact sensitive to the range of 

existing gas demands in the UK. The ADMD case study demonstrates the variability in ADMD 

versus a range of plausible COP values, demonstrating the sensitivity of network impacts to 

geospatial influences and COP.  A more extensive case study versus penetration is performed, 

demonstrating the variability in feeder endpoint voltage versus various penetrations and 

geospatially-inferred electrical heat demands. This contribution therefore can be used to 
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support identification and assessment of individual LV network feeders at risk due to elevated 

penetrations of electrical heat pumps.  

As has been discussed previously, this methodology makes the assumption that annual 

average gas demand for a postcode can be converted to heat and subsequently electrical heat 

load through the use of simple linear conversion efficiencies. This model therefore assumes 

that the heat demand required by a household is technology-agnostic, and is not influenced by 

whether the system is fossil-fuel fired or an electric heat pump supplied system. There is the 

risk that as customers shift to new heating types, any corresponding energy and cost savings 

translate into greater energy usage, resulting in a rebound effect and eroding the benefits of 

improved efficiency. Due to the present market penetration of heat pump technology in the 

UK this is a difficult phenomenon to capture, but as an increasing amount of households 

convert from fossil-fuel based heating systems to HP based systems, there is the opportunity 

to examine how the change in heat source impacts the final heat demand of a household. 

 LV Network Heterogeneity and Implications for Renewables Modelling 

This work has examined the heterogeneity present at the LV network level and the implications 

for electrical heat modelling, as well as low carbon technology modelling in a wider context. 

The transmission scale energy network is characterised by a comparably small number of high 

value, well characterised and well monitored assets. In contrast, the distribution network is 

responsible for facilitating the electrical supply for every domestic and commercial user in the 

UK. Electrical load provision is a function of human behaviour and needs; in the most general 

terms this translates to higher energy usage during daylight hours where human activity is 

most concentrated. However, at more granular geographic scales the unique constraints 

imposed by a specific geographic area stands to influence energy usage patterns and therefore 

electrical load imposed on an LV network. These parameters include human behaviour related 

to social and economic demographics, as well as physical effects such as weather, building 

construction and type. Chapter 4 presented the annual gas usage variation inherent at postcode 
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level within the UK. From here, a novel methodology was constructed to demonstrate the same 

variability for equivalent electrical heat load in the case of increased heat pump penetration on 

a feeder. The variability in ADMD given the annual electrical heat load magnitude was then 

modelled and tested for several test cases on an LV feeder.  

This contributes a process for inferring geospatially specific heat demand, and therefore 

electrical heat demand through the use of up-to-date postcode aggregated gas demand. This 

therefore provides a means of locally scaling electrical heat load, where national averages are 

presently used. 

Similarly, whilst the bulk electrical heat load installed in properties on an LV feeder may vary 

geographically, localised weather effects also stand to drive variations in electrical heat load. 

The work in Chapter 3 developed a methodology for modelling electrical heat load with 

respect to temperature, as opposed to the worst-case maximums that are typically used in 

existing works.  

Limitations of Trial Data for LV Network Modelling 

A unifying aspect of this work is the need to overcome the limitations of trial data in an 

LV networks context for EHP modelling. Electrical heat pump modelling is conventionally 

performed through two primary approaches: the physics-based approach, and the data-driven 

approach. The physics-based approach entails detailed physical parameterisation of the 

heating system, allowing for a transparent relationship between EHP activity and 

corresponding load imposed on the LV network. However, whilst the detailed variables can 

be defined, their specific values necessitate some level of assumption or abstraction due to the 

inherent variability in UK housing stock and occupant thermal routines. In order to bypass this, 

data-driven approaches which draw on trial data are used as an alternative. Trial data, which 

captures the actual load of domestic EHP­s, reflecting true time of use activity and sensitivity 

to geospatially variable parameters. However, due to the slow time scales involved with trials 

and restricted sample sizes, trial data in and of itself does not present a complete solution. 
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Presently there is a heavy dependency on trial data to inform the magnitude and time of use 

characteristics of LV-connected electrical heat pumps, and their corresponding impacts on LV 

network assets. In addition to heat pumps, this is a key issue for EV integration, as well as to 

a lesser extent rooftop solar and small-scale distributed generation.  

This is in part driven by the scale of the distribution network; with 27.8 million households in 

the UK it is naturally not feasible to characterise the power consumption of individual 

households and how they might alter with low-carbon technology integration. Alongside this, 

household smart meter data is not presently available to DNO­s due to regulatory restrictions. 

Therefore, representative samples obtained through controlled trials offer insight into potential 

network impacts through increased renewables penetrations. As of 2023, the primary UK 

electrical heat pump dataset is six years old. This therefore means that the reference datasets 

used to model domestic electrical heat load may be dated in terms of the technology and 

consumer usage. 

Future distribution network operation will become more fundamentally proportional to a wide 

range of load and generation types, beyond conventional household energy usage. Therefore, 

as distribution networks proceed through the earliest stages of renewables integration to a more 

mature footing, corresponding methodologies for supporting the understanding of future LV 

network loads must be developed to support this. 

EHP Operation Outside of Trial Data Temperature Ranges: Extreme Cold 

As has been highlighted previously in Chapter 3, the methodology developed in this work is 

inherently dependent on the raw trial data used to construct the relationship between electrical 

demand and outside air temperature. The sampled temperatures present a roughly linear 

relationship between the electrical load of an EHP and the outside air temperature from 

roughly 15 °C down to 0°C as shown in Figure 3-3. Additionally, due to the anonymisation of 

individual customers within their respective datasets, it is not possible to reliably identify 

customers EHP that are operating at cold extremes as the model only infers average 
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temperature from the Central England weather series, as specific customer location and 

therefore specific customer weather is not known. 

Therefore, the developed method provides limited insight into the relationship between EHP 

electrical load and outside air temperature for operating regions beyond the 0°C daily average 

temperature already modelled. 

[200] illustrates the relationship between COP and outdoor air temperature for a range of 

various commercially available air-source heat pumps. Within the 0°C to 15 °C operational 

band, device COP ranges from approximately 2.5 to 4 ± roughly in line with the winter COP 

assumed in Chapter 4. However, beyond 0°C the COP is subject to further reduction, 

approaching as low as 1.6 for one brand of device. 

Figure 4-15 in Chapter 4 has demonstrated the relationship between COP and calculated 

ADMD (kW), with increased COP imposing an increase in calculated ADMD for a feeder. 

For a EHP capable of a 16kW heat output, a change in COP from 2.5 to 1.5 would result in an 

increase in electrical demand from 6.4kW to 10.67kW to meet the same target heat output ±

over a 60% increase. 

As EHP­s are intended to replace conventional fossil fuel fired systems as the primary heat 

source in modern households, their performance at cold extremes is a point of critical analysis. 

Future LV networks must be designed to accommodate not only increased uptake of electrified 

low-carbon heating, but also the risks imposed by operating these devices under worst-case 

cold conditions. 

 

 

Disaggregation of Electrical Heat Load for LV Networks 
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As an alternative to trial data, the disaggregation of electrical heat load from aggregated load 

data at the point of the LV transformer was demonstrated in Chapter 6. This was presented as 

a methodology that could circumvent some of the limitations surrounding age and applicability 

of trial data, by using trial data for characterisation of the physical relationship and using feeder 

specific data to refine final estimations of electrical heat load for various cases. This mitigates 

the localisation issues with trial data, providing a feeder-specific quantification of electrical 

heat load. However, the common seasonal phase of heat and non-heat load on a feeder 

necessitates alternative methods for performing reliable disaggregation. 

Through the use of EDRP smart meter and RHPP trial data, this disaggregation process 

emulates feeders that have a mix of conventional household non-heating electrical load and 

the addition of electrical heat load. Data was collected for the EDRP study between 2007 and 

2010 [158], whereas the RHPP data collection concluded in 2015 [8]. Since then, several 

changes have evolved in how households consume and use energy. The number of EV­s in the 

UK has grown more than ten-fold since 2015 to 2023 [201], impacting the energy consumption 

and usage patterns of households that are able to make use of home charging. Similarly, for 

rooftop solar, industry body MCS recorded a cumulative total of 640,883 rooftop installations 

in 2015, which now stands at 1,471,106 as of 2024 [45]. The Covid-19 pandemic saw remote 

working in the UK rise from 5% in 2019 to 38% in June 2020 [202]. Whilst these levels have 

reduced from their pandemic peak, as of 2023 some 25% and 40% of working adults in the 

UK report some level of home working [203]. This situation is still evolving and therefore 

future work attempting to disaggregate electrical heat load from electrical non-heat load should 

be sensitive to these changes. 

Integration of Operational and Trial Data 

The methodologies developed in Chapters 3, 4 and 5 were tied together in a concept that 

unified online operational data that provided locally specific insights into electrical heat load, 

alongside generic heat load models developed from trial data. The approach here therefore 
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leverages multiple sources of data in order to overcome the limitations of standalone 

operational and trial datasets.  

The individual methodologies developed in Chapters 3, 4 and 5 for predicting electrical heat 

load are all fundamentally dependent on the trial data [2] [8] [158] used in order to inform load 

time of use, energy and power characteristics. Whilst electrical heat load usage patterns will 

remain inherently sensitive to external air temperature and prevailing weather conditions, the 

integration of these methodologies in a real-time system presents many opportunities for 

further work. A system drawing on real-time transformer load data will be subject to more 

variability than the pre-screened and pre-selected customer data collected in a controlled and 

designed trial environment. Real world feeders may result in certain customer groups with 

particularly concentrated usage patterns, featuring lower levels of diversity compared to the 

typical levels obtained from the trial data derived results. Data quality issues, such as 

communications failures, or faulty sensors could influence model outputs and therefore would 

need to be handled appropriately without compromising model quality or utility.  

However, these kinds of issues are typical when translating concepts from theoretical studies 

to real-world implementations. Therefore, the specific effects to be compensated for would 

dependent on the requirements of end-user and the existing constraints of their system. 

 

7.2 Future Work  

This work has demonstrated methodologies that further develop electrical heat load 

predictions in the presence of incomplete data and knowledge. However, as discussed in 

Chapter 1, research is still very much constrained by the limitations of trial data when 

attempting to infer future LV network conditions. Whilst trial data is suitable for making 

average or general insights for network impacts, the inherent heterogeneity of the power 

distribution network necessitates the fact that trial data does not capture all of the inherent 
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variability present at LV level. Potential future work that builds on the existing concepts 

already explored is described below. 

Cross-referencing with data from Electrification of Heat Demonstration BEIS Project 

The BEIS Electrification of Heat Demonstration project, managed by Energy Systems 

Catapult, is currently underway as of 2022. This program is recruiting 750 households for the 

installation and ongoing monitoring of heat pumps for domestic heating, across a 

representative range of housing archetypes and social groups. This is a study very similar in 

size and scope to the previous BEIS program, which monitored domestic heat pumps installed 

via the Renewable Heat Premium Payment scheme. However, as previously discussed in 

Chapter 3, the data collected for the RHPP study was originally collected from 2013 up to 

2015. This means that data collected from the RHPP study inherently features almost ten years­ 

worth of lag between the present day and existing householder routines, building standards as 

well as heat pump technology. 

The renewal of UK-based domestic heat pump trial data therefore presents an opportunity to 

update existing models and cross examine any outputs from the RHPP-derived findings versus 

the more up to date datasets. 

Off-gas correlation pairs with gas postcodes 

The work performed in this thesis has focused on the LV-network level effects of grid-

connected households transitioning from gas-fired domestic heating to EHP-supplied 

heating. However, a specific difficulty is presented by the modelling of off-gas postcodes. 

This is characterised by the following challenges: 

¶ Off-gas households do not represent the typical UK household and therefore deviate 

from the mean in terms of building construction and type; the majority of off-gas 

postcode are present in remote rural localities in Scotland and Wales. 
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¶ Existing RHPP study approximates the only mean of UK households and is not 

representative of edge cases such as rural households. 

¶ The lack of gas-grid connection for off-gas households further reduces the data 

available as no metering is available to draw on for understanding household 

consumption. 

These difficulties are offset by the fact that off-gas households present good candidates for 

EHP installation. Off-gas grid households are reliant on some of the highest-carbon heating 

fuels, including oil and coal [204] and retrofitting existing households to utilise EHPs presents 

an opportunity to reduce the carbon footprint of these households. Under the UK Government 

Heat and Buildings Strategy EHP installation in off-gas homes is categorised as a low-regrets 

solution [38], whilst a BEIS survey found that only 9% of installers reported issues with 

building stock of off-gas-grid homes being a barrier to further UK heat pump deployment 

[205].  

Off-gas postcodes pose a challenge due to comparative lack of heating routines and available 

data. An opportunity exists here for the correlation of unmetered homes with metered homes 

to investigate potential off-gas impacts and better quantify electrical network effects for rural 

feeders with increased electrical heat pump penetration. 

Multi -LCT modelling  

Chapters 3, 4 and 5 have focused on the effects of increased EHP penetration at the LV 

level. However, the future power distribution network will incorporate a mix of electrical low-

carbon technologies, including electric heat pumps, electric vehicles of various sizes as well 

as distributed generation such as rooftop solar, small-scale wind, energy storage and larger 

LV-connected installations. Sufficiently understanding future network loads sensitive to 

magnitude, time of use and specific sensitivities of each LCT-type will be key. Furthermore, 

as DNO­s become more sophisticated there will be a natural transition from using static trial 
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data to provide indicative loads and more active exploitation of operational data in order to 

drive decision making. 

The localisation capabilities offered by the developed methodologies are of particular 

interest for local area energy planning (LAEP) activities. This is a relatively new process 

designed to empower localities to achieve emissions reductions tailored to their unique 

geography, physical infrastructure, natural resources, political and social landscape [206].  

An Innovate UK study [207] compared baseline deployment of two alternative scenarios 

that met the CCC­s Sixth Carbon Budget [37]; a ¬place-agnostic­ deployment, where low 

carbon measures were adopted uniformly across areas, and a ¬place-specific­ deployment, 

where each city-region was enabled to adopt the most socially cost-effective low-carbon 

measures. The place-specific scenario was modelled with requiring less than a third of the 

investment required by the place-agnostic scenario, whilst resulting in an additional £400bn 

of social benefits [207]. 

This represents an extremely powerful opportunity to achieve decarbonisation goals in a 

way that maximally targets the local needs of an area. Targeted action to insulate homes in 

poor housing stock could translate into warmer homes, improved health outcomes and social 

benefits, whereas the same action in a more affluent area may not result in the same returns 

due to an already elevated baseline. Similarly, homes in wealthy areas of rural Surrey may 

present radically different decarbonisation opportunities versus a rural area in the Scottish 

Highlands. 

The developed models have been constructed with sensitivity to external air temperature, 

using the Central England temperature series, but translatable to any Met Office temperature 

series. Similarly, the modelled electrical heat load derived from postcode-specific annual gas 

demand in Chapter 4 is adaptable to any postcode or area-specific gas demand. Therefore, 

when paired with local weather data and existing knowledge of local gas demand, a locally 

specific electrical heat load can be modelled for a range of penetration and existing heat 
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demand assumptions. Whilst subject to the constraints outlined earlier in this section, these 

methodologies create an opportunity for low-cost and rapid assessment of electrical heat load 

impact for local area energy planners. Combined with an appropriate cost modelling 

methodology and existing approaches for modelling other LCTs, planners could work with 

network operators to understand where investment in low-carbon heat solutions such as heat 

pumps could be targeted to maximise social gains for local communities whilst also achieving 

tangible emissions reductions. 

 

 

7.3 Final Thoughts 

The negative impacts of climate change and its wider effects have exceeded scientific 

expectations in recent years, with unprecedented extreme weather events occurring globally 

in 2022 alone. In August, areas in Pakistan received 784% more rainfall than the monthly 

average, contributing to the worst flooding in the country­s history and estimated economic 

losses of over $40 billion as well as untold damage to human life and communities. The 2022 

summer heatwaves across Europe resulted in the worst drought conditions for 500 years, with 

the months of June, July and August measuring as the warmest on record for the continent by 

a substantial margin, breaking the previous record set the previous summer of 2021. 

Colder weather brings its own difficulties, with the UK and Europe facing all-time-high 

wholesale energy prices due to supply-side disruption as the continent headed into the 

2022/2023 winter season. The gas-dependency of UK households for space heating places 

additional cost of living pressures on consumers and energy companies at a time of already 

elevated economic difficulties. 

Due to climatic, political, and economic factors, the balance between the three dimensions 

of the energy trilemma ± security, affordability ± has come under strain in the aftermath of the 
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Covid-19 pandemic. If not managed effectively, the crisis can compromise the pursuit of 

overarching net-zero emissions targets [208]. However, this also presents an opportunity to 

reassess current strategies, identify areas for improvement, and implement new approaches 

that can more effectively meet the goal of achieving net-zero emissions and preservation of 

the planet for future generations. 
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 Chapter 8 Appendix 
# Temperature (°C) Mean (ɛ) Std (ů) 
1 -2 0.1 0.002 
2 -1 0.6 0.042 
3 0 0.57 0.042 
4 1 0.58 0.044 
5 2 0.54 0.04 
6 3 0.5 0.04 
7 4 0.52 0.04 
8 5 0.48 0.036 
9 6 0.41 0.034 
10 7 0.35 0.034 
11 8 0.32 0.032 
12 9 0.27 0.03 
13 10 0.24 0.028 
14 11 0.19 0.024 
15 12 0.16 0.022 
16 13 0.11 0.016 
17 14 0.11 0.016 
18 15 0.09 0.014 
19 16 0.08 0.012 
20 17 0.07 0.012 
21 18 0.06 0.01 
22 19 0 0 

Table 8-1 Parameters used for (2), (3) in Chapter 3   

  



191 

 

 Chapter 9 References 
 

[1]  National Grid, ®Grid Code,¯ 21 March 2017. [Online]. Available: 

https://www.nationalgrid.com/sites/default/files/documents/8589935310-Complete%20Grid%20Code.pdf. [Accessed 15 

March 2024]. 

[2]  UK Power Networks (UKPN), ®Low Carbon London Heat Pump Load Profiles,¯ 2017. [Online]. Available: 

https://tinyurl.com/1r5p0e5x. [Accessed Feb 2021]. 

[3]  R. Lowe, A. Summerfield, E. Oikonomou, J. Love, P. Biddulph, C. Gleeson, L.-F. Chiu and J. Wingfield, ®Final Report 

on Analysis of Heat Pump Data from The Renewable Heat Premium Payment (RHPP) Scheme,¯ Mar 2017. [Online]. 

Available: https://tinyurl.com/3l7nq8lq. [Accessed Feb 2021]. 

[4]  L.Sidebothham, Northern Powergrid, ®Customer-Led Network Revolution (CLNR): Project Closedown Report,¯ Apr 

2015. [Online]. Available: https://tinyurl.com/3odkd6yr. [Accessed Feb 2021]. 

[5]  Committee on Climate Change, ®Net Zero Technical Report,¯ May 2019. [Online]. Available: 

https://www.theccc.org.uk/wp-content/uploads/2019/05/Net-Zero-Technical-report-CCC.pdf. [Accessed 13 June 2022]. 

[6]  Heat pump Association, ®Delivering Net Zero; A Roadmap for the Role of Heat Pumps,¯ 2019. [Online]. Available: 

https://www.heatpumps.org.uk/wp-content/uploads/2019/11/A-Roadmap-for-the-Role-of-Heat-Pumps.pdf. [Accessed 13 

June 2022]. 

[7]  H. Akhavan-Hejazia and H. Mohsenian-Rad, ®Power systems big data analytics: An assessment of paradigm shift barriers 

and prospects,¯ Energy Reports, vol. 4, pp. 91 - 100, 2017.  

[8]  UCL Energy Institute, ®FINAL REPORT ON ANALYSIS OF HEAT PUMP DATA FROM THE RENEWABLE HEAT 

PREMIUM PAYMENT (RHPP) SCHEME,¯ March 2017. [Online]. Available: 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/606818/DECC_RHPP_

161214_Final_Report_v1-13.pdf. [Accessed 13 June 2022]. 

[9]  O. Hoegh-Guldberg, D. Jacob, M. Taylor, T. Guillen Bolanos, M. Bindi, S. Brown, I. Camilloni, A. Diedhiou, R. 

Djalante, K. Ebi, F. Engelbrecht, J. Guiot, Y. Hihoka, S. Mehrotra, C. Hope, A. Payne, H. Portner, I. Seneviratne, T. A 

and R. Warren, ®The human imperative of stabilizing global climate change at 1.5ÊC,¯ Science, vol. 365, no. 6459, 2020.  

[10

]  

Intergovernmental Panel on Cliamte Change, ®Climate Change 2021 - The Physical Science Basis,¯ 2021. [Online]. 

Available: https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_Full_Report.pdf. [Accessed 20 

January 2022]. 

[11

]  

M. Abdo Arbex, U. de Paula Santos, C. M. Lourdes, P. Hilário Nascimento Saldiva, L. Alberto Amador Pereira and A. 

Luis Ferreira Braga, ®Air pollution and the respiratory system,¯ Jornal brasileiro de pneumologia, vol. 38, pp. 643-655, 

20212.  

[12

]  

City of Austin & Travis Country, ®2021 Winter Storm Uri After Action,¯ 2021. [Online]. Available: 

https://www.austintexas.gov/sites/default/files/files/HSEM/2021-Winter-Storm-Uri-AAR-Findings-Report.pdf. [Accessed 

6 June 2022]. 



192 

 

[13

]  

T. Frederikse, F. Landerer, L. Caron, S. Adhikari, D. Parkes, V. W. Humphrey, S. Dangendorf, P. Hogarth, L. Zanna, L. 

Cheng and Y.-H. Wu, ®The causes of sea-level rise since 1900,¯ Nature, vol. 584, pp. 393-397, 2020.  

[14

]  

S. A. Kulp and B. H. Strauss, ®New elevation data triple estimates of global vulnerability to sea-level rise and coastal 

flooding,¯ Nature Communications, vol. 10, p. 4844, 2019.  

[15

]  

WWF, ®Living Planet Report - Bending the curve of biodiversity loss,¯ 2020. [Online]. Available: 

https://www.zsl.org/sites/default/files/LPR%202020%20Full%20report.pdf. [Accessed 20 January 2022]. 

[16

]  

N. Maamoun, ®The Kyoto protocol: Empirical evidence of a hidden success,¯ ournal of Environmental Economics and 

Management, vol. 95, pp. 227-256, 2019.  

[17

]  

United Nations Framework Convention on Climate Change, ®Paris Agreement,¯ 2015. [Online]. Available: 

https://unfccc.int/sites/default/files/english_paris_agreement.pdf. [Accessed 28 January 2022]. 

[18

]  

UK Government, ®The Climate Change Act 2008 (2050 Target Amendment) Order,¯ 2019. [Online]. Available: 

https://www.legislation.gov.uk/ukdsi/2019/9780111187654/pdfs/ukdsi_9780111187654_en.pdf. [Accessed 1 Januaryy 

2022]. 

[19

]  

Department for Business, Energy & Industrial Strategy, ®Solar photovoltaics deployment,¯ 27 January 2022. [Online]. 

Available: https://www.gov.uk/government/statistics/solar-photovoltaics-deployment. [Accessed 28 January 2022]. 

[20

]  

Office for National Statistics, ®Wind energy in the UK: June 2021,¯ June 2021. [Online]. Available: 

https://www.ons.gov.uk/economy/environmentalaccounts/articles/windenergyintheuk/june2021. [Accessed 28 January 

2022]. 

[21

]  

Department for Business, Energy & Industrial Strategy, ®UK Energy in Brief,¯ 29 July 2022. [Online]. Available: 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1032260/UK_Energy_i

n_Brief_2021.pdf. [Accessed 28 January 2022]. 

[22

]  

Department for Business, Energy & Industrial Strategy, ®Historical coal data: coal production, availability and 

consumption,¯ 22 January 2021. [Online]. Available: https://www.gov.uk/government/statistical-data-sets/historical-coal-

data-coal-production-availability -and-consumption. [Accessed 28 January 2022]. 

[23

]  

House of Commons (Business, Energy and Industrial Strategy Committee), ®Decarbonising Heat in Homes; Seventh 

Report of Session 2021 - 22,¯ 18 January 2022. [Online]. Available: 

https://committees.parliament.uk/publications/8742/documents/88647/default/. [Accessed 13 June 2022]. 

[24

]  

S. Watson, K. Lomas and R. Buswell, ®Decarbonising domestic heating: What is the peak GB demand?,¯ Energy Policy, 

vol. 126, pp. 533 - 544, 2019.  

[25

]  

National Grid ESO, ®Winter Outlook 2021/22: Early view of margins,¯ July 2021. [Online]. Available: 

https://www.nationalgrideso.com/document/203051/download#:~:text=Our%20base%20case%20forecast%20for,the%20

ongoing%20COVID%2D19%20pandemic.. [Accessed 13 June 2022]. 

[26

]  

M. Chaudry, M. Abeysekera, S. H. R. Hosseini, N. Jenkins and J. Wu, ®Uncertainties in Decarbonising Heat in the UK,¯ 

Energy Policy, vol. 87, pp. 623-640, 2015.  

[27

]  

Department for Business, Energy & Industrial Strategy, ®Clean Growth - Transforming Heating: Overview of Current 

Evidence,¯ December 2018. [Online]. Available: https://esc-production-2021.s3.eu-west-

2.amazonaws.com/2021/08/decarbonising-heating.pdf. [Accessed 24 January 2022]. 



193 

 

[28

]  

BP plc, ®Statistical Review of World Energy 2021: 70th Edition,¯ 2021. [Online]. Available: 

https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/statistical-review/bp-stats-

review-2021-natural-gas.pdf. [Accessed 13 June 2022]. 

[29

]  

T. Williams, A History of the British Gas Industry, Oxford: Oxford University Press, 1981.  

[30

]  

Climate Change Committee, ®Next Steps for UK Heat Policy: Heat in UK Buildings Today,¯ October 2016. [Online]. 

Available: https://www.theccc.org.uk/wp-content/uploads/2017/01/Annex-2-Heat-in-UK-Buildings-Today-Committee-

on-Climate-Change-October-2016.pdf. [Accessed 24 January 2022]. 

[31

]  

BDEW, ®Heating Structure of Germany's Housing Stock in 2020,¯ 2020. [Online]. Available: 

https://www.bdew.de/service/daten-und-grafiken/beheizungsstruktur-wohnungsbestand-deutschland/. [Accessed 2022 

June 13]. 

[32

]  

Fădăration des Services Energie Environnement, ®ENQUäTE DES RãSEAUX DE CHALEUR ET DE FROID 2021,¯ 

2021. [Online]. Available: https://www.fedene.fr/wp-content/uploads/sites/2/2021/11/FEDENE_SNCU-synthese-enquete-

2021-2.pdf. [Accessed 13 June 2022]. 

[33

]  

Building Research Establishment Trust, ®The Housing Stock of the United Kingdom,¯ February 2020. [Online]. 

Available: https://files.bregroup.com/bretrust/The-Housing-Stock-of-the-United-Kingdom_Report_BRE-Trust.pdf. 

[Accessed 24 January 2022]. 

[34

]  

European Comission, ®Energy consumption and energy efficiency trends in the EU-28 for the period 2000-2016,¯ 2018. 

[Online]. Available: https://core.ac.uk/download/pdf/162257317.pdf. [Accessed 22 January 2022]. 

[35

]  

Royal Commission on Environmental Pollution, ®The Urban Environment,¯ March 2007. [Online]. Available: 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/228911/7009.pdf. 

[Accessed 24 January 2022]. 

[36

]  

P. Aylin, S. Morris, J. Wakefield, A. Grossinho, L. Jarup and P. Elliott, ®Temperature, housing, deprivation and their 

relationship to excess winter mortality in Great Britain, 1986±1996,¯ International Journal of Epidemiology, vol. 30, no. 

5, pp. 1100 - 1108, 2001.  

[37

]  

CCC, ®Sixth Carbon Budget: The UK's path to Net Zero,¯ December 2020. [Online]. Available: 

https://www.theccc.org.uk/wp-content/uploads/2020/12/The-Sixth-Carbon-Budget-The-UKs-path-to-Net-Zero.pdf. 

[Accessed 3 February 2021]. 

[38

]  

Department for Business, Energy and Industrial Strategy, ®Heat and Buildings Strategy,¯ October 2021. [Online]. 

Available: 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1044598/6.7408_BEIS_

Clean_Heat_Heat___Buildings_Strategy_Stage_2_v5_WEB.pdf. [Accessed 24 January 2022]. 

[39

]  

RAC Foundation, ®Car ownership in Great Britain,¯ 2008. [Online]. Available: https://www.racfoundation.org/wp-

content/uploads/2017/11/car-ownership-in-great-britain-leibling-171008-report.pdf. [Accessed 13 June 2022]. 

[40

]  

Office for National Statistics, ®Percentage of households with central heating systems in the United Kingdom (UK) from 

1970 to 2018,¯ January 2019. [Online]. Available: 

https://www.ons.gov.uk/peoplepopulationandcommunity/personalandhouseholdfinances/expenditure/datasets/percentageo

fhouseholdswithdurablegoodsuktablea45. [Accessed 13 June 2022]. 



194 

 

[41

]  

National Statistics, ®Solar photovoltaics deployment,¯ 26 May 2022. [Online]. Available: 

https://www.gov.uk/government/statistics/solar-photovoltaics-deployment. [Accessed 13 June 2022]. 

[42

]  

M. H. P. Klerx, J. Morren and H. Slootweg, ®Analyzing Parameters That Affect the Reliability of Low-Voltage Cable 

Grids and Their Applicaibility in Asset Management,¯ IEEE Transactions on Power Delivery, vol. 34, no. 4, pp. 1432 - 

1441, 2019.  

[43

]  

L. F. Ochoa, ®Low-Carbon LV Networks: Challenges for Planning and Operation,¯ in IEEE Power and Energy Society 

General Meeting, San Diego, 2012.  

[44

]  

G. Celli, F. Pilo, G. Soma, R. Cicoria, G. Mauri, E. Fasciolo and G. Fogliata, ®A comparison of distribution network 

planning solutions: traditional reinforcement versus integration of Distributed Energy Storage,¯ in IEEE Grenoble 

Conference, Grenoble, 2013.  

[45

]  

MCS, ®MCS Data Dashboard,¯ 2024. [Online]. Available: https://datadashboard.mcscertified.com/. [Accessed 2023 

March 2024]. 

[46

]  

Official Statistics, ®Smart Meter Statistics in Great Britain: Quarterly Report to end,¯ March 2022. [Online]. Available: 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1077592/Q1_2022_Sma

rt_Meters_Report.pdf. [Accessed 30 May 2022]. 

[47

]  

T. Jamas and M. G. Pollitt, ®Why and how to subsidise energy R&D: Lessons from the collapse and recovery of 

electricity innovation in the UK,¯ Energy Policy, vol. 83, pp. 197 - 205, 2015.  

[48

]  

D. Frame, M. Hannon, K. Bell and M. S. , ®Innovation in regulated electricity distribution networks: A review of the 

effectiveness of Great Britain's Low Carbon Networks Fund,¯ Energy Policy , vol. 118, pp. 121-32, 2018.  

[49

]  

F. Pilo, G. Celli, E. Ghiani and G. Soma, ®New Electricity Distribution Network Planning Approaches for Integrating 

Renewables,¯ in Advances in Energy Systems: The Large-scale Renewable Energy Integration Challenge, vol. 2, John 

Wiley & Sons Ltd, 2013, pp. 140-157. 

[50

]  

D. J. Chmielewski, T. Palmer and V. Manousiouthakis, ®On the theory of optimal sensor placement,¯ AIChE journal, vol. 

48, no. 5, 2002.  

[51

]  

I. Paviç, M. Beus, H. Pand·iç, T. Capuder and I. ̈tritof, ®Electricity markets overview ² Market participation 

possibilities for renewable and distributed energy resources, ̄in 14th International Conference on the European Energy 

Market (EEM), Dresden, 2017.  

[52

]  

Chen, Wen; Zhou, Kaile; Yang, Shanlin; Wu, Cheng; , ®Data quality of electricity consumption data in a smart grid 

environment,¯ Renewable and Sustainable Energy Reviews, vol. 75, pp. 98-105, 2017.  

[53

]  

HM Government, ®The Road to Zero: Next steps towards cleaner road transport and delivering our industrial strategy,¯ 

July 2018. [Online]. Available: 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/739460/road-to-

zero.pdf. [Accessed 13 June 2022]. 

[54

]  

Western Power Distribution, ®A guide on electric vehicle and DNO engagement for local authorities,¯ 2018. [Online]. 

Available: 

https://www.westernpower.co.uk/downloads/15766#:~:text=It%20also%20maintains%20and%20operates,them%20to%2

0the%20power%20network. [Accessed 13 June 2022]. 



195 

 

[55

]  

R. Tonkoski, D. Turcotte and T. H. M. EL-Fouly, ®Impact of High PV Penetration on Voltage Profiles in Residential 

Neighborhoods,¯ IEEE Transactions on Sustainable Energy, vol. 3, no. 3, pp. 518 - 527, 2012.  

[56

]  

H. Demollia, A. Sakir, D. Alper and E. Murat, ®Wind power forecasting based on daily wind speed data using 

machinelearning algorithms,¯ Energy Conversion and Management, vol. 198, 2019.  

[57

]  

Tesla, ®Tesla Model 3,¯ 2020. [Online]. Available: https://www.tesla.com/en_gb/model3. [Accessed 13 June 2022]. 

[58

]  

Toyota, ®Toyota to Present Production-Ready Ultra Compact BEV Range,¯ October 2019. [Online]. Available: 

https://media.toyota.co.uk/2019/10/toyota-to-present-production-ready-ultra-compact-battery-electric-vehicle-at-the-2019-

tokyo-motor-show/. [Accessed 13 June 20222]. 

[59

]  

B. B. M. M. a. B. Y. B.-A. Schuelke-Leech, ®Big Data issues and opportunities for electric utilities,¯ Renewable and 

Sustainable Energy Reviews, vol. 52, pp. 937 - 947, 2015.  

[60

]  

K. Kambatla, K. Giorgos, V. Kumar and A. Gramaa, ®Trends in big data analytics,¯ Journal of Paralell and Distributed 

Computing, vol. 74, no. 7, pp. 2561-2573,, 2014.  

[61

]  

T. Runkler, Data Analytics - Models and Algorithms for Intelligent Data Analysis, Springer, 2012.  

[62

]  

M. M, M. Tabone and D. Chassin, ®Common Data Architecture for Energy Data,¯ in IEEE International Conference on 

Smart Grid Communications (SmartGridComm), Dresden, 2017.  

[63

]  

W. a. h. t. s. e. R. L. f. t. c. a. r. o. e. i. i. t. UK, ®Jamasb, Tooraj; Pollit, Michael G.,¯ Energy Policy, vol. 83, pp. 197-205, 

2015.  

[64

]  

M. Pollitt and J. Bialek, ®Electricity Network Investment And Regulation For A Low Carbon Future,¯ in Delivering a 

Low Carbon Electricity System: Technologies, Economics and Policy, Cambridge, University of Cambridge, 2008.  

[65

]  

W. Luan, J. Peng, M. Maras, L. Joyce and B. Harapnuk, ®Smart Meter Data Analytics for Distribution Network 

Connectivity Verification,¯ IEEE Transactions on Smart Grid, vol. 6, no. 4, pp. 1964 - 1971,, 2015.  

[66

]  

B.-A. Schuelke-Leech, B. Barry, M. Muratoric and B. Yurkovichd, ®Big Data issues and opportunities for electric 

utilities,¯ Renewable and Sustainable Energy Reviews, pp. 937 - 947, 2015.  

[67

]  

F. C. L. Trindade, L. F. Ochoa and W. Freitas, ®Data Analytics in Smart Distribution Networks,¯ in IEEE Innovative 

Smart Grid Technologies - Asia (ISGT - Asia), Melbourne, 2016.  

[68

]  

S. d. g. m. e. p. u. l. f. uncertainty, ®Ravadanegh, Sajad Najafi; Jahanyari, Nazanin; Amini, Arman; Taghizadeghan, 

Navid;,¯ IET Generation, Transmission & Distribution, vol. 10, no. 5, pp. 1136-1144, 2016.  

[69

]  

M. A. Mahmoud, N. R. M. Nasir, M. Gurunathan, P. Raj and S. A. Mostafa, ®The Current State of the Art in Research on 

Predictive Maintenance in Smart Grid Distribution Network: Fault­s Types, Causes, and Prediction Methods²A 

Systematic Review,¯ Energies, vol. 14, p. 5078, 2021.  

[70

]  

F. Andersen, H. Larsen and T. Boomsma, ®Long-term forecasting of hourly electricity load: Identification of consumption 

profiles and segmentation of customers,¯ Energy Conversion and Management, vol. 68, pp. 244-252, 2013.  

[71

]  

K. Ashok, D. Li, D. Divan and N. Gebraeel, ®Distribution Transformer Health Monitoring using Smart Meter Data,¯ in 

2020 IEEE Power & Energy Society Innovative Smart Grid Technologies Conference (ISGT), Washington, DC, 2020.  



196 

 

[72

]  

HM Government, ®Carbon Budget Delivery Plan,¯ March 2023. [Online]. Available: 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1147369/carbon-

budget-delivery-plan.pdf. [Accessed 17 February 2024]. 

[73

]  

UK Power Networks, ®Low Carbon London Project Closedown Report,¯ April 2015. [Online]. Available: 

https://www.ofgem.gov.uk/sites/default/files/docs/2015/04/lcl_close_down_report_0.pdf. [Accessed 28 January 2022]. 

[74

]  

EA Technology & Southern Electric Power Distribution (SEPD), ®My Electric Avenue - Project Close-Down Report,¯ 

April 2016. [Online]. Available: 

https://www.ofgem.gov.uk/sites/default/files/docs/2016/04/my_electric_avenue_i2ev_close-down_report_v2_3_clean.pdf. 

[Accessed 02 February 2023]. 

[75

]  

Western Power Distribution, ®Demonstration of LV Network Templates through statistical analysis,¯ 2013. [Online]. 

Available: https://www.nationalgrid.co.uk/downloads/5050/lv-network-templates-report-final-2-.pdf. [Accessed 03 

February 2023]. 

[76

]  

J. Love, A. Z. Smith, S. Watson, E. Oikonomou, A. Summerfield, C. Gleeson and R. Lowe, ®The addition of heat pump 

electricity load profiles to GB electricity demand: Evidence from a heat pump field trial,¯ Applied Energy, vol. 204, pp. 

332 - 342, 2017.  

[77

]  

Department for Business, Energy and Industrial Strategy (BEIS), ®Electrification of Heat Demonstration Project - 

successful bids,¯ June 2020. [Online]. Available: https://tinyurl.com/1hsl5twr. [Accessed Feb 2021]. 

[78

]  

A. Navarro-Espinosa and P. Mancarella, ®Probabilistic modeling and assessment of the impact of electric heat pumps on 

low voltage distribution networks,¯ Applied Energy, vol. 127, pp. 249 - 266, 2014.  

[79

]  

A. T. Procopiou, J. Quirós-Tortčs and L. F. Ochoa, ®HPC-Based Probabilistic Analysis of LV Networks With EVs: 

Impacts and Control,¯ IEEE Transactions on Smart Grid, vol. 8, no. 3, pp. 1479 - 1487, 2017.  

[80

]  

EA Technology, ®My Electric Avenue Summary Report,¯ 2015. [Online]. Available: 

http://myelectricavenue.info/sites/default/files/documents/Summary%20report.pdf.. [Accessed 13 June 2022]. 

[81

]  

M. Sun, I. Konstantelos and G. Strbac, ®Analysis of diversified residential demand in London using smart meter and 

demographic data,¯ in IEEE Power and Energy Society General Meeting (PESGM), Boston, MA, USA, 2016.  

[82

]  

BEIS, ®Number of domestic photovoltaic installations by local authority,¯ March 2019. [Online]. Available: 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/861834/CFR-

Dec2019_LA_Count.pdf. [Accessed 13 June 2022]. 

[83

]  

V. Herzog, A. M and D. Kammen, ®Energy R&D: investment challenge,¯ Materials Today, vol. 5, no. 1, pp. 28 - 33, 

2022.  

[84

]  

DARPA, ®Explainable Artificial Intelligence (XAI),¯ 2018. [Online]. Available: 

https://www.darpa.mil/program/explainable-artificial-intelligence. [Accessed 13 June 2022]. 

[85

]  

Catapult Energy Systems, ®Living Carbon Free²Exploring What a Net-Zero Target Means for Households,¯ 2019. 

[Online]. Available: https://www.theccc.org.uk/wp-content/uploads/2019/06/ESCLiving-Carbon-Free-CCC.pdf. 

[Accessed 2 February 2022]. 

[86

]  

M. H. Ahmadi, M. A. Ahmadi, M. S. Sadaghiani, M. Ghazvini, S. Shahriar and M. A. Nazari, ®Ground source heat pump 

carbon emissions and groundsource heat pump systems for heating and cooling of buildings: A review, ̄Environmental 

Progress & Sustainable Energy, vol. 37, no. 4, pp. 1241-1265, 2017.  



197 

 

[87

]  

Department for Business, Energy & Industrial Strategy, ®Renewable Heat Incentive: A Reformed Scheme,¯ December 

2016. [Online]. Available: 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/577024/RHI_Reform_G

overnment_response_FINAL.pdf. [Accessed 22 February 2022]. 

[88

]  

C. C. Committee, ®Progress in reducing emissions: 2023 Report to Parliament,¯ June 2023. [Online]. Available: 

https://www.theccc.org.uk/wp-content/uploads/2023/06/Progress-in-reducing-UK-emissions-2023-Report-to-Parliament-

1.pdf. [Accessed 16 February 2024]. 

[89

]  

Northern Powergrid, ®Customer-Led Network Revolution (CLNR): Project Data - Enhanced profiling of domestic 

customers with air source heat pumps,¯ 2015. [Online]. Available: https://tinyurl.com/4bnlhe5g. [Accessed Feb 2021]. 

[90

]  

N. Balta-Ozkana, J. Yildirim and P. M. Connor, ®Regional distribution of photovoltaic deployment in the UK and its 

determinants: A spatial econometric approach,¯ Energy Economics, vol. 51, pp. 417 - 429, 2015.  

[91

]  

W. Thomson, ®On the ¶conomy of the heating or cooling of buildings by means of currents of air,¯ The London, 

Edinburgh, and Dublin Philosophical, vol. 7, no. 43, pp. 138-142, 1854.  

[92

]  

J. Sunmer, ®The Norwich Heat Pump,¯ Proceedings of the Institution of Mechanical Engineers, vol. 158, no. 1, 1948.  

[93

]  

S. Nyborg and I. RĒpke, ®Heat pumps in Denmark²From ugly duckling to white swan,¯ Energy Research & Social 

Science, vol. 9, pp. 166-177, 2015.  

[94

]  

H. Averfalk, P. Ingvarsson, U. Persson, M. Gong and S. Werner, ®Large heat pumps in Swedish district heating systems,¯ 

Renewable and Sustainable Energy Reviews, vol. 79, pp. 1275-1284, 2017.  

[95

]  

H. Winkens, ®Der Einsatz von Wþrmepumpen in der Fernwþrmeversorgung (The use of heat pumps in the district heating 

supply),¯ 1984, vol. 13, pp. 73-78.  

[96

]  

J. Guenther, ®District heating in Norway and a presentation of the Oslo system,¯ Fernwaerme Int, pp. 307-311, 1983.  

[97

]  

J. Rosenow, D. Gibb, T. Nowak and R. Lowes, ®Heating up the global heat pump market,¯ Nature Energy, vol. 7, p. 901±

904, 2022.  

[98

]  

UK Parliament POST, ®Heat Pumps,¯ 14 July 2023. [Online]. Available: China IOL. EN Datacenter 

http://data.chinaiol.com/ecdata/index. [Accessed 15 March 2024]. 

[99

]  

Office for National Statistics, ®Families and households in the UK: 2022,¯ 18 May 2022. [Online]. Available: 

https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/families/bulletins/familiesandhousehol

ds/2022/pdf. [Accessed 15 March 2024]. 

[10

0]  

One Source Air, ®How a Heat Pump Works,¯ 2024. [Online]. Available: https://www.onesourceair.com/blog/how-a-heat-

pump-works. [Accessed 15 March 2024]. 

[10

1]  

I. Staffell, D. Brett, N. Brandon and A. Hawkes, ®A review of domestic heat pumps,¯ Energy & Environmental Science, 

vol. 5, no. 11, pp. 9291-9306, 2012.  

[10

2]  

C. Palkowski, F. Akkerman, M. Schlegel and A. Simo, ®EU Energy Label for heating appliances-Optimization of test 

standards for heat pumps,¯ 2017. [Online]. Available: https://opus4.kobv.de/opus4-

bam/frontdoor/index/index/docId/40801. [Accessed 4 February 2021]. 



198 

 

[10

3]  

T. H. Durkin, ®Boiler System Efficiency,¯ American Society of Heating, Refrigerating and Air-Conditioning Engineers 

Journal, vol. 48, no. 7, pp. 51-57, 2006.  

[10

4]  

P. Carrol, M. Chesser and P. . Lyons, ®Air Source Heat Pumps field studies: A systematic literature review,¯ Renewable 

and Sustainable Energy Reviews, no. 134, 2020.  

[10

5]  

N. Kelly and J. Cockroft, ®Analysis of retrofit air source heat pump performance: Results from detailed simulations and 

comparison to field trial data,¯ Energy and Buildings, vol. 43, no. 1, pp. 239-245, 2011.  

[10

6]  

Energy Saving Trust, ®Air source heat pumps vs ground source heat pumps,¯ 23 February 2024. [Online]. Available: 

https://energysavingtrust.org.uk/air-source-heat-pumps-vs-ground-source-heat-pumps/. [Accessed 13 March 2024]. 

[10

7]  

W. L. K. a. P. F. R. B. Asare-Bediako, ®Future residential load profiles: Scenario-based analysis of high penetration of 

heavy loads and distributed generation,¯ Energy in Buildings, vol. 75, pp. 228 - 238, 2014.  

[10

8]  

Durham Energy Institute and Element Energy, ®CLNR -- Insight Report: Domestic Heat Pumps,¯ 23 January 2015. 

[Online]. Available: http://www.networkrevolution.co.uk/wp-content/uploads/2015/01/CLNR-L091-Insight-Report-

Domestic-Heat-Pumps.pdf. [Accessed 2 February 2022]. 

[10

9]  

Ofgem, ®Typical Domestic Consumption Values for Gas and Electricity,¯ 22 June 2017. [Online]. Available: 

https://www.ofgem.gov.uk/publications-and-updates/typical-domestic-consumption-values-gas-and-electricity-0. 

[Accessed 2 February 2022]. 

[11

0]  

C. P. Underwood, M. Royapoor and B. Sturm, ®Parametric modelling of domestic air-source heat pumps,¯ Energy and 

Buildings, vol. 139, pp. 578-589, 2017.  

[11

1]  

C. Protopapadaki and D. Saelens, ®Heat pump and PV impact on residential low-voltage distribution gridsas a function of 

building and district properties,¯ Applied Energy, vol. 192, pp. 268-281, 2017.  

[11

2]  

I. A. G. Wilson, A. J. R. Rennie, Y. Ding, P. C. Eames, P. J. Hall and N. J. Kelly, ®Historical daily gas and electrical 

energy flows through Great Britain­s transmission networks and the decarbonisation of domestic heat,¯ Energy Policy, 

vol. 61, pp. 301 - 305, 2013.  

[11

3]  

J. Conrad and S. Greif, ®Modelling Load Profiles of Heat Pumps,¯ Energies, vol. 12, no. 4, 2019.  

[11

4]  

C. Hanmer, M. Shipworth, D. Shipworth and E. Carter, ®How household thermal routines shape UK home heating 

demand patterns,¯ Energy Efficiency, vol. 12, no. 1, pp. 5-17, 2019.  

[11

5]  

R. Lowe, ®Renewable Heat Premium Payment Scheme (RHPP): Heat Pump Monitoring: Cleaned Data, 2013-2015,¯ 

2017. [Online]. Available: https://tinyurl.com/2vd2d45z. [Accessed Feb 2021]. 

[11

6]  

Northern Powergrid, ®After Diversity Maximum Demand (ADMD) Report,¯ 23 February 2015. [Online]. Available: 

http://www.networkrevolution.co.uk/wp-content/uploads/2015/02/After-Diversity-Maximum-Demand-Insight-Report.pdf. 

[Accessed 06 June 2022]. 

[11

7]  

T. Fujimoto, S. Furuya, Y. Hayashi and T. Osaka, ®Generating synthetic profiles of onshore wind power for power flow 

simulation on power system,¯ Journal of Energy Engineering, vol. 143, no. 3, 2017.  

[11

8]  

J. Flower, G. Hawker and K. Bell, ®Heterogeneity of UK residential heat demand and its impact on the value case for heat 

pumps,¯ Energy Policy, no. 144, 2020.  



199 

 

[11

9]  

P. Westacott and C. Candelise, ®Impacts and integration of PV in LV networks. Work Package 1: PV2025 Project Review 

Meeting,¯ 2015. [Online]. Available: https://elexon-bsc-production-cdn.s3.eu-west-2.amazonaws.com/wp-

content/uploads/2015/11/28162902/05_SRAG_03_01_C-PV2025.pdf. [Accessed 12 January 2022]. 

[12

0]  

Office for National Statistics, ®Postcode resident and household estimates, England and Wales: Census 2021,¯ 2021. 

[Online]. Available: https://www.nomisweb.co.uk/sources/census_2021_pc. [Accessed 01 March 2024]. 

[12

1]  

Office for National Statistics, ®Postal Geography,¯ 18 January 2016. [Online]. Available: 

https://www.ons.gov.uk/methodology/geography/ukgeographies/postalgeography. [Accessed 12 January 2022]. 

[12

2]  

M. Feidt, Finite Physical Dimensions Optimal Thermodynamics 1, 2017, Elsevier, 2017.  

[12

3]  

C. Beckel, L. Sadamori, T. Staake and S. Santini, ®Revealing household characteristics from smart meter data,¯ Energy, 

vol. 78, pp. 397-410, 2014.  

[12

4]  

J. Zhang, J. Y. Yongqian, L. H. Zhang and G. Lu, ®Daily electric vehicle charging load profiles considering demographics 

ofvehicle users,¯ Applied Energy, vol. 274, p. 115063, 2020.  

[12

5]  

R. McKenna, P. Djapic, J. Weinand, W. Fichtner and G. Strbac, ®Assessing the implications of socioeconomic diversity 

for low carbontechnology uptake in electrical distribution networks,¯ Applied Energy, vol. 210, pp. 856-869, 2018.  

[12

6]  

J. Lingard, ®Residential retrofit in the UK: The optimum retrofit measures necessary for effective heat pump use,¯ 

Building Services Engineering Research and Technology, vol. 42, no. 3, 2020.  

[12

7]  

UK Government, ®A guide to energy performance certificates for the construction, sale and let of non-dwellings,¯ 2017. 

[Online]. Available: 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/666186/A_guide_to_en

ergy_performance_certificates_for_the_construction_sale_and_let_of_non-dwellings.pdf. [Accessed 9 June 2021]. 

[12

8]  

BRE Trust, ®The Housing Stock of the United Kingdom,¯ 2017. [Online]. Available: 

https://files.bregroup.com/bretrust/The-Housing-Stock-of-the-United-Kingdom_Report_BRE-Trust.pdf. [Accessed 10 

February 2021]. 

[12

9]  

G. Morkyani, ®Transition from Distribution Network Operator to Distribution System Operator,¯ in Future Distribution 

Networks: Planning, Operation, and Control, IEEE, 2022, p. 46. 

[13

0]  

Western Power Distribution, ®DNO Transition to DSO,¯ February 2020. [Online]. Available: 

https://www.nationalgrid.co.uk/downloads/105967#:~:text=The%20DSO%20will%20flex%20and,seamless%20and%20tr

ansparent%20to%20customers.. [Accessed 23 March 2024]. 

[13

1]  

S. Haben, G. Giasemidis, F. Ziel and S. Arora, ®Short term load forecasting and the effect of temperature at the low 

voltage level,¯ International Journal of Forecasting, vol. 35, no. 4, pp. 1469-1484, 2019.  

[13

2]  

Centre for Environmental Data Analysis, ®MIDAS Open: UK Land Surface Stations Data (1853-current),¯ 2019. 

[Online]. Available: http://catalogue.ceda.ac.uk/uuid/dbd451271eb04662beade68da43546e1. [Accessed 14 June 2022]. 

[13

3]  

P. J. Croxton, K. Huber, N. Collinson and T. H. Sparks, ®How well do the central England temperature and the England 

and Wales precipitation series represent the climate of the UK?,¯ International Journal of Climatology, vol. 26, no. 15, pp. 

2287-2292, 6 July 2006.  

[13

4]  

Department of Energy and Climate Change, ®The Effects of Cycling on Heat Pump Performance,¯ November 2012. 

[Online]. Available: 



200 

 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/65695/7389-effects-

cycling-heat-pump-performance.pdf. [Accessed 2 February 2022]. 

[13

5]  

B. Stephen, X. Tang, P. Harvey, S. Galloway and K. I. Jennett, ®Incorporating practice theory in sub-profile models for 

short term aggregated residential load forecasting,¯ IEEE Transactions on Smart Grids, vol. 8, no. 4, pp. 1591 - 1598, 

2017.  

[13

6]  

R. Sevlian and R. Rajagopal, ®A scaling law for short term load forecasting on varying levels of aggregation,¯ 

International Journal of Electrical Power & Energy Systems, vol. 98, pp. 350 - 361, 2018.  

[13

7]  

D. Alberg and M. Last, ®Short-term load forecasting in smart meters with sliding window-based ARIMA algorithms,¯ 

Vietnam Journal of Computer Science, vol. 5, pp. 241 - 249, 2018.  

[13

8]  

N. Ding, C. Benoit, G. Foggia, Y. Besanger and F. Wurtz, ®Neural network-based model design for short-term load 

forecast in distribution systems,¯ IEEE Transactions on Power Systems, vol. 31, pp. 72 - 81, 2016.  

[13

9]  

Department of Energy & Climate Change, ®National Energy Efficiency Data - Framework,¯ 23 November 2021. [Online]. 

Available: 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/209089/National_Energ

y_Efficiency_Data-framework_June_2013_Part_I.pdf. [Accessed 2 February 2022]. 

[14

0]  

N. Gavankar and S. Ghosh, ®Automatic building footprint extraction from high-resolution satellite image using 

mathematical morphology,¯ European Journal of Remote Sensing, vol. 51, pp. 182 - 193.  

[14

1]  

W. Grassi, ®Operating Conditions,¯ in Heat Pumps, New York City, Springer, 2017.  

[14

2]  

Met Office, ®Snow and low temperatures February to March 2018,¯ 13 March 2018. [Online]. Available: 

https://www.metoffice.gov.uk/binaries/content/assets/metofficegovuk/pdf/weather/learn-about/uk-past-

events/interesting/2018/snow-and-low-temperatures-february-to-march-2018---met-office.pdf. [Accessed 1 March 2024]. 

[14

3]  

Met Office, ®Beast from the East February/March 2008,¯ March 2008. [Online]. Available: 

https://www.metoffice.gov.uk/binaries/content/assets/metofficegovuk/pdf/research/library-and-

archive/library/publications/historical-weather-factsheets/beastfromtheeastfebruarymarch2018.pdf. [Accessed 1 March 

2024]. 

[14

4]  

Met Office, ®2023 was second warmest year on record for UK,¯ 2 January 2024. [Online]. Available: 

https://www.metoffice.gov.uk/about-us/press-office/news/weather-and-climate/2023/2023-was-second-warmest-year-on-

record-for-

uk#:~:text=2023%20is%20provisionally%20the%20warmest,1836%2C%20and%20wettest%20since%202002.. 

[Accessed 01 March 2024]. 

[14

5]  

E. Zapata-Webborn, C. Hanmer, T. Oreszczyn, G. Huebner, E. McKenna, J. Few, S. Elam, M. Pullinger, C. Cheshire, D. 

Friel, H. Masters and A. Whittaker, ®Winter demand falls as fuel bills rise: Understanding the energy impacts of the cost-

of-living crisis on British households,¯ Energy and Buildings, vol. 305, p. 113869, 2024.  

[14

6]  

Y. Ma, D. Azuatalam, T. Power, A. Chapman and G. Verbié, ®A novel probabilistic framework to study the impact of 

photovoltaic-battery systems on low-voltage distribution netowrks,̄ Applied Energy, vol. 254, 2019.  



201 

 

[14

7]  

UK Power Networks, ®Smart Meter Energy Consumption Data in London Households,¯ February 2015. [Online]. 

Available: https://data.london.gov.uk/dataset/smartmeter-energy-use-data-in-london-households. [Accessed 2 February 

2022]. 

[14

8]  

S. Caird, R. Roy and S. Potter, ®Domestic heat pumps in the UK: user behaviour, satisfaction and performance,¯ Energy 

Efficiency , vol. 5, no. 3, pp. 283 - 301, 2012.  

[14

9]  

Scottish Government, ®Draft Heat in Buildings Strategy: Achieving Net Zero Emissions in Scotland's Buildings 

Consultation,¯ February 2021. [Online]. Available: 

https://www.gov.scot/binaries/content/documents/govscot/publications/consultation-paper/2021/02/heat-buildings-

strategy-achieving-net-zero-emissions-scotlands-buildings-consultation/documents/draft-heat-buildings-strategy-

achieving-net-zero-emissions-scot. [Accessed 7 February 2021]. 

[15

0]  

Energy Saving Trust, ®Getting warmer: a field trial of heat pumps,¯ 2010. [Online]. Available: 

http://oro.open.ac.uk/31647/1/Getting_warmer_a_field_trial_of_heat_pumps_report.pdf. [Accessed 7 February 2021]. 

[15

1]  

N. Kelly, J. Cockroft and S. Ghauri, ®Performance analysis of air source heat pumps using detailed simulations and 

comparison to field trial data,¯ in e-Sim2010, International Building Performance Simulation Association Conference, 

2010.  

[15

2]  

D. Quiggin and R. Buswell, ®The implications of heat electrification on national electrical supply-demand balance under 

published 2050 energy scenarios,¯ Energy, vol. 98, pp. 257-270, 2016.  

[15

3]  

A. Anderson, B. Stephen, R. Telford and S. McArthur, ®Predictive Thermal Relation Model for Synthesizing Low Carbon 

Heating Load Profiles on Distribution Networks,¯ IEEE Access, vol. 8, pp. 195290-195304., 2020.  

[15

4]  

Committee on Climate Change, ®Heat in UK buildings today,¯ 2016. [Online]. Available: https://www.theccc.org.uk/wp-

content/uploads/2017/01/Annex-2-Heat-in-UK-Buildings-Today-Committee-on-Climate-Change-October-2016.pdf. 

[Accessed 15 November 2021]. 

[15

5]  

®Department for Business, Energy & Industrial Strategy,¯ 22 December Experimental postcode domestic gas statistics 

2019. [Online]. Available: https://www.gov.uk/government/statistics/postcode-level-gas-statistics-2019-experimental. 

[Accessed 11 November 2020]. 

[15

6]  

Office for National Statistics, ®Postal Geography,¯ 3 January 2023. [Online]. Available: 

https://www.ons.gov.uk/methodology/geography/ukgeographies/postalgeography. [Accessed 23 February 2024]. 

[15

7]  

UK Government, ®Data Protection Act 2018,¯ 2018. [Online]. Available: 

https://www.legislation.gov.uk/ukpga/2018/12/contents/enacted. [Accessed 15 November 2021]. 

[15

8]  

Department for Business, Energy and Industrial Strategy, ®Energy Demand Research Project,¯ 10 February 2016. 

[Online]. Available: https://data.gov.uk/dataset/e1621e5c-0739-4530-933c-4738f3698044/energy-demand-research-

project-edrp. [Accessed 10 June 2021]. 

[15

9]  

J. Laustsen, Energy Efficiency Requirements in Building Codes, Energy Efficiency Policies for New Buildings. IEA 

Information Paper, 2008.  

[16

0]  

L. Peeters, R. de Dearb, J. Hensen and W. D­haeseleer, ®Thermal comfort in residential buildings: Comfort values and 

scales for building energy simulation,¯ Applied Energy, vol. 86, no. 5, pp. 772-780, 2009.  

[16

1]  

F. M. Mulder, ®Implications of diurnal and seasonal variations in renewable energy generation for large scale energy 

storage,¯ Journal of Renewable and Sustainable Energy, vol. 6, 2014.  



202 

 

[16

2]  

I. Mansouri and M. Newborough, ®Dynamics of Energy Use in UK Households:,¯ in Proceedings of the Summer Study of 

the European Council for an Energy Efficient Economy, 1999.  

[16

3]  

T. P. Hill and J. Miller, ®How to combine independent data sets for the same quantity,¯ Chaos: An Interdisciplinary 

Journal of Nonlinear Science, vol. 21, 2011.  

[16

4]  

T. J. Hager and R. Morawicki, ®Energy consumption during cooking in the residential sector of developed nations: A 

review,¯ Food Policy, vol. 40, pp. 54-63, 2013.  

[16

5]  

Department for Business, Energy and Industrial Strategy, ®Improving Boiler Standards and Efficiency,¯ 21 March 2023. 

[Online]. Available: 

https://assets.publishing.service.gov.uk/media/63e25c96e90e076266ed429c/Improving_boiler_standards_and_efficiency_

consultation.pdf. [Accessed 1 March 2024]. 

[16

6]  

Electricity North West, ®Code of Practice 204 - Issue 3: Network Component Impedance Data,¯ 2010. 

[16

7]  

Northern Powergrid, ®Code of Practice for Underground Cable Ratings and Parameters,¯ 2021. 

[16

8]  

Western Power Distribution, ®Standard Technique: SD8B/4 (Part 1) - Relating to LV Underground Cable Ratings,¯ 2016. 

[16

9]  

Microsoft, ®Bing Aerial Maps,¯ [Online]. Available: https://tinyurl.com/y77r2xmx. [Accessed 13 Aug 2021]. 

[17

0]  

QGIS, ®A Free and Open Source Geographic Information System,¯ [Online]. Available: https://tinyurl.com/ybsjxftl. 

[Accessed 13 Aug 2021]. 

[17

1]  

Elexon, ®Profiling,¯ [Online]. Available: https://tinyurl.com/yhl54gkv. [Accessed Oct 2021]. 

[17

2]  

UK Energy Research Centre, ®The Rebound Effect: An Assessment of The Evidence for Economy-Wide Energy Savings 

from Improved Energy Efficiency,¯ October 2007. [Online]. Available: 

https://ukerc.rl.ac.uk/UCAT/PUBLICATIONS/The_Rebound_Effect_An_Assessment_of_the_Evidence_for_Economy-

wide_Energy_Savings_from_Improved_Energy_Efficiency.pdf. [Accessed 2024 March 16]. 

[17

3]  

P. E. Brockway, S. Sorrell, G. Semieniuk, M. K. Heun and V. Court, ®Energy efficiency and economy-wide rebound 

effects: A review of the evidence and its implications,¯ Renewable and Sustainable Energy Reviews , vol. 141, p. 110781, 

2021.  

[17

4]  

Official Statistics UKGOV, ®LSOA estimates of properties not connected to the gas network,¯ 22 December 2020. 

[Online]. Available: https://www.gov.uk/government/statistics/lsoa-estimates-of-households-not-connected-to-the-gas-

network. [Accessed 18 January 2022]. 

[17

5]  

Scottish Power, ®Low Carbon Heating Uptake Modelling (HEAT - Up),¯ March 2021. [Online]. Available: 

https://www.spenergynetworks.co.uk/userfiles/file/Project_Closedown_Report_HeatUp_v1.0.pdf. [Accessed 22 February 

2022]. 

[17

6]  

UK Power Networks, ®Constellation - Project Progress Report,¯ December 2021. [Online]. Available: 

https://innovation.ukpowernetworks.co.uk/wp-



203 

 

content/uploads/2021/12/2021_Constellation_Project_Progress_Report_December-2021-v1.0-PXM-2021-12-08.pdf. 

[Accessed 2 February 2022]. 

[17

7]  

Ministry of Housing, Communities & Local Government, ®English Housing Survey,¯ 2019 - 2020. [Online]. Available: 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1055629/Energy_Repor

t_2019-20.pdf. [Accessed 12 May 2022]. 

[17

8]  

D. F. Rogers, R. D. Plante, R. T. Wong and J. R. Evans, ®Aggregation and Disaggregation Techniques and Methodology 

in Optimization,¯ Operations Research, vol. 39, no. 4, pp. 553 - 582, 1991.  

[17

9]  

S. R. Shaw, S. B. L. Leeb, L. K. Norford and R. W. Cox, ®Nonintrusive Load Monitoring and Diagnostics in Power 

Systems,¯ IEEE Transactions on Instrumentation and Measurement, vol. 57, no. 7, pp. 1445 - 1454, 2008.  

[18

0]  

Y. Zhang, T. Huang and E. F. Bompard, ®Big data analytics in smart grids: a review,¯ Energy Informatics, vol. 1, 2018.  

[18

1]  

M. Zeifman and K. Roth, ®Nonintrusive appliance load monitoring: Review and outlook,¯ IEEE transactions on 

Consumer Electronics, vol. 57, no. 1, pp. 76-84, 2011.  

[18

2]  

F. Sultanem, ®Using appliance signatures for monitoring residential loads at meter panel level,¯ IEEE Transactions on 

Power Delivery, vol. 6, no. 4, pp. 1380 - 1385, 1991.  

[18

3]  

K. W, Z. Dong, J. Ma, D. l. Hil, J. Zhao and F. Luo, ®An extensible approach for non-intrusive load disaggregation with 

smart meter data. IEEE Transactions on Smart Grid,¯ IEEE Transactions on Smart Grid, vol. 9, no. 4, pp. 3362-3372, 

2018.  

[18

4]  

Ofgem, ®Energy Future System Operator Consultation,¯ 28 September 2021. [Online]. Available: 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1004044/energy-future-

system-operator-condoc.pdf. [Accessed 12 July 2022]. 

[18

5]  

UK Power Networks, ®Data Privacy Plan for Access to Smart,¯ December 2019. [Online]. Available: 

https://www.ofgem.gov.uk/sites/default/files/docs/2020/02/uk_power_networks_smart_meters_data_privacy_plan.pdf. 

[Accessed 12 July 2022]. 

[18

6]  

Scottish & Southern Electricity Networks, ®Smart Meter Data Privacy Plan (Access to household Electricity Consumption 

Data),¯ April 2020. [Online]. Available: 

https://www.ofgem.gov.uk/sites/default/files/docs/2020/05/ssen_smart_meter_data_privacy_plan_redacted_final.pdf. 

[Accessed 12 July 2022]. 

[18

7]  

Centre for Sustainable Energy, ®Smart Meter Energy Data: Public Interest Advisory Group,¯ May 2021. [Online]. 

Available: https://www.cse.org.uk/downloads/file/PIAG-phase-2-privacy-plans-annex.pdf. [Accessed 12 July 2022]. 

[18

8]  

A. Paisios, ®Profiling and Disaggregation of Electricity Demands Measured in MV Distribution Networks,¯ 10 July 2017. 

[Online]. Available: http://hdl.handle.net/1842/28777. [Accessed May 2022]. 

[18

9]  

Elexon, ®https://www.elexon.co.uk/bsc-and-codes/balancing-settlement-code/,¯ 4 April 2022. [Online]. Available: 

Balancing & Settlement Code. [Accessed 12 August 2022]. 

[19

0]  

Durham University, ®After Diversity Maximum Demand (ADMD) Report,¯ 23 February 2015. [Online]. Available: 

http://www.networkrevolution.co.uk/wp-content/uploads/2015/02/After-Diversity-Maximum-Demand-Insight-Report.pdf. 

[Accessed 12 August 2022]. 



204 

 

[19

1]  

Energy Saving Trust, ®Measurement of Domestic Hot Water Consumption in Dwellings,¯ 2008. [Online]. Available: 

https://assets.publishing.service.gov.uk/media/5a75a29ced915d6faf2b4829/3147-measure-domestic-hot-water-

consump.pdf. [Accessed 17 March 2024]. 

[19

2]  

G. Feulner, S. Rahmstorf, A. Levermann and S. Volkwardt, ®On the Origin of the Surface Air Temperature Difference 

between the Hemispheres in Earth's Present-Day Climate,¯ Journal of Climate, vol. 26, no. 18, pp. 7136-7150, 2013.  

[19

3]  

J. Liu, J. Wang and J. Cardinal, ®Evolution and reform of UK electricity market,¯ Renewable and Sustainable Energy 

Reviews, vol. 161, p. 112317, 2022.  

[19

4]  

Form Energy, ®Best Practice Modelling to Achieve Low Carbon Grids,¯ December 2020. [Online]. Available: 

https://formenergy.com/wp-content/uploads/2020/12/Form-Energy-4Q2020-Best-Practice-Modeling-whitepaper-

12.21.20.pdf. [Accessed 5 January 2023]. 

[19

5]  

Guardian, ®UK households have cut energy consumption by 10%, say suppliers,¯ November 2022. [Online]. Available: 

https://www.theguardian.com/money/2022/nov/27/uk-households-have-cut-energy-consumption-by-10-say-suppliers. 

[Accessed 05 January 2023]. 

[19

6]  

J. Jackman, ®Key Reasons Behind UK Gas Price Increases,¯ 25 November 2022. [Online]. Available: 

https://www.theecoexperts.co.uk/blog/reasons-for-uk-gas-price-increase. [Accessed 5 January 2023]. 

[19

7]  

H. Ritchie, ®eather forecasts have become much more accurate; we now need to make them available to everyone,¯ 12 

March 2024. [Online]. Available: https://ourworldindata.org/weather-forecasts. [Accessed 23 March 2024]. 

[19

8]  

T. N. Nguyen, S. Zeadally and A. B. Vuduthala, ®Cyber-physical cloud manufacturing systems with digital twins,¯ IEEE 

Internet Computing, vol. 26, no. 3, pp. 15-21, 2021.  

[19

9]  

C. Brosinsky, D. Westermann and R. Krebs, ®Recent and prospective developments in power system control centers: 

Adapting the digital twin technology for application in power system control centers,¯ in IEEE International Energy 

Conference (ENERGYCON), Limassol, 2018 .  

[20

0]  

Q. Zhang, L. Zhang, J. Nie and Y. Li, ®Techno-economic analysis of air source heat pump applied for space heating in 

northern China,¯ Applied Energy, vol. 2017, pp. 533-542, 2017.  

[20

1]  

House of Commons Library, ®Electric Vehicles and Infrastructure,¯ 21 February 2023. [Online]. Available: 

https://researchbriefings.files.parliament.uk/documents/CBP-7480/CBP-7480.pdf. [Accessed 17 March 2024]. 

[20

2]  

UK Parliament POST, ®The impact of remote and hybrid working on workers and organisations,¯ 17 October 2022. 

[Online]. Available: https://researchbriefings.files.parliament.uk/documents/POST-PB-0049/POST-PB-0049.pdf. 

[Accessed 17 March 2024]. 

[20

3]  

Office for National Statistics, ®Characteristics of homeworkers, Great Britain: September 2022 to January 2023,¯ 13 

February 2023. [Online]. Available: 

https://www.ons.gov.uk/employmentandlabourmarket/peopleinwork/employmentandemployeetypes/articles/characteristic

sofhomeworkersgreatbritain/september2022tojanuary2023. [Accessed 17 March 2024]. 

[20

4]  

Stewart, Iona; Bolton, Paul, ®Households off the gas-grid and prices for alternative fuels,¯ 10 January 2024. [Online]. 

Available: https://researchbriefings.files.parliament.uk/documents/CBP-9838/CBP-9838.pdf. [Accessed 08 March 2024]. 

[20

5]  

Department of Business, Energy and Industrial Strategy, ®Social research with installers of heating systems in off gas grid 

areas of England and Wales,¯ Department of Business, Energy and Industrial Strategy, London, 2021. 



205 

 

[20

6]  

UK Parliament POST, ®Local area energy planning: achieving net zero locally,¯ 25 July 2023. [Online]. Available: 

https://researchbriefings.files.parliament.uk/documents/POST-PN-0703/POST-PN-0703.pdf. [Accessed 17 March 2024]. 

[20

7]  

Innovate UK, ®Accelerating Net Zero Delivery,¯ March 2022. [Online]. Available: https://www.ukri.org/wp-

content/uploads/2022/03/IUK-090322-AcceleratingNetZeroDelivery-

UnlockingBenefitsClimateActionUKCityRegions.pdf. [Accessed 17 March 2024]. 

[20

8]  

European Union Institute for Security Studies, ®Europe's Energy Crisis Conundrum: Origins, Impacts and Way Forward,¯ 

2022. [Online]. Available: https://www.iss.europa.eu/sites/default/files/EUISSFiles/Brief_2_Energy%20Crisis.pdf. 

[Accessed 9 January 2023]. 

[20

9]  

Energy Networks Association, ®ENA Databases,¯ February 2021. [Online]. Available: 

https://www.energynetworks.org/industry-hub/databases. [Accessed 04 February 2021]. 

[21

0]  

Met Office, ®Climate and Cliamte Change: UK actual and anomaly maps,¯ 2021. [Online]. Available: 

https://www.metoffice.gov.uk/research/climate/maps-and-data/uk-actual-and-anomaly-maps. [Accessed 08 February 

2021]. 

[21

1]  

Scottish Government, ®Scottish Index of Multiple Deprivation 2020,¯ 2020. [Online]. Available: 

https://www.gov.scot/collections/scottish-index-of-multiple-deprivation-2020/. [Accessed 7 January 2022]. 

[21

2]  

®RHI Monthly Deployment Data: December 2019 (Annual Edition),¯ December 2019. [Online]. Available: 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/859989/RHI_monthly_

official_stats_tables_Dec_19_final.xlsx. [Accessed 2 February 2022]. 

 

 


