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Abstract 10 

The ability of UK housing equipped with heat pumps to provide responsive electrical demand at scale has 11 

been analysed using building simulation and a representative sample of individually-attributed dwelling 12 

models. The predictions of the models were verified against national data and the response of the stock 13 

(constrained by local thermal comfort and hot water needs) to a signal requesting load variation was tested 14 

using annual simulations.  15 

Results indicated that an overall median of 43% of heat pumps could respond in some way to drop load signal, 16 

and 70% to a pick-up load signal. Response for longer durations of up to 4 hours, as required by some grid 17 

services, was significantly less, reducing nearly linearly as signal duration increased. Scaled to the UK housing 18 

stock (approx. 27 million devices), the results suggested a median response of 2 GW to a drop load signal, 19 

and 4.7 GW to a pick-up load signal. These figures mask large diurnal and seasonal variations in the ability to 20 

respond to load variation requests, with greater response during periods of heat pump usage in mornings and 21 

evenings and during the heating season. Conversely, during periods of limited heating demand, the ability to 22 

respond to signals was minimal. 23 

  24 
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1 Introduction 25 

The UK has seen a 62% reduction in greenhouse gas emissions from the power sector since 1990 [1]. This 26 

was due to an increase in renewable generation (mainly wind) and a move away from coal as a fuel for power 27 

generation. At present, around 33% of UK electricity is derived from renewable sources [1]. However, if the 28 

UK is to meet its target of net-zero greenhouse gas emissions by 2050 [2], then it must also decarbonise other 29 

areas of the economy. One of the most important of these is the supply of heat, particularly domestic space 30 

heating and hot water; this accounts for around 29% of total UK energy demand, and approximately 78% of 31 

domestic energy (mainly heating and hot water) in the UK is supplied using natural gas  [3].  32 

A clear route to decarbonise domestic heat is to switch from gas boilers to heat pumps, or resistive heating 33 

[2]. These heating types can capitalise on an increasingly low carbon electricity supply. However, moving such 34 

a large volume of demand from the gas network to the electricity network would significantly increase the use 35 

of electricity and substantially increase peak electrical power demand  [4], as peak domestic heat demand 36 

generally coincides with times of peak demand for electricity - in the mornings and evenings [5]. This is 37 

important because peak electrical power demand is a key factor in the sizing of electrical equipment, with 38 

higher peak demands necessitating the need to upgrade electrical networks and build increased generating 39 

capacity to cope with the larger power flows, which would ultimately lead to increased costs to consumers.  40 

Flexible management of heating devices could mitigate some of the impact of electrification of domestic heat, 41 

as well as provide opportunities to balance electrical supply and demand. Mleknic et al [6] review the European 42 

policy landscape for flexible buildings participating in the operation of a future energy network, concluding that 43 

whilst participation from housing has been minimal to-date, the UK is well placed to develop a domestic flexible 44 

response capacity through individual or aggregated participation of households. 45 

Flexibility in heating demand implies the ability to either increase or decrease demand, or to advance or delay 46 

heating demand according to prevailing or projected network conditions, respectively. For example, at times 47 

of peak electrical demand or where there is a sudden dip in renewable generation, electrical heating system 48 

demand could be temporarily reduced or switched off to match the reduced supply and negate the need for 49 

backup generation – referred to in the paper as the ability to ‘drop load’. Conversely, the ability to increase 50 

heating demand could also be useful in an electricity system with a high penetration of renewables: electrical 51 

heating could be used to absorb surplus renewable generation (which would also likely be low-cost) through 52 

charging hot water storage, or slightly increasing space heating set points within comfort limits – this is referred 53 
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to as the ability to ‘pick up’ load in this paper. However, the ability to flex the heating demand up or down in a 54 

dwelling or shift that demand in time will be dictated by prevailing temperatures, local comfort requirements 55 

(which will vary from household to household), and the dynamics of each building (i.e. how quickly 56 

temperatures decay in a dwelling or thermal storage once heating input has been curtailed).  57 

Shifting strategies for electrical demand fall into two non-exclusive categories (e.g. as summarised by Frame 58 

et al. [7]), these are as follows.  59 

1. Planned load shifting of demand to low-cost, off peak electricity periods over several hours has been 60 

employed for decades in the UK and elsewhere, where storage heating has been used to time-shift 61 

electrical heating to overnight periods, providing a load for nuclear generation. Planned load shifting 62 

typically employs thermally massive storage, allowing a heat demand to be met from the store whilst 63 

the primary electrical heat source is turned off or down. The storage can be charged by the electrical 64 

source even when there is no immediate demand for space or water heating. It should be added that 65 

the reputation of traditional resistive, electrical storage heating in the UK is poor, as in a substantial 66 

number of cases, the technology has proved incapable of delivering comfortable conditions and led to 67 

higher costs than alternatives such as gas boilers [8]. 68 

2. Responsive (unplanned) load shifting, comprising short-term changes in electrical load in response to 69 

a request from an electricity network operator, are required to address electricity network needs such 70 

as acute supply-demand mismatches or (locally) unacceptable voltage levels. The need for such 71 

response may become more pressing in a future electricity network as it becomes more sensitive to 72 

climatic variations due to the electrification of heat and large volumes of wind and solar in the supply.  73 

There are multiple existing UK responsive grid services, such as Short-Term Operating Reserve 74 

(STOR), Firm Frequency Response (FFR) and the Balancing Mechanism (BM) [9,10]. These vary in 75 

term of the minimum response, duration of demand response required, the duration and timing of the 76 

commitment to the service, and the flexibility to make short term decisions to offer services. STOR 77 

and FFR require 4-hour response durations with long-term commitments to respond. Greater response 78 

flexibility has been introduced to the wider BM response, with Project Terre Europe-wide auctions 79 

allowing for 15-minute response windows with auctions closing 1-2 hours in advance  [9,10].  80 

Realising unplanned demand response in dwellings using electrical heating technologies is more challenging 81 

than planned response. The priority of the dwelling’s heating system is the provision of hot water and 82 
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maintenance of thermal comfort, not servicing the needs of a third party such as the electricity network.  A 83 

heating system may not be able to respond to a request to either drop or pick up load without compromising 84 

this functionality. The ability to respond is likely to vary widely among a stock with diverse occupancy, comfort 85 

preferences, and construction. A key question that arises is therefore: what response could be expected from 86 

a large population of electrified domestic heating systems to an immediate external request for load variation? 87 

Quantifying this potential response, and the approach to calculating it, will be of value to energy system 88 

planners considering the use of short term, large-scale flexible demand as part of a net-zero energy system  89 

[11]. 90 

 91 

1.1 Aim and Contribution 92 

The aim of the work described here was to characterise and quantify the ability of UK housing, equipped with 93 

electrified heating systems, to respond to unplanned, short-duration, external signals to either drop or pick up 94 

load. 95 

The heating technology considered in this paper is an air source heat pump (ASHP), feeding a hydronic heating 96 

system. Air source heat pumps are viewed as the technology best placed to displace gas boilers in UK housing  97 

[12]. The alternatives include purely resistive heating, which is simple to install but generates higher loads and 98 

consumer energy costs, or ground source heat pumps, a technology whose take-up is restricted in a heavily 99 

populated country such as the UK by need for available land for a ground heat exchanger. 100 

The contributions of the paper include:  101 

• of the development of a bottom-up, building simulation-based approach to modelling responsive 102 

demand from a housing stock;  103 

• the generation of a detailed sample of the UK housing stock, along with a method to utilise it to 104 

characterise demand response; and  105 

• determine the ability of the stock to respond to a drop load or pickup load signal in terms of the 106 

magnitude of the response and the temporal variation of response over the duration a load variation 107 

control signal, the course of the day, and seasonally.  108 

1.2 Review of Previous Work 109 

Planned Load Shifting 110 
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The use of heat pumps coupled with hot water thermal storage for planned load shifting and peak demand 111 

reduction has received attention from numerous other researchers. For example, Arteconi et al. [13] assessed 112 

the opportunities presented by heat pumps and thermal storage to moderate peak electrical demands, though 113 

no quantitative analysis was undertaken. Hong et al. [14] assessed the temporal flexibility offered by heat 114 

pumps for two different house types and with different levels of storage, the main conclusion being that load 115 

shifts of 1-2 hours were achievable in unaltered buildings. Load shifts of longer than these required significant 116 

improvements in insulation and substantial thermal buffering for the heat source. Kelly et al. [15] used 117 

simulation to investigate the impact of heat pump load shifts of up to 6 hours using hot water buffer tanks. The 118 

results indicated that costs, energy usage and emissions increased without significant buffer tank insulation 119 

and appropriate tariffs. Baeten et al. [16] investigated flexible charging of storage using heat pumps and a 120 

multi-objective model predictive control strategy to minimise discomfort, cost, and emissions; this work 121 

involved scaling up results from a single archetype building to a large population of domestic heat pumps. This 122 

study indicated that load shifting of heat pumps could reduce the need for peak capacity generation by up to 123 

11 %. El Geneidy & Howard  [17] used centralised and decentralised model predictive control in an assessment 124 

of the load flexibility available from a community of 30 dwellings; the approach was to pre-heat the dwellings 125 

prior to a planned load response period and then reduce heating use within the period. Their modelling 126 

indicated that whist this approach was effective in delivering response over a defined period, it increased 127 

energy consumption and shifted peak demands to the pre-heating period. In a paper focused on heat networks, 128 

Foteinaki et al [18] deployed different approaches including pre-heating and setpoint adjustment to achieve 129 

load flexibility in a simulated apartment building, reporting reductions in morning heating peaks of between 40 130 

and 87%. 131 

Responsive (unplanned) Load Shifting 132 

The ability of electrified domestic heating to provide unplanned, short-term load response has received less 133 

attention in the literature. Hu et al. [19] looked at the ability of air conditioners in Hong Kong to offer demand 134 

response through both planned pre-charging and instantaneous set point alteration. Scaling results from a 135 

grey-box room model, they indicate peak electrical power demand reductions of over 25% are possible. 136 

Alahäivälä et al. [20] used a stock model with 12 different housing archetypes to look at instantaneous and 137 

planned demand response. Assuming direct control of heating in housing and a price-based demand response 138 

scheme, the authors assess the ability of flexible energy use to impact electricity price spikes and bring about 139 

energy savings for consumers. Thermally massive buildings accrued the greatest cost savings and provided 140 
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the greatest flexibility. Using a reduced-order building model, Fischer et al. [21] simulated the behaviour of a 141 

population of 284 German dwellings. These had randomized characteristics and different heat pump types, 142 

which were subjected to external requests for load response. The results showed that responsiveness was 143 

heavily influenced by the day of the year and time of day. Arteconi et al. [22] developed a Flexibility 144 

Performance Indicator (FPI) to characterise the response of individual buildings to a demand response event. 145 

This is based on four parameters: response time, power, recovery time and energy variation. The authors test 146 

this on a range of Italian building types. However, the paper does not attempt to characterise the response 147 

from a population of buildings subject to a request for short-term demand response.  148 

This paper builds on the studies outlined above, looking specifically at the ability of flexible domestic heating 149 

demand to contribute to short-term electricity supply/demand balancing. However, in this case, detailed 150 

building modelling is employed as opposed to the use of simplified building models. Also, rather than 151 

randomising the characteristics of the models used, e.g. as in the case of Fischer et al. [21], the diversity of 152 

the domestic loads was achieved by generating a set of housing models with their characteristics derived from 153 

extensive data sets of housing characteristics [23] and occupant behaviour  [24].  154 

 155 

2 Method 156 

A “bottom-up” modelling approach (e.g. Sousa et al. [25]) was adopted to ascertain the total potential short-157 

term load response from UK housing with heat pumps and extract load response metrics. This entailed 158 

generating a large set of building models that, together, constituted a representative sample of the UK housing 159 

stock. Then, using simulation, the responsiveness of each individual dwelling model to an external signal 160 

requesting that heating load was picked up or dropped was determined over the course of a simulated year. 161 

Response was subject to dwelling comfort set point constraints, with the heating system operating to provide 162 

heat as a priority. The steps involved in the modelling process were as follows. 163 

1. A diverse set of 1068 detailed building simulation dwelling models that reflected the characteristics of 164 

the UK housing stock, was generated using an automated stock generation algorithm and the ESP-r 165 

building simulation tool [26]. The models used geometrical and construction data from the English 166 

Housing Survey (EHS) [23]. 167 

2. Each model was attributed with distinct air infiltration characteristics, heating set points, heating 168 

schedule, as well as occupancy and occupant-driven electrical and hot water demand use profiles; 169 
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this data was derived from time-use survey data and other empirical sources, which are described 170 

later in the text that follows. 171 

3. An air-to-water heat pump was sized for, and then allocated to each dwelling model. 172 

4. An external control signal was generated that randomly requested that heating load was dropped or 173 

picked up for periods of up to 4 hours (i.e. the current upper limit for grid service response). 174 

5. The thermal performance of each dwelling model was simulated over a calendar year using two 175 

simulations, a base simulation without the load response signal and a simulation where the external 176 

load variation signal was active. The results from all of the simulations were compared  at the individual 177 

building and aggregate level to characterise the overall responsiveness of the stock to the load 178 

variation requests. 179 

 180 

2.1 Generating the Building Stock 181 

ESP-r was used to model and simulate the performance of each individual dwelling in the representative stock. 182 

A typical dwelling model employed in this study comprised: 183 

• a 3-D representation of the geometry, attributed with explicit details of the construction materials and 184 

their thermal properties;  185 

• the building’s leakage characteristics; 186 

• details of time-varying internal heat gains from people and equipment;  187 

• details of time-varying hot water usage; and 188 

• a heating system sub-model with control settings.  189 

Each model was composed of a number of thermal ‘zones’, which can represent a distinct room or (more 190 

abstractly) a thermally distinct area of the dwelling. When simulated in ESP-r using real weather data 191 

(temperature, solar radiation, wind speed and direction, and relative humidity) as a boundary condition over a 192 

user defined period (e.g. a day, a year, etc.), the transient energy and mass transfer processes occurring in 193 

the building were computed. So, for each model, the time-variation in a range of parameters was determined, 194 

including indoor air temperature, internal and external surface heat transfers, solar heat gains, outside air 195 

infiltration, etc. A more comprehensive description of the technical basis of ESP-r described is provided by 196 

Clarke [27]. ESP-r has been extensively validated, as summarised by Strachan et al. [28] and latterly by Monari 197 

[29].  198 
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Creating a Stock Sample  199 

The UK housing stock comprises some 27 million dwellings [30]. The total number of dwellings required to 200 

provide a confidence level of 3% and a confidence interval of 95% was 1068 individual building models1. The 201 

confidence values adopted were a compromise between statistical accuracy and computational effort. For 202 

example, aiming for a confidence interval of 99% and a margin of error of 1% would have required 16,627 203 

dwelling models.  204 

Base Housing Geometries 205 

A set of six base geometrical models were used, representing the key archetypes from the English Housing 206 

Survey [23]. These are: a semi-detached dwelling, mid-terrace house, detached house, end terrace, purpose 207 

built flat and a flat conversion. Examples of the models deployed are shown in Figure 1. 208 

  

Figure 1: Illustrative geometries of dwelling archetypes - semi-detached house (left) and converted flat 209 

(right). 210 

Construction Information 211 

The English Housing Survey data was analysed to establish the thermal characteristics of the individual house 212 

types in the sample. It provides information on the English housing stock only. However, this stock comprises 213 

some 85% of the total UK housing stock and so any models generated using this data will therefore be broadly 214 

representative of the majority of UK housing, though building characteristics in each country of the UK 215 

 

1 It should be noted that the confidence level and interval indicate the uncertainty associated with the calculated results in 

representing a much larger population of similar models. It does not indicate how close the results from the population are 

to depicting the behaviour of the real housing stock - verification of the model results is discussed later along with the 

limitations associated with the modelling undertaken here. 
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(England, Scotland, Wales and Northern Ireland) do differ slightly due to different building regulations in each 216 

country.  217 

The English Housing Survey captures information on house type, floor area, wall constructions, wall and roof 218 

insulation levels, and glazing types. Each of these characteristics was in turn broken down as shown in Table 219 

1. Almost any building in the UK housing stock could then be described using a combination of 5 of the 39 220 

characteristics shown (one from each column). 221 

Table 1: Different building characteristics from the English Housing Survey [23]. 222 

House type Floor area 

(m2) 

Wall construction Roof 

insulation 

(mm) 

Glazing type 

Semi-Detached 20–40 Filled Cavity 0 Single glazing - wood frame 

Mid Terrace 40–60 Cavity 0–25 Single glazing - metal frame 

Detached 60–80 Solid Brick 25–50 Single glazing - UPVC frame 

End Terrace 80–100 System 50–75 Double glazing - UPVC frame 

Flat-purpose built 100–120 Solid Brick - external 

Insulation 

75–100 Double glazing - metal frame 

Flat-conversion 120–140 Timber Frame 100–125 Double glazing - wood frame 

 140–160 System - external 

Insulation 

125–150  

 160–180  150–175  

 180–200  175–200  

   200–250  

   250–300  

 223 

Table 2 was also derived from data in the English Housing Survey, this comprises a listing of the feasible 224 

combinations of dwelling type and construction characteristics from Table 1, along with the percentage of the 225 

housing stock, which that specific combination of characteristics represents. A total of 380 combinations of 226 

characteristics represents approximately 80% of the UK housing stock. The attribution of the different 227 

construction characteristics to each dwelling will have an impact on the performance of the modelled heating 228 

system – the building simulation tool used (ESP-r) explicitly accounts for the radiant and convective thermal 229 
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interaction between the heating system and building fabric, and the thermal performance of the fabric itself 230 

(heat exchanges and thermal storage). So, for example, changing from a lightweight to heavyweight building 231 

fabric, with change the thermal behaviour of the building and hence the response characteristics of the heating 232 

system. 233 

 234 

Table 2: (sample) variations of housing characteristics, corresponding percentages of the housing stock [23] 235 

and number of ESP-r models generated. 236 

House Type Floor 

Area (m2) 

Wall 

Construction 

Roof 

Insulation 

(mm) 

Glazing type % of 

stock 

Unique 

models 

generated 

Semi-Detached 80-100 Filled Cavity 150-175 Double glazing - 

UPVC frame 

1.27 14 

Semi-Detached 80-100 Filled Cavity 75-100 Double glazing - 

UPVC frame 

1.24 13 

Semi-Detached 80-100 Cavity 75-100 Double glazing - 

UPVC frame 

1.04 11 

Semi-Detached 60-80 Filled Cavity 150-175 Double glazing - 

UPVC frame 

0.97 10 

Semi-Detached 60-80 Filled Cavity 175-200 Double glazing - 

UPVC frame 

0.92 10 

Semi-Detached 80-100 Filled Cavity 175-200 Double glazing - 

UPVC frame 

0.91 10 

Semi-Detached 60-80 Cavity 75-100 Double glazing - 

UPVC frame 

0.87 9 

Semi-Detached 80-100 Filled Cavity 125-150 Double glazing - 

UPVC frame 

0.77 8 

Mid-Terrace 80-100 Solid Brick 75-100 Double glazing - 

UPVC frame 

0.70 7 
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… … … … … … … 

 237 

A database of constructions was created for ESP-r, corresponding to the different construction types illustrated 238 

in Table 1. Using the details illustrated in Table 2, a bespoke algorithm then generated 380 base archetype 239 

models for ESP-r, which were then attributed with the appropriate construction characteristics; the geometry 240 

of the models was scaled to match the median floor area of the range shown in column 2 of Table 2.  241 

Where appropriate, a further set of models was then derived from each of the 380 archetypes, where the 242 

number of models created was found by multiplying the sample size by the percentage of the housing stock 243 

that the archetype represented and then rounding to the nearest whole number. So, for example, 14 instances 244 

of the house with the characteristics shown in the first row of Table 2 were generated.  245 

 246 

2.2 Model Attribution 247 

Each of the archetype instances was attributed with unique, statistically generated, infiltration, heating system 248 

control, and occupancy-related characteristics. The result was a collection of 1068 unique and fully attributed 249 

models, the components of which are as illustrated in Figure 2. 250 

Occupancy, Electrical Demand and Hot Water Use 251 

Flett [31] developed an occupant-differentiated, probability-based algorithm that was used to generate a 252 

database of more than 27,000 sets of complementary household occupancy, appliance demand and hot water 253 

use profiles that is representative of all UK households for use in stock analysis. The algorithm used data 254 

derived from the UK’s census, time-use-survey, and monitoring. The profiles were differentiated by household 255 

characteristics including size, composition, and income levels. The location of the occupancy or appliance in 256 

the dwelling was also included in the profile data, e.g., bedroom, kitchen, etc. The profiles were created using 257 

a staged approach. First, the time-varying occupancy was calculated. Second, this was used to generate 258 

complementary appliance energy demand and hot water use profiles. The approach is validated in Flett and 259 

Kelly [32]. 260 

 261 

 262 
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 263 

Figure 2: Attributes of each building simulation model. 264 

For this study, the specific household profile sets were randomly selected from all applicable profile sets in the 265 

library (e.g. Figure 3). Consequently, occupancy characteristics, such as household size, socio-economic 266 

status, and tenure, are randomly distributed across all of the building models. Processing of the occupancy, 267 

appliance electrical demand and hot water profiles was necessary before they could be integrated with the 268 

building simulation models. The electrical profiles were used to generate corresponding heat gain profiles for 269 

each of the zones in the household model. Occupancy was converted to a heat gain assuming adults generate 270 

~115W when active and 70W when asleep, and children generate 70% of adult heat gains. Approximately 271 

70% of electrical energy usage from appliances was assumed to degrade to heat, with the remainder lost to 272 

the environment, e.g., kitchen heat gains lost through air extraction. Finally, 20% of the energy in the hot water 273 

used in each dwelling was assumed to manifest itself as a sensible heat gain, with the remainder lost to the 274 

wastewater. 275 

 276 
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Figure 3: Complementary profiles of occupancy, appliance power demand, hot water demand. 277 

Heating Control Parameters and Infiltration 278 

Information on heating system operation in the UK has been compiled by Shipworth et al. [33], and Kelly et al 279 

[15] used this to derive normal distributions for heating set point and the start and end times of two distinct 280 

heating periods, which are suitable for sampling random heating system operation parameters. Similarly, a 281 

normal distribution for infiltration (uncontrolled ingress of outside air into the dwelling) was inferred from the 282 

works of Stephen [34] and Johnstone et al. [35]. Means and standard deviations of these distributions are 283 

given in  The level of infiltration of outside air (measured in air changes per hour – the turnover of the internal 284 

air volume of the house per hour) has a significant impact on the heating demand of the dwelling, as the 285 

infiltrating air needs to be heated to the indoor det point temperature by the heating system. 286 

Table 3. The level of infiltration of outside air (measured in air changes per hour – the turnover of the internal 287 

air volume of the house per hour) has a significant impact on the heating demand of the dwelling, as the 288 

infiltrating air needs to be heated to the indoor det point temperature by the heating system. 289 

Table 3: Heating system parameter distribution characteristics (15,33,34,35). 290 

 Set 

point 

(C) 

Heating 

period 1 start 

time (h) 

Heating 

period 1 end 

time (h) 

Heating 

period 2 start 

time (h) 

Heating 

period 2 end 

time (h) 

Infiltration 

(AC/h) 

Mean 𝝁 21.0 6.0 9.0 16.0 23.0 0.66 

Standard deviation 𝝈 2.5 1.08 1.4 1.05 2.28 0.195 

 291 

The cumulative density function of a normal distribution is given by:  292 
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𝐹(𝑥) =
1

𝜎√2𝜋
∫ 𝑒𝑥𝑝 (

𝑦 − 𝜇

2𝜎2
) 𝑑𝑦

𝑦=𝑥

𝑦=−∞

 
(1) 

For a random value 𝑝 ∈ [0,1] a corresponding random value of 𝑥 can be found from: 293 

𝑥 = 𝐹−1(𝑝) (2) 

By substituting the values in Table 3 for 𝜇 and 𝜎 in Equation 1, and generating random numbers for 𝑝 in 294 

Equation 2, each dwelling was assigned its own randomised heating set point, heating schedule, and infiltration 295 

level.  296 

When generating the heating schedule, the randomisation process was constrained to disallow invalid 297 

situations (e.g. end times before start times). Also, as weekend occupancy was typically more constant than 298 

weekday occupancy in dwellings, one all-day heating period was assumed on weekends as opposed to two 299 

separate morning and evening periods. This single weekend heating period was assumed to begin at the 300 

period 1 start time and end at the period 2 end time. 301 

 302 

2.3 Heat Pump Sizing 303 

It was assumed that all domestic heating demands (heating and hot water) were electrified and supplied using 304 

a retrofitted air-to-water (air-source) heat pump system, capable of supplying both space heating and hot 305 

water. To determine the required size of the heat pump, an initial 1-year building performance simulation was 306 

run for every dwelling model using the UK test reference climate data set. The resulting heating and hot water 307 

demand profiles were combined and scanned to determine the daily peak heating loads and hence the 308 

required heat pump capacity (kW).  For a particular dwelling this was taken as the 3-𝜎 maximum of all daily 309 

peaks; this was done to eliminate any abnormally large outlier heating demands. So, for some dwelling 𝑖, the 310 

heat pump capacity (𝑃𝑐𝑎𝑝,   𝑖) was given by: 311 

𝑃𝑐𝑎𝑝,   𝑖 =  

𝜇ℎ,̂𝑖 + 3√∑ (ℎ̂𝑑,𝑖 − 𝜇ℎ,̂𝑖)
365
𝑑=1

365

1000
 

(3) 

Where 𝜇ℎ,̂𝑖 is the mean of the maximum heating and hot water loads and ℎ̂𝑑,𝑖 is the simulated maximum heating 312 

and hot water load on some day 𝑑.  313 
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This individualised approach to the calculation of peak heat pump capacity for each dwelling produced a 314 

spectrum of heat pump sizes, which doesn’t reflect that manufacturers produce heat pumps in discrete, rated 315 

sizes. However, in real world operation, with varying internal/external conditions and usage patterns, heat 316 

pumps are unlikely to produce their rated output, and over a large population of diverse demands, such as is 317 

modelled here, the approach adopted should give a reasonable indication of the overall electrical load. 318 

 319 

2.4 Heating Control 320 

Recalling that the objective of this paper was to assess the ability of UK housing to contribute to the supply-321 

demand balancing of the electricity system by quantifying demand responsiveness, an external control signal 322 

was developed that aimed to mimic the participation of domestic electrified heating in grid balancing services, 323 

where participants would need to drop demand or pickup load as the wider electricity system supply-demand 324 

situation dictated, but subject to the constraints of the local thermal conditions in each house.  325 

Grid balancing services already exist in the UK electricity market, for example the Balancing Mechanism (BM) 326 

allows participants to bid 60-90 minutes prior to real time to increase or decrease supply or demand by a 327 

minimum of 1MW for 30 minutes as need dictates [10]. There is also a Short-Term Operating Reserve (STOR) 328 

market, where participants are contracted to provide grid balancing services and are required to supply power 329 

(or drop demand) at least 3 times a week at (ideally) 20 minutes notice and for durations of at least 2 hours 330 

and up to 4 hours, offering a minimum flexible capacity of 3MW  [10]. Grid balancing services have historically 331 

been provided by dedicated providers, operating multi-megawatt generation or storage capacity. Recent 332 

developments, particularly in the Balancing Mechanism, are increasing the potential for more flexible assets 333 

to participate. While it is unlikely that individual dwellings would ever participate directly, aggregation of energy 334 

assets to provide a single, coordinated response is increasingly being considered and implemented for these 335 

services, potentially allowing a large number of houses to be virtually combined and centrally controlled to 336 

deliver the required magnitude of flexible demand (e.g. 3MW for STOR [10]). The simulations that follow 337 

provide useful data on what the aggregate response characteristics of large numbers of electrified, domestic 338 

heating systems could be. 339 

External Grid Signal 340 

To mimic the interaction with a hypothetical balancing market featuring flexible domestic demand, an external 341 

signal that acted as an additional control input to the heating system of each dwelling modelled was randomly 342 
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generated. This comprised a sequence of values at a 15-minute resolution, over a full year, which took, values 343 

of either −1 (drop load), 0 (no intervention), or 1 (pick-up load), with each drop or pick-up request lasting up 4 344 

hours duration; this timescale was informed by the operation of the different supply-demand matching 345 

mechanisms described previously. The signal was generated based on a uniform 1% probability of a grid 346 

signal occurring per time step (this corresponds to an average of roughly 1 signal per day) and a 50/50 347 

probability of the signal being either pick-up or drop load. A sample of the signal for a 1-week period is shown 348 

in Figure 4. 349 

 350 

Figure 4: Sample of external control signal from grid for heating system. 351 

Heating Control 352 

It was assumed that the heat pump in each dwelling modelled was active whenever space heating or hot water 353 

was required. Space heating acted to maintain the set point temperature within defined periods of operation 354 

(broadly morning and evening), and the hot water draw was related to occupancy. These were randomly 355 

generated for each dwelling as previously described. 356 

The control priority for the heat pump was local heating needs; the external grid signal (𝑠𝑔) could only be 357 

responded too if this did not compromise comfort. A ±2 °C dead band was applied to the calculated set point 358 

temperature (𝑡𝑠𝑝), to provide the leeway for flexible heating system response. So, if a drop load signal was 359 

received the set point for the heating system was reduced by 2oC, and for a pickup load signal it was increased 360 

by 2oC. Therefore, load was dropped when the reduced set point resulted in a reduced heating load but could 361 

not be dropped if the dwelling temperature was below the set point or the heating was not active. Similarly, 362 
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load was picked up when the increased set point resulted in an increased heating load but could not be picked 363 

up if the heating was already at full capacity, or if the room temperature was above the increased set point.  364 

 365 

2.5 Model Verification 366 

Before assessing flexibility in the set of stock models, their ability to predict the heating demand of the current 367 

housing stock was assessed. Whilst it is not realistically possible to assess the validity of the individual 368 

archetype models, it is possible to assess the models’ simulated energy performance predictions against 369 

aggregate data. OFGEM  [36] produce typical domestic consumption values (TDCV) for UK housing, which 370 

are derived from the actual gas and electricity supplied to millions of UK consumers; these are shown in Table 371 

4.  372 

 373 

 374 

 375 

 376 

 377 

Table 4: Energy requirements derived from UK OFGEM TDCV values (column 1) and simulated values.  378 

 

 

TDCV – typical 

annual metered 

gas use (kWh) 

from OFGEM 

(2020) 

Annual space 

heating 

requirement 

derived from 

TCDVs (kWh) 

 

Simulated 

annual space 

heating 

requirement 

(kWh) 

% diff. Annual hot water 

requirement 

derived from 

TCDVs (kWh) 

Simulated 

annual hot water 

requirement 

(kWh) 

% diff. 

Lower 

quartile 

8000 4320 4119 -4.6 1099 998 -9.2 

Median 12000 6480 6212 -4.1 1647 1571 -4.7 

Upper 

quartile 

17000 9180 9418 +2.6 2335 2446 +4.7 

 379 
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The TDCV values in Table 4 correspond to the lower quartile, median and upper quartile values of gas demand. 380 

To afford a direct comparison with the simulated data (which is heating energy delivered, rather than primary 381 

energy consumption), the TDCV gas demand had to be broken down according to use and then scaled by 382 

appliance and distribution efficiency to get typical housing energy requirements. According to BEIS (2019) 383 

60% of gas demand in the UK is attributable to the domestic sector, and of that, approximately 75% is 384 

attributable to space heating, 21% is attributable to water heating and 4% to cooking. According to Orr et al. 385 

[37], who tested many UK domestic boilers, the mean efficiency for space heating was 80.5%, more than 10% 386 

less than modern ErP “A”-rated boilers of 92-94% and the efficiency of boilers when supplying hot water was 387 

considerably less at 71%. The heating and hot water distribution efficiency was assumed to be 90% [38]. 388 

These demand percentages and efficiencies were used to derive the annual energy requirement figures for 389 

space heating and hot water shown in Table 4. 390 

The modelled lower quartile, median and upper quartile space heating demands are all within 5% of the figures 391 

derived from the OFGEM TDCV data. The hot water demands vary between -9.2 and 4.7% of the OFGEM 392 

data. Figure 5 provides a graphical representation of the modelled space heating demand, showing how the 393 

simulated demands bracket the OFGEM mean, high, medium, and low space heating demand figures. This 394 

comparison indicates that the housing stock model as configured provides a good baseline prediction of the 395 

demand seen in the real housing stock. 396 

 397 

Figure 5: the range of simulated annual space heating demands from the stock models vs OFGEM ‘typical’ 398 

domestic consumption values [36]. 399 
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It is not possible to assess the ability of the housing models to mimic the dynamic thermal response of the 400 

UK housing stock, as suitable data does not exist. However, the predictions of ESP-r housing models have 401 

been compared to monitored data for isolated cases (e.g. Allison et al. [39]) and show good agreement of 402 

indoor temperature responses to thermal excitations such as solar gain, infiltration and input from heating 403 

systems.  404 

 405 

2.6 Performance Simulations and Performance Metrics 406 

The building stock model created using the approach described here provides a diverse and representative 407 

test bed for response, with each dwelling comprising a distinct combination of building geometry, construction 408 

types and insulation materials, floor area, occupant numbers and occupancy times, hot water demand, air 409 

leakage, heating capacity, heating timing and heating set point. The performance of each dwelling was 410 

simulated for a calendar year (2020) using the UK reference climate data set at 15-minute time steps for 1) a 411 

base-case, with no external requests for load flexibility and 2) the simulations repeated with the signal 412 

broadcast to the stock of models. In each simulation, ESP-r calculated the heat required to bring the various 413 

zones of the dwelling up to their set point temperature at 15-minute intervals, and these results were then post-414 

processed to add hot water energy requirement, and calculate electrical draw from the heat pump. The 415 

response to the external load management signal could therefore be gauged by comparing the heating system 416 

demand from the base case to the case with the load response signal. In the results that follow, this was done 417 

for each simulated time increment, at the individual household level and for all 1068 dwellings. In total 2136 418 

individual dwelling results sets were generated.  419 

To demonstrate the operation of the developed heating system control scheme, Figure 6 shows an example 420 

of the simulation output on a typical day. Here the heat pump does not respond to a drop load signal in the 421 

morning, but responds later in the day when conditions permit. 422 
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Figure 6: simulation output showing different heat pump responses to drop load signal. 

The output data from each simulation was processed to obtain aggregate metrics including the percentage of 423 

heat pump units from the population of dwellings that could respond to pick up or drop load signals, hourly and 424 

seasonal variation in response, the increase or reduction in demand due to requests, the impact on the demand 425 

profile, etc.  426 

3 Results and Discussion 427 

Recall that the key question posed was “what response could be expected from a large population of electrified 428 

domestic heating systems to an unplanned external request for load variation?” i.e. what is the ability of heat 429 

pumps serving a population of dwellings to actively respond to an external request from an electricity network 430 

operator to drop or pick up load but, constrained by the need to maintain comfort. 431 

 432 

3.1 Response to Drop Load Signal 433 

The external control signal contained a total of 170 drop load requests over the simulated year, amounting to 434 

approximately 510 hours where a drop load signal was active, or 5.8% of the simulated period. There was 435 

some response from the modelled stock to all drop load signals, though the degree and duration of the 436 

response to each signal varied significantly depending on the individual dwelling, time of day and season; this 437 

is discussed in more detail later. 438 

Figure 7 characterises the aggregate response of the modelled stock to an immediate drop load signal. The 439 

left-hand box-and-whisker plot shows the percentage of the stock that could respond in some way to the 440 

external signal from the network, the right-hand box-and-whisker plot in Figure 7 shows the percentage of 441 

no response to drop load signal as heating 

is off 

temperature reduction in response to 

drop load signal  
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dwellings that could sustain a response for the full duration of a drop load signal, which could last up to 4 442 

hours. Over the simulated year, the median percentage of the heat pump population that could actively 443 

respond to a drop load signal (though not necessarily provide that response for the full signal duration) was 444 

approximately 43%, though response varied widely between 15 and 77%, depending on season and time of 445 

day. The median number of heat pumps that were able to provide a response over the full-duration of a drop 446 

load signal was only 8% of the population, significantly less than could respond for part of the signal duration; 447 

this full-duration response again varied widely between 2% and 22% of the total heat pump population and 448 

depended on time of day and season. 449 

  

Figure 7: Overall percentage of stock providing partial and full duration response to a drop load signal. 

Figure 8 shows the median (dotted line) and inter quartile range IQR (shaded area) response over time to 

all of the drop load signals over the simulated period. This shows that response reduces the longer a 

particular the signal is active; with the median response falling from over 40% of the modelled stock 

responding to the signal at the signal start, to around 5% after four hours. This indicates that the response 

characteristics of domestic heating would be better suited to grid service markets requiring a shorter 

response duration per signal (e.g. Balancing Mechanism). 
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Figure 8: Median (dashed line) and IQR (shaded area) response over duration of drop load signals. 

 

 

3.2 Response to Pick Up Load Signal 450 

There were a total of 164 pickup load requests over the simulated year, amounting to approximately 490 hours 451 

of the simulation period where a pickup load signal was active, or 5.6% of the simulated period. There was 452 

some response from the modelled stock to every load pickup signal, though, again, the degree and duration 453 

of the responses to signals varied significantly. 454 

The left-hand box and whisker plot of Figure 9 shows that the median percentage of the heat pump population 455 

that could actively respond to any portion of a pickup load signal (though not necessarily the full signal duration) 456 

was approximately 70% over the full simulated period. Response varied between 40% and 97%, depending 457 

on season and time of day. The ability to provide a full-duration response to the signal was significantly less, 458 

with a median of 26% of heating pumps able to sustain a response for the full duration, and response varied 459 

between 0% and 51% depending upon season and time of day. 460 

 461 
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Figure 9: Overall percentage of stock providing partial and full duration response to a pickup load signal. 

 

 

Figure 10: Median (dashed line) and IQR (shaded area) response over duration of pick-up load signals. 

 

The response over the duration of a pick-up load signal is shown in Figure 10. This drops as the duration of 462 

the signal increases. With the median response to a pick-up load signal falling from around 70% of the stock 463 

at the beginning of a signal to just over 20% at the end of 4 hours. Again, this illustrates that short duration 464 

signals would garner the greatest response.   465 
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3.3 Seasonal Response  466 

Figures 11 and 12 show the variation in the percentage of the heat pump population able to respond to drop 467 

and pick-up load signals, respectively, according to the month of the year. The median response is the dotted 468 

line, with the inter-quartile range (IQR – 25% to 75%) in grey.  469 

The response to a drop load signal is very seasonally dependent, with appreciable response January to May 470 

and September to December, but there is minimal opportunity for dropping load from June-August as the only 471 

heat demand is for hot water.  472 

The ability to pick up load (Figure 12) is also seasonally dependent, but with capacity to respond fluctuating 473 

less than was the case with response to a drop load signal. There is a marked dip in the ability to pick-up load 474 

in July, again due to the lack of heating demand in that month.  475 

 476 

 

Figure 11: Median (dashed line) and IQR (shaded area) response to drop load by month. 
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Figure 12: Median (dashed line) and IQR (shaded area) response to pick up load by season. 

 

 

Figures 13 and 14 shows the ability to drop or pick-up load, respectively, by time of day. This is strongly related 477 

to the heat pump operation, e.g. the ability to drop load mirrors heating demand, with morning and evening 478 

being the most likely periods when load can be dropped, and there is generally a percentage of the population 479 

that can respond to a signal. 480 

With load pick-up, again, there is a fraction of the heat pump population that can respond throughout the day 481 

when the heat pumps are active. The ability to either drop or pick-upload between midnight and 4am is 482 

extremely limited as there is little or no requirement for heat. In the UK heating is typically switched off overnight 483 

rather than set back [33]. 484 
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Figure 13:  Median (dashed line) and IQR (shaded area) response to drop load by hour. 

 

Figure 14: Median (dashed line) and IQR (shaded area) response to pick up load by hour. 

 485 

Assuming a COP of approximately 3 for a typical heat pump [40, 41], Figure 15 shows the cumulative time for 486 

which a particular power level could be picked up or dropped over the period of the simulation. The results are 487 

summarised in Table 5. 488 

A maximum of 0.76 MW of load was dropped over any 15-minute simulated period out of an installed heat 489 

pump electrical capacity of approximately 1.9 MW for the 1068 modelled houses. The median power dropped 490 

to a signal was 0.071 MW.  The maximum power that was picked over any 15-minute period simulated was 491 

approximately 0.86 MW, with a median load pick up to a signal of 172 kW.  492 

 493 
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Table 5: summary statistics for demand response from simulations. 494 

 Maximum response over 

any 15-minute period 

(MW) 

Maximum response as 

a % of installed heat 

pump capacity 

Median response over 

any 15- minute period 

(MW) 

Median response as a % of 

installed heat pump 

capacity 

Modelled response to 

Drop load signal 

0.76 40.0 0.071 3.7 

Modelled response to 

pick-up load signal 

0.86 45.3 0.172 9.1 

 495 

Based on the data in Table 5, a median of approximately 15,000 houses would be required to provide 1MW 496 

of dropped load response and approximately 6,500 houses would be required to provide 1MW of pick-up load 497 

response. Note that these numbers will vary widely depending on season and time of day. 498 

 499 

 500 

Figure 15: load duration for heating pickup and drop load. 501 

3.4 Scaling Up 502 

The large number of buildings modelled are a representative sample of the UK housing stock and consequently 503 

the results from the simulations are scalable (with a notional degree of uncertainty of ±3%) to the total UK 504 

stock of some 27 million households [30].  505 
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The total annual electrical energy use of the heat pumps modelled in these simulations was 2.96 GWh, which 506 

scales to approximately 77 TWh, assuming that the modelled UK domestic heating load (primarily met at 507 

present by natural gas boilers) is transferred in its entirety to heat pumps. By contrast, annual UK residential 508 

electrical energy consumption is around 104 TWh [1], so moving domestic heating wholly over to heat pumps 509 

creates an electrical energy demand 74% larger than current domestic electrical consumption.  510 

The total heat pump capacity for the modelled stock was 1.93 MWe (where e denotes an electrical power 511 

value), which scales to a capacity of 50.2 GWe (an average of 1.8 kWe/household). By way of comparison for 512 

this figure, Watson et al [41]  estimate a peak domestic thermal heating demand of some 170 GW from gas 513 

demand data. With an assumed COP of 3, this would correspond to an installed heat pump capacity of 56.7 514 

GWe, a similar figure to the scaled total heat pump capacity estimated in this paper. 515 

The scaled, peak, diversified demand from the simulations was 38.4 GWe, and equates to an after-diversity 516 

heat pump maximum demand (ADMD) of 1.42 kWe per household. Chesser et al [42]  in an Irish study provide 517 

an ADMD of 1.3 kW, a figure similar to that reported by Barteczko-Hibbert [43] from field trial data. However, 518 

based on real data from around 700 heat pumps, Love et al (2017) [5] give a higher figure for heat pump 519 

ADMD of 1.7 kW. Whilst assessment of heat pump ADMD was not the aim of this work, reliable estimates of 520 

it will be required in planning future networks with electrified heating. The variation in results highlighted here, 521 

indicates that further work is required to refine ADMD estimates for large populations of heat pumps.  522 

The scaled response to a drop load signal from these simulations was less than 50% of the installed heat 523 

pump capacity (50.2 GW) at approximately 20 GW, with a median response of 2 GW, approximately 33 and 524 

3% of current UK peak demand of 60 GW, respectively. Likewise, the maximum possible response to a pick-525 

up load signal was approximately +22.7 GW, with a median response of approximately 4.7 GW, 38% and 8% 526 

of UK peak demand, respectively.  527 

The reasons for the limited response in relation to the total heat pump capacity is that, firstly, due to diversity 528 

of use, not all heat pumps will be active at any particular time, and secondly, even if active, heat pumps may 529 

not be able to fully respond to a signal due to the local environmental conditions in the building overriding the 530 

request to pick up or drop load.  531 

So overall, the heat pump response to a drop or pick up load signal was seen to be a fraction of the actual 532 

heat pump installed capacity and a small, yet appreciable fraction of the peak load. It is worth noting that in 533 

future, this flexible response would likely constitute a smaller fraction of projected future peak demand, which 534 
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is expected to grow to between 75-95 GW [44]. Further, the heat demand of housing is likely to fall as the 535 

energy efficiency of the stock improves. 536 

Finally, looking at the prospects for active participation of domestic heating load management in electricity 537 

system balancing, this paper shows that, significant numbers of dwellings would need to be aggregated to 538 

achieve appreciable response from electrified heating and an aggregating entity would be required to achieve 539 

the levels of demand response required (e.g. a minimum of 3MW for Short-term Operating Reserve STOR, 540 

[10].  The significant seasonal and intra-day variation in responsiveness highlighted from the work presented 541 

in this paper would indicate that the ability of aggregated domestic heating to provide reliable load response 542 

is problematic, as the potential to drop or pick-up load is subject to significant temporal uncertainty. Decisions 543 

about whether to participate would need to be made close to when the actual response was required and the 544 

ability to predict the potential short-term response from a population of heat pumps along with the emergence 545 

of more flexible grid markets (e.g. Project TERRE [9]), that allow asset aggregation, and closer to real-time 546 

decisions whether to participate and smaller sub-hour response durations, would be required to properly 547 

realise large-scale, responsive, electric heating demand.  548 

4 Conclusions 549 

The ability of heat pumps to provide responsive load as part of the operation of electricity networks with high 550 

penetration of renewable energy supplies has been assessed using building simulation, as the ability to 551 

manipulate load could be a critical component in maintaining a supply demand balance.  552 

A bottom-up stock modelling approach was adopted. Models of a sample of the UK housing stock were 553 

developed for the ESP-r building simulation tool and each was equipped with an air source heat pump. Their 554 

ability to respond to a random signal to drop or pick up load from an external network was then tested by 555 

simulating the performance of each house and its heating system over a calendar year.  556 

The median percentage of devices able to respond to a signal to drop load was approximately 43%, over all 557 

dwellings and time steps simulated. The median number of devices able to respond for the full duration of a 558 

signal (up to 4 hours) was 8%. The median response to a request to pick up load was approximately 70%, the 559 

median number of devices able to respond for the full duration of a signal was 26%. 560 

The ability to respond to an external signal was highly variable, over the duration of a signal, over the course 561 

of a day and seasonally. 562 
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Response tailed off for both drop load signals and pick-up load signals up to the maximum signal duration of 563 

4-hours, with the median percentage of the stock able to respond to a drop load signal falling in a near linear 564 

manner from just over 40 to around 5%. Similarly, median response to a pick-up load signal reduced from 565 

around 70% to just over 20% at the end of 4 hours.  566 

Response over the course of the day was strongly influenced by the heat pump operating strategy. The ability 567 

to pick up or drop load mirrored when the heat pump was operational. The greatest response to either drop or 568 

pick up load signals occurred in the mornings and evenings. There was limited response overnight and in the 569 

middle of the day, when there was less call for heating.  570 

Seasonal response (to both pick up and drop load signals) was highest in the shoulder months and winter 571 

when the heat pump was most active. Response was very limited during summer months due to a lack of heat 572 

demand.  573 

Scaling up from the sample of buildings modelled, to the entire UK housing stock, results suggested that the 574 

electrification of heat using heat pumps could potentially increase domestic electrical energy demand by over 575 

70%. Median response to a drop load signal was 2GW, compared to an installed heat pump electrical power 576 

rating of approximately 50 GW and UK peak demand of 60GW. The median response to a pickup load signal 577 

was slightly higher at 4.7 GW.  578 

Overall, the results indicate that the ability of heat pumps to respond to external signals to pick up or drop load, 579 

if constrained by local thermal conditions, is highly variable throughout the day and over the course of the year, 580 

with periods of very limited response e.g. over summer. Further, the response varies with the duration of the 581 

external signal, tailing off as time goes on, indicating that participation in the more flexible, shorter-mandated 582 

duration grid services that are being introduced should be prioritised.  583 

4.1 Limitations and Scope for Future Work  584 

The work reported here is intended to provide an indication of how heat pumps could provide a short-term 585 

flexible load for future network management. However, there are a number of limitations that should be kept 586 

in mind when reviewing the results.  587 

First, the simulations were undertaken using data from the UK housing stock as it is now. So, the results do 588 

not tell us how response will change in the future as the energy efficiency of buildings improves. As Mancini 589 

and Nastasi [45] note, improvements in building energy efficiency, e.g. through retrofitting the building fabric 590 

will lead to a reduction in the requirement for heating capacity and ultimately a reduction in the amount of 591 
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heating load than can be manipulated in response to external control. Additionally, as noted by Hong et al [14], 592 

improvements in fabric insulation allow those smaller loads to be shifted over longer periods of time. So, it is 593 

possible that future buildings will provide a smaller shiftable heating capacity, but flexibility will be available 594 

over longer periods of time.  595 

Second, in this study it is assumed that heat pumps can respond only if there is no significant impact on hot 596 

water provision and thermal comfort. The study does not attempt to factor in any incentivisation of demand 597 

response from electricity network operators and resulting changed in behaviour, which may change likelihood 598 

of response e.g. being recompensed for accepting interruptions in hot water or restricted heating availability.  599 

Third, the simulations use a single UK reference climate file, and so do not capture variations in response due 600 

to varying location - though the variation in the UK’s generally temperate climate is small compared to larger 601 

landmasses such as the US. Further, the simulations do not account for the impact of a warming UK climate 602 

in the future.  603 

Fourth, the heat pumps and buildings modelled did not include any significant thermal buffering, the addition 604 

of which would radically alter the ability to respond. However, this is representative of UK heating systems, as 605 

the heating industry in the UK has spent the last two decades removing domestic thermal storage in favour of 606 

on-demand systems [46].  607 

Finally, the assumption made here was that the control of heating broadly followed typical occupancy patterns, 608 

alternative control approaches were to be adopted with heat pumps, e.g. the combination of thermal storage 609 

and off-peak charging, then the response to calls to pick up or drop load would again change significantly.  610 

 611 
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