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ABSTRACT

Residential heating electrification is central to the
UK’s 2050 net-zero target but poses significant
challenges to local distribution networks. This study
develops a data-driven framework to assess the optimal
heating electrification pathways and the associated
network reinforcement. The model combines half-hourly
heat demand profiles at Lower Layer Super Output Area
(LSOA) level with allocated primary substation capacity
to capture network reinforcements requirements with
spatial and temporal data. Two electrification scenarios
for 2035 and 2050 are assessed under network-
constrained and network-unconstrained conditions.
Results of worst scenarios indicate that achieving 2050
targets may require up to fourfold increases in local
network capacity, while heat pump adoption can reduce
this by around half. The framework enables grid-aware
assessment of local electrification and supports more
informed network planning and policy decisions.
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1. INTRODUCTION

Residential heating decarbonisation is a major
challenge for achieving net-zero greenhouse gas
emissions. In the UK, heating accounts for a substantial
share of domestic energy use, representing 27.6% of
non-transport energy consumption, with around 78%
still supplied by natural gas in 2023 [1]. Electrification,
primarily through heat pumps (HPs) and other electric
heating technologies, is widely recognised as a feasible
and cost-effective pathway [2]. However, this transition
places increasing pressure on electricity distribution
networks, which were not designed for the additional
peak demand associated with electrified heating [3]. A
key concern is whether existing network capacity can
accommodate this demand and the extent of
reinforcement required.

Previous studies have largely examined residential
heating electrification at national or regional scales,
often overlooking spatial heterogeneity and local
network constraints. Aggregated approaches can mask
variations in housing characteristics, demand patterns,
and infrastructure capacity. For example, ThomaRen et
al. [4] estimate large-scale heat pump potential across
the EU, but do not capture local feasibility. In addition,
most studies focus on HP deployment, highlighting
barriers such as high upfront costs, installation
challenges, limited public awareness, and retrofit
requirements [5—7]. While informative, these analyses
rarely consider a broader mix of electric heating
technologies, limiting the assessment of more flexible
and locally adaptable pathways.

A further limitation lies in the disconnect between
heat demand modelling and electricity system analysis.
Heat demand is often represented at coarse temporal
resolution, whereas power systems require high-
resolution data to capture peak demand and operational
constraints. Although high-resolution HP demand
datasets exist [8], they are technology-specific and
exclude alternative heating options. Meanwhile, limited
access to detailed distribution network data constrains
local-level analysis, hindering the translation of national
targets into feasible strategies.

To address these gaps, this study develops a data-
driven framework for assessing residential heating
electrification with enhanced spatial and temporal
resolution. First, it extends beyond HP-focused analyses
by incorporating multiple electric heating technologies.
Second, it integrates half-hourly heat demand profiles
with spatially explicit electricity demand modelling.
Third, it represents local distribution constraints by
allocating primary substation capacity to LSOA-level
demand. Applied across England and Wales, the
framework enables a realistic and spatially detailed
assessment of whether electrified heating demand can
be accommodated within existing network capacity.
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2. LSOA DATA PROCESSING METHOD: GENERATION
OF TEMPORAL AND SPATIAL DATA

A general data processing framework is developed to
support the data-driven model described in Section 3. As
shown in Figure 1, the framework generates three key
inputs: annual heat demand, half-hourly electricity
demand (excluding heating), and allocated primary
substation capacity.

Annual heat demand is estimated from gas
consumption and residential energy data, accounting for
variations in heating technologies across the housing
stock. This demand is then disaggregated into half-hourly
profiles using technology-specific load profiles for
different electric heating options, including heat pumps.
Primary substation capacity is allocated to LSOAs based
on geographical mapping and the ratio of residential to
non-residential electricity consumption. Together, these
steps provide the necessary inputs for the subsequent
modelling framework.
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Fig. 1 LSOA data processing method

2.1 Annual heat demand estimation

The standard EPC method may overestimate
residential heat demand, as some dwellings have low
occupancy or are used intermittently [9], so an
alternative method is used in this paper. BEIS end-use
data indicate that 97.6% of residential gas consumption
in 2021 was used for space heating and hot water.
Assuming an average gas boiler efficiency of 84% [10],
heat demand from gas-heated dwellings can be
estimated.

Following [11], dwellings with similar floor areas are
assumed to have comparable heat demand. By
combining dwelling type distributions, floor area
assumptions, and central heating technology profiles,
the total annual heat demand at LSOA level can be
approximated using census-based housing data.

Fig. 2 Primary substation supplying LSOAs

2.2 Generating half-hourly energy consumption of LSOA

High spatiotemporal resolution data are essential for
assessing the impact of heating electrification on power
systems. Compared to heat demand data, electricity data
are typically more detailed, enabling more accurate
evaluation of grid impacts.

This study adopts technology-specific half-hourly
load profiles from the literature (e.g. [12]) to convert
annual heat demand into time-resolved electricity
demand for different heating technologies. In addition,
baseline electricity demand from non-heating appliances
is derived from Elexon profiles, accounting for seasonal
variations and Economy 7 tariffs [13]. Future increases in
residential electricity demand, including electric vehicles,
are incorporated using FES 2024 projections [14]. As a
result, total electricity demand is represented at half-
hourly resolution over a full year.

2.3 Primary substation capacity allocations for LSOA

Detailed distribution network data are generally not
publicly available; however, substation-level information
can be partially inferred. In Wales, primary substation
supply areas can be identified using the Network
Opportunity Map [15]. By overlaying these areas with
LSOA boundaries, the supplying substation for each LSOA
is determined.

Substation capacity is then allocated to LSOAs based
on their share of residential and non-residential
electricity consumption within each supply area. This
provides an approximate estimate of available capacity
for residential electrification, which is used as a



constraint in the model. The contribution of residential
PV is excluded due to its limited impact and temporal
mismatch with peak heating demand [16]. Figure 2
illustrates the spatial relationship between substations
and LSOAs in the studied area Neath Port Talbot.

3. MODEL FORMULATION

Figure 3 summarises the modelling framework. The
model decides the optimal installation capacity of heat
pumps and electrical heaters (replacing gas boilers),
which minimises total cost of heating, subject to
constraints on heat pump deployment, network
capacity, and carbon emissions. The results can be used
to access whether existing networks can accommodate
electrified heating and identify required reinforcement.
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Fig. 3 Schematic of the data-driven planning model

3.1 Objective

The objective of this model is to minimise the total
discounted cost incurred throughout the entire planning
horizon for a local energy system, including the
discounted capital investment of all technologies ( C*"),
the energy cost for electricity and gas consumptions
supplied by utilities (C*™™®'), as shown by (1). This capital
cost formulation reflects the dynamic investment nature
of the system: new capacities are added only as needed
in the whole period, and the associated capital costs. This
modelling approach enables a more realistic and
economically accurate representation of the energy
system transitions, especially under conditions of
increasing demand or policy-driven electrification.

min : C* 4+ CF® (1)

The capital cost C“*", detailed in (2), captures the
cumulative investment required for deploying air source
heat pumps and electrical heaters (EH) over whole
planning period, where new capacity may be installed
incrementally based on demand growth or system
evolution.

CM = pirexttP 4 peh oy Bt (2)
Here, P™ and P" (in kW) denote the installed

capacities of HP and EH in the transition period,
respectively. The formulation assumes that equipment is
only newly added when required (i.e., capacity
expansion), and no capacity reduction or retirement is

allowed. The cost coefficients ™ and o™

represent the unit investment cost (in £/kW) in this
period, discounted to the base year:

CHP
HP — 3
“ (1+r)y G)
CEH
EH — 4
TR “

where C™ and C™ are the base capital costs per
unit for HP and EH, 7 is the annual discount rate, and y
is the number of years in the whole planning period.
The operational cost component includes electricity
and natural gas consumption costs across all stages and
time intervals. As shown in (5), this term reflects both the
time-dependent electricity demand from HP and EH, and
the annual gas consumption of each local area, with
proper discounting:

CErerey :i[(a’P;EI .At)+ﬂ.NG :I/(l+r)y,t€[1,T]

=1

where a (£/kWh) and B (£/kWh) are the prices
of electricity and natural gas; P" is the imported
electricity for LSOA at time interval t; At represent
the duration of each time interval; NG is the annual
natural gas consumption of the area (in kWh energy
equivalent). This term ensures that the model captures
the full lifecycle energy costs associated with technology
operation, thus supporting holistic planning under
economic constraints.

3.2 Energy balance and conversion constraints

Eg. (6) represents the electricity balance constraints
for the whole period and each time interval €[LT],
reflects the total number of half-hourly intervals in one
year. The balance ensures that the total electricity

demand at each time step is met by the imported
electricity from the grid.

Ptload +PtHP _l_PtEH :PtEI,[ E[I,T] (6)
where P! isthe basic electricity load (i.e., the load

excluding heating) for LSOA at time interval t. Although
the time resolution is half-hourly, all power-related
variables are expressed in kilowatts (kW), representing
average power over the interval. P™ and P™ (inkw)

denoting the hourly power outputs of EH and HP.



The heat balance is defined by (7) and (8), which
illustrate how the total heat demand allocated to the gas
boiler and the electrical equipment. New gas boilers are
not considered in the transition pathway, therefore, the
model does not simulate the half-hourly natural gas
consumption for heating purposes.

Eheat — Ehother + EhGBmax (7)

Eheat — EhHP + EhEH + EhGB (8)
where E™ (kWh) is the total annual heat demand,
and the heat demand from existing electrical appliances
are not included as it only has limited numbers. E"®™
(kwh) is the current annual heat demand from gas,
E™" (kWh) is the heat demand from other sources

such as using oils, E™ (kWh) is the annual heat
demand met by heat pump, E™ (kWh) is the annual
heat demand met by electrical heater, E"® (kWh) is

the annual heat demand met by gas boiler. In this model,
no new gas boilers are installed, and the gas-related heat
demand is only tracked on an annual basis.

The conversion from annual heat demand to half-
hourly electricity consumption is realised with the
normalised technology-specific energy profiles, as
described by (9) and (10). These profiles represent the
typical operational patterns of heating technologies over
a year and are used to distribute the annual energy
demand across all time intervals. (11)-(13) show the
energy conversions from natural gas and electricity to
heat through the energy profiles.

P
2t =1 (9)
t=1
C EH _
dnt=1 (10)
t=1
EhGB :NG _nGB (11)
P '}/IHP _ RHP _ntHP At t € [LT] (12)
EhEH '}/tEH — PrEH 'UEH At,t c [LT] (13)
n®, n™ and 7™ are the efficiencies of gas boiler,

heat pump and electrical heater and only the efficiency
of HP is changing with time and temperature. »" and
y™' are normalised half-hourly profiles, which estimate
how each alliance works in the future scenarios.

3.3 Installation capacity contraints

This section presents the core constraints
incorporated into the optimisation model, ensuring its
technical feasibility and alignment with long-term
decarbonisation objectives. As defined in (14),
electricity import is limited by the maximum capacity of

the substation infrastructure, which evolves with
reinforcement investments.
0< P <P te[L,T] (14)

This constraint ensures that the electrical
infrastructure is not overloaded and that any increase in
demand is supported by timely reinforcement decisions.

To ensure that the installed capacities are sufficient
to meet the maximum heat demand in each stage, the
following constraints are imposed by (15) and (16).
These constraints guarantee that the system s
adequately sized to meet peak load requirements.

P > max(FjHP) (15)
te[1,7]
P> g%la;_(](PZEH) (16)

In order to phase out fossil fuel-based heating, the
use of gas boilers is restricted in accordance with their
existing heat delivery profiles. This is expressed by:

0< E"® < EM® (17)

wherethe E"® isthe corresponding baseline value

reflecting current system usage. This constraint is
progressively tightened to reflect the assumed phase-out
of gas-based heating under net-zero policies.

The model also imposes technical constraints on the
deployment of electric heating technologies, including
both heat pumps and electrical heaters. Formulas (18)
and (19) show the maximum and minimum installations
of HP and EH respectively.

o<p’ SP_HP,te[l,T] (18)
P < PM <P 1 e[1,T] (19)

P™ is the max power of heat pump, which is

decided by the house types and normalised power. ﬁ

is minimum power of electrical heater and P™ is the

maximum power of electrical heater, which is decided by
the house types and normalised power. These
constraints ensure that electricity consumption remains
within physically and practically realistic bounds,
avoiding overestimation of electrification potential.

3.4 Carbon emission constraints

Carbon emission constraints are imposed on natural
gas consumption to ensure compliance with
decarbonisation targets, as defined in (20)

NG-EFN® < GHG"™" (20)

Here, the natural gas emission factor (kg CO,/kWh)
and the stage-specific emissions cap (kg CO,) are applied.



4. CASESTUDY

This case study examines a representative LSOA in
Wales, characterised by predominantly detached
dwellings and moderate heating demand, reflecting
typical suburban conditions in the UK. Local distribution
capacity is approximated by proportionally allocating
upstream primary substation capacity based on spatial
and demand proxies.

4.1 Scenarios settings

Two electrification scenarios are defined to examine
trade-offs between cost and network constraints. In both
cases, residential heating demand is fully electrified and
total system cost is minimised, including capital and
operational costs.

The first scenario assumes network-unconstrained
electrification, allowing unrestricted deployment of
electric heating technologies. The second imposes
network capacity limits based on estimated local hosting
capacity. Both scenarios are evaluated for 2035
(intermediate target) and 2050 (net-zero target), using
the data described in Section 2.

Table 1. Effects of grid capacity and decarbonisation
targets on system outcomes

Unconstrained network | Unconstrained network Constrained network Constrained network
reinforcement (2035 target)| reinforcement (2050 target) | reinforcement (2035 target) | reinforcement (2050 target)
Original “e.“;“j'k 964.7 964.7 964.7 964.7
Reinforeed netwark 19294 38588 19294 19294
Capial investment 045 106 045 971
/million
Energy cost 1726 29 17.26 1443
/milliong
Stare of HP 0 0 0 ™%
in heating
Electricity peak N "
demand/kW 17904 33488 17904 1929.4

4.2 Results and discussion

Table 1 shows that, without network constraints, the
model favours electric resistance heating due to its low
capital cost, leading to significant peak demand growth.
Under the 2050 target, peak load exceeds 3300 kW,

Electricity Balance (half-hourly) and Temperature
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Elosd of Appliances (Ebsss)|
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more than tripling the original capacity. In contrast, the
2035 target results in moderate demand increases, as
gas remains partially in use.

When capacity expansion is limited, the system shifts
towards high-efficiency technologies. In the network-
constrained 2050 scenario, heat pumps supply 77% of
heating demand, reducing peak load and lowering total
energy costs despite higher upfront investment. Total
heating costs remain similar across constrained and
unconstrained cases, indicating a trade-off between
network reinforcement and technology efficiency.

Electricity price further influences technology
choice, with higher prices favouring heat pump adoption
due to energy savings. Under higher price scenarios
(Table 2), fewer network upgrades are required,
although reinforcement is still necessary for 2035.
Figure 4 illustrates distinct load patterns: constrained
scenarios lead to lower peaks through higher heat pump
adoption, while unconstrained electrification results in
significantly higher peak demand.

Table 2. Comparisons with higher electricity prices
Unconstrained network | Unconstrained network Constrained network Constrained network
reinforcement (2035 target) reinforcement (2050 target) | reinforcement (2035 target) | reinforcement (2050 target)
Original network
capacity/kW 964.7 964.7 964.7 964.7
Reinforced network
2!
capacity/kW 19294 19294 19294 19294
Capital investment
Imilliont 351 10.72 351 10.72
Energy cost 1605 1613 1605 16.13
[milliong
Starc of HP % $6% % 86%
in heating
Electricity peak
demand/kW 12875 1775.6 12875 1775.6

As illustrated in Figure 4, to meet the final net-zero
target, the results of two scenarios are identified. The left
one (a), with high efficiency and cost-effectiveness when
electricity price is higher, leads to large adoption of heat
pumps and decrease of peak demand, while the right one
(b), with unlimited network reinforcement for
electrification, results in the highest peak. These profiles
visually reflect the distinct load patterns associated with
each electrification strategy.
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Figure 4. Electricity demand profiles under two extreme electrification scenarios:
(a) High heat pump adoption scenario; (b) Worst electrification scenario



5. CONCLUSIONS

This study presents a spatially resolved techno-
economic  assessment of residentia  heating
electrification, incorporating distribution network
capacity constraints. Using a representative LSOA, two
scenario dimensions are examined: network constraints
and decarbonisation targets (2035 vs. 2050). Results
show that network capacity is a key determinant of both
system cost and technology choice. Without network
constraints, the model favours resistance heating due to
lower capital cost, with heat pumps excluded despite
their higher efficiency. When capacity limits are
imposed, heat pumps become optimal as they reduce
peak demand and enable compliance with network
constraints. This effect is limited in 2035 but becomes
pronounced by 2050 under full electrification. These
findings highlight the importance of aligning technology
deployment with timely grid reinforcement. The analysis
simplifies network reinforcement by assuming discrete
substation upgrades and excluding associated costs. In
practice, reinforcement is constrained by technical,
spatial, and regulatory factors. Future work should
incorporate more realistic representations of network
expansion, including costs, delays, and spatial
constraints. In addition, the use of two static milestones
does not capture the continuous nature of heating
decarbonisation, which requires dynamic modelling of
technology uptake and system evolution.
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