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Highlights 8 

� Transition pathways that do not consider preferences might be misleading 9 

� Transitions driven by preferences alone cannot decarbonise heating 10 

cost-effectively 11 

� Heat pumps and electric heaters are deployed less when preferences are 12 

considered  13 

� District heating could provide flexibility for decarbonisation 14 

� Low-carbon hydrogen is crucial to reduce GHG emission from residential heating 15 

 16 

Abstract  17 

Hot water and space heating account for about 80% of total energy 18 

consumption in the residential sector in the UK. It is thus crucial to decarbonise 19 

residential heating to achieve UK’s 2050 greenhouse gas reduction targets. However, 20 

the decarbonisation transitions determined by most techno-economic energy 21 

system models might be too optimistic or misleading for relying on cost minimisation 22 

alone and not considering households’ preferences for different heating 23 

technologies. This study thus proposes a novel framework to incorporate 24 

heterogeneous households’ (HHs) preferences into the modelling process of the UK 25 

TIMES model. The incorporated preferences for HHs are based on a nationwide 26 

survey on homeowners’ choices of heating technologies. Preference constraints are 27 

then applied to regulate the HHs’ choices of heating technologies to reflect the 28 

survey results. Consequently, compared to the least-cost transition pathway, the 29 

preference-driven pathway adopts heating technologies gradually without abrupt 30 

increases of market shares. Heat pumps and electric heaters are deployed much less 31 

than in the cost optimal result. Extensive district heating using low-carbon fuels and 32 

conservation measures should thus be deployed to provide flexibility for 33 

decarbonisation. The proposed framework can also incorporate preferences for 34 

other energy consumption technologies and be applied to other linear 35 

programming-based energy system models.      36 
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 39 

1. Introduction 40 

 41 

In 2008, the UK Climate Change Act set a legally-binding target to reduce 42 

greenhouse gas (GHGs) emissions by 80% below 1990 levels by 2050 [1]. Residential 43 

sector accounts for about 24.2% of total GHG emissions in the UK [2]. Specifically, 44 

space and water heating contribute to 83% of total residential energy consumptions. 45 

It is thus crucial to dramatically decarbonise residential heating with low-carbon heat 46 

technologies to achieve the UK GHG reduction target. According to CCC’s estimation, 47 

around 13% of homes should be heated by heat pumps and heat networks from 48 

low-carbon sources, which means at least 2.3 million heat pumps should be 49 

deployed by 2030. Nonetheless, CCC has also pointed out the transformation of 50 

residential heat sector will require radical behavioural adjustments, which are highly 51 

uncertain [3]. Moreover, there is a lack of evidence to show how plausible it is to 52 

expect such radical adjustments.  53 

Techno-economic energy system models, such as TIMES models, are often used 54 

for constructing energy system transition pathways [4–6]. Such models, however, can 55 

sometimes provide misleading outcomes, as they generally only consider technology 56 

and cost attributes and determine least-cost transition pathways for satisfying future 57 

energy service demands. These models assume all actors or consumers in the energy 58 

system to behave economically rationally and have full information for the whole 59 

planning horizon[7]. As it’s also assumed that the actors are homogenous, small price 60 

variations can cause sudden changes of technology portfolios, which is known as 61 

“bang-bang” effect (e.g. all consumers preferring a gas boiler and, after a small cost 62 

change, all consumers switch to heat pumps), a major problem encountered with 63 

techno-economic energy system models such as TIMES [8]. In reality, the behaviour 64 

of consumers is not always economically rational due to e.g. lack of information or 65 

influential socio-demographic factors [9]. Especially, it has been shown in previous 66 

studies that there is a wide range of factors that might influence homeowners’ 67 

decisions, such as gender, age, income, dwelling type, existing technology, and so on 68 
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[10–15]. These are elements that can’t be captured when relying on a single, cost 69 

minimising representative actor. Therefore, in order to be able to capture all the 70 

relevant drivers and hurdles of an energy system transition, it is important to 71 

consider household heterogeneity and corresponding preferences when modelling 72 

the transition. 73 

Household behaviour in terms of technology adoption is usually simulated in 74 

models by constraining the speed and ceiling of technology diffusion in the 75 

optimisation framework (see e.g. [16] and [17]). These constraints are usually based 76 

on aggregate historical trends and experts’ judgements. There is thus a danger that 77 

the model might only reflect the preconceived notions of the modellers [18]. Due to 78 

the ease of implementing such diffusion constraints, however, this approach has 79 

been adopted in many techno-economic models. For instance, Kannan and Strachan 80 

[19] used a single representative household to represent the residential sector in UK 81 

MARKAL while the technology adoption was constrained by historical uptake rates. 82 

Although Dodds [20] introduced 36 effective house categories into UK MARKAL to 83 

assess decarbonisation strategies for residential heating, the technology growth 84 

constraints were still based on historical trends and subjective judgements. Similarly, 85 

Energy System Modelling Environment (ESME), an energy optimisation model for the 86 

UK, imposes user-defined limits on the annual maximum technology deployment for 87 

three dwelling types in the domestic sector [21]. Comparable growth constraints are 88 

also found in MESSAGE-III to regulate new investment in technologies [22].  89 

To address this issue, there have been several previous studies focusing on 90 

developing new modelling frameworks to incorporate household heterogeneity and 91 

household behaviour directly into techno-economic energy models. These studies 92 

mainly use hurdle rates or intangible costs to represent households’ preferences for 93 

new technologies. Moreover, none of the previous studies has explicitly considered 94 

district heating and conservation measures along with individual heating 95 

technologies for residential heating. 96 

For instance, Smeureanu et al. [9] modelled in the SOCIAL-MARKAL model how 97 

an information campaign induced behavioural change and altered lighting demand in 98 

the residential sector. On the other hand, Daly et al. [23] and Pye and Daly [24] 99 

modelled travel behaviour, modal choice between private cars, buses, and trains, in 100 
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TIMES models and ESME respectively, using fixed travel time budgets for short- and 101 

long-distance trips and allowing investments into infrastructure that decreases travel 102 

time (e.g. bus lanes). These studies, however, do not take consumer heterogeneity 103 

into account, nor capture any non-cost preferences beyond the time budget.  104 

Other studies have focused more on household heterogeneity in the 105 

techno-economic models. For example, Cayla and Maïzi [8] encapsulated households’ 106 

behaviour into the TIMES-Households models to evaluate diffusions of heating 107 

technologies and vehicle stock. Residential and transport sectors were each classified 108 

into a number of segments and based on characteristics such as house type and 109 

vehicle ownership. Households’ investment behaviour was then reflected through 110 

discount rates related to households’ income level and evaluated based on a 111 

nationwide survey [25]. However, consumers’ preferences for alternative 112 

technologies, beyond the one they currently had, were not explored in the survey. 113 

Furthermore, Bunch et al. [26] incorporated behavioural effects from vehicle choice 114 

models into a TIMES model to assess the transition to new vehicle types. Consumers 115 

were categorised into groups to represent consumer heterogeneities related to 116 

adoption barriers (e.g. access to refuelling infrastructure, range anxiety) and related 117 

inconvenience costs were estimated for each combination of consumer group and 118 

technology. The same methodology was later adopted also by McCollum et al. [27]. 119 

As the inconvenience costs are rarely negative, the transition to low-carbon vehicles 120 

slowed down when consumers’ behaviour was included into the model. In absolute 121 

terms, however, the modelled technology transition could still be sudden, as the 122 

model continues to make decisions based on cost competitiveness of technologies 123 

and merely requires stronger signals than previously before switching to novel 124 

technologies. 125 

Nonetheless, not all influential factors on consumers’ technology adoption can 126 

be easily translated into costs. For example, households’ previous heating technology 127 

significantly affects their decisions on the next heating technology [14]. The influence 128 

of current heating technology can neither be translated into intangible cost nor be 129 

easily represented in the previously proposed modelling frameworks, especially, and 130 

as suggested in [14,28,29], heating technology costs might not be as influential as 131 

other perceptions and socio-demographic factors and modelling frameworks based 132 
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on monetary terms alone might therefore no longer be suitable. As a consequence of 133 

this, it is critical to develop a more flexible modelling approach to incorporate those 134 

influential non-monetary factors to households’ preferences and decision making for 135 

determining low-carbon transitions of residential heating in the UK.  136 

This study thus aims to develop a new modelling framework that would 137 

incorporate those more complex influential factors into a techno-economic energy 138 

systems model, UK TIMES (UKTM) [30]. The influential factors to UK homeowners’ 139 

preferences for heating technologies are first identified through a nationwide survey 140 

[31]. The number of representative household types to be included in the model is 141 

then reduced through a cluster analysis approach. HHs, formulated based on the 142 

characterising influential factors, are then introduced into the model and their 143 

decisions are then regulated through constraints reflecting the identified households’ 144 

preferences. The research procedure is illustrated in Figure 1.  145 

In the following sections, the major findings of the nationwide survey on 146 

homeowners’ choice of heating technology are first addressed in Section 2. Section 3 147 

briefly describes the application of a cluster analysis approach to reduce the number 148 

of representative households. Section 4 addresses the representation of residential 149 

heating in the UKTM model and how HHs are integrated into it. The proposed 150 

formulation of how preferences are included is explained in Section 5. Section 6 151 

presents the results of the analyses, while section 7 draws out the main conclusions 152 

from the study.  153 

 154 

2. Homeowners’ Preferences for Heating Technology Adoption 155 

 156 

Numerous studies have been dedicated to investigating factors influencing 157 

households’ willingness to adopt alternative heating systems in many countries, such 158 

as Germany [14,32–37], Sweden [38,39], Norway [13,40–42,29], Finland [15,43], 159 

Ireland [10], Greece [11], Italy [12] and Tunisia [44]. According to these studies, 160 

influential factors vary considerably among countries and it is thus essential to 161 

identify country-specific influential factors for UK homeowners. However, previous 162 

UK studies [28,45–49] mostly adopted qualitative analysis and considered a limited 163 

range of factors, such as age, income, and house type, while ignoring a wider range 164 
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of socio-demographic factors, such as education and geographical region of the 165 

country. 166 

A nationwide survey in the UK was thus carried out to collect households’ stated 167 

preferences of heating technologies in response to various technology conditions, 168 

such as upfront cost, lifetime, and so on. Along with respondents’ choices, their 169 

socio-demographic characteristics were also gathered in the survey. The collected 170 

survey results were then used to construct a discrete choice model (DCM) to identify 171 

most influential factors among the wide range of factors considered in the survey. 172 

The survey is briefly described in the Appendix.  173 

The discrete choice model (DCM) can estimate the probability of a specific 174 

selection among alternatives under the influence of attributes related to the choice 175 

[50]. Several studies have used these consumer choice models for residential heating 176 

technology choice using various fuel types [12–15,43,45,46]. Our survey results, 177 

which contain both a wide range of socio-demographic factors and technology 178 

attributes from the choice experiments, were analysed by the multinomial logit 179 

model (MNL) to identify the most influential factors for homeowners’ preferences for 180 

heating technology adoption.  181 

The statistically significantly factors are shown in Table 1. Heaters were 182 

categorised into four types: Gas heaters, electric heaters, heat pumps, and solid fuel 183 

boilers. Influential factors are found in 5 categories, including existing technology, 184 

socio-demography, region, dwelling, and awareness of eco-technology. Each factor 185 

might only influence specific technologies and only when that factor is within a 186 

specific range. For example, having currently an electric heater increases the 187 

likelihood to adopt solid fuel boilers in the future, but lowers the possibility of 188 

choosing an electric heater again. On the other hand, households with gas heaters 189 

tend to adopt gas heaters again, but the ownership of gas heaters does not increase 190 

or decrease their likelihood to choose other types of heaters. Interestingly, costs of 191 

heaters were found not to be influential, which is aligned with the suggestions in 192 

[14,28,29]. 193 

The most significant factors to almost all heaters identified in the study are 194 

existing technology, number of bedrooms, the region of the UK the consumer lives in 195 

and the awareness of eco-technologies. To simplify the disaggregation of HHs in the 196 
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model, only existing technology and number of bedrooms were taken into account to 197 

classify households. First, UK region was ignored due to the limited number of 198 

sampled homeowners in some regions. Next, although the awareness of 199 

eco-technologies also influences homeowners’ decisions, the impacts for preferences 200 

are relatively minor across various technologies. Finally, even though house type and 201 

income are significant for specific heaters, those can be reflected by number of 202 

bedrooms. According to the statistics of English Housing Survey (EHS) [51], number 203 

of bedrooms is highly correlated to household income and dwelling type; therefore, 204 

it is an ideal proxy to represent those household characteristics.  205 

 206 

3. Cluster Analysis 207 

 208 

HHs should be categorised by the identified factors in the previous section. 209 

However, every factor contains several levels, such as 5 levels for the number of 210 

bedrooms. The total number of HHs can increase exponentially while taking all levels 211 

of multiple factors into account simultaneously. Including the full level of detail 212 

would significantly increase the computational burden, while providing diminishing 213 

returns in terms of representing accurately homeowners’ preferences. Therefore, it is 214 

essential to aggregate factor levels into fewer number of level groups so that the 215 

number of HHs could be reduced considerably, while simultaneously sacrificing as 216 

little of the accuracy as possible.  217 

A simple cluster analysis method, k-means, was thus applied to aggregate 218 

factors levels into groups with similar adoption preferences. As indicated in Tan et al. 219 

[52], cluster analysis refers to algorithms for grouping data objects based only on 220 

information found in the data that describes the objects and their relationships. The 221 

goal is that the objects within a group be similar to one another and different from 222 

the objects in other groups. K-means algorithm [53] is one of the widely used 223 

clustering algorithms. To divide data points into K groups, K initial centroids are 224 

chosen randomly from the data. K is user-specified parameter which is the desired 225 

number of clusters. Each data point is then assigned to the closest centroid and the 226 

collection of points belonging to a centroid is a cluster. The centroid of each cluster is 227 

then updated based on the points assigned to the cluster. The aforementioned 228 
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procedure is repeated to update the centroids of clusters until no point changes in 229 

each cluster [52]. The objective function of the algorithm can be formulated as 230 

follows to minimise the distance between points within the same cluster. 231 

 232 

min∑ ∑ ‖� − �	‖
�∈�
�	��                                           (1) 233 

 234 

where �	 is the mean of points in cluster �	. In this study, the distance between two 235 

HHs is defined as the summation of differences of adoption rates for heating 236 

technologies. 237 

The cluster analysis procedure was then applied to aggregate 5 household types 238 

by number of bedrooms into clustered groups. The clustered results are shown in 239 

Figure 2. In the original divisions by number of bedrooms, as presented in Figure 2(a), 240 

obvious differences can be found in the adoption rates of heating technologies 241 

corresponding to various numbers of bedrooms. However, households with certain 242 

numbers of bedrooms are more similar to each other. As shown in Figure 2(b)~(d), 243 

households with 1, 2, and 3 bedrooms have more consistent preferences compared 244 

to those with 4 and 5 or more bedrooms.  245 

Overall, gas heaters are always the most popular heater to all households, no 246 

matter the number of bedrooms. However, the adoption rates for other heater types 247 

fluctuate considerably depending on the number of bedrooms. For example, 248 

households with 5 or more bedrooms are more likely to choose heat pumps and solid 249 

fuel boilers than households with less rooms are. Since the patterns of adoption 250 

rates of 1, 2 and 3 bedrooms are similar according to Figure 2(a) and Figure 2(b), 251 

those three types of households can be grouped into a single household type 252 

without losing much information. As a result, three household types with 1~3, 4, and 253 

5 bedrooms, as illustrated in Figure 2(c), were adopted to represent households’ 254 

heterogeneous preferences for heating technologies. 255 

The existing heating technology is also a significant factor in determining the 256 

preferences of a household. The existing technologies are in this study aggregated 257 

under four types of heating technologies: Gas central heater, electric heaters, heat 258 

pumps, and solid fuel boilers. Since heating technologies have been grouped into 4 259 

types, the cluster analysis was not applied to further reduce the number of types. 260 
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The adoption rates for each existing heating technologies are shown in Figure 3. Gas 261 

heaters are still the favourite choices for homeowners, no matter what heating 262 

technologies are currently installed. Nonetheless, when a household uses a specific 263 

technology, it’s much more likely to pick that technology again, compared to 264 

households switching to another non-gas technology (or a household switching from 265 

another technology to that one). This is especially pronounced with heat pumps, 266 

with 40% of the owners choosing a heat pump also for the next heating choice.   267 

Consequently, the adoption rates of heating technologies for three aggregate 268 

household types with four existing heater types are shown in Table 2. In the survey 269 

samples, there were no households with 4 or 5 bedrooms using heat pumps. 270 

Therefore, the adoption rates for those households cannot be estimated from the 271 

survey. The preferences of households with 1~3 bedrooms using heat pumps are 272 

therefore assumed to also represent the possible preferences for these households. 273 

As illustrated in Figure 2(c), the same existing heater types could have various 274 

influences on preferences in different household types. For example, households 275 

with solid fuel boilers would have 14.9% and 37.5% of chances of selecting heat 276 

pumps for households with 1~3 bedrooms and 5 bedrooms respectively. Therefore, it 277 

is essential to take both household type and existing heater type into account when 278 

determining the preferences of households.  279 

 280 

4. Heterogeneous Households in the UK TIMES model 281 

 282 

As discussed in the previous section, the preferences of different household 283 

types can differ significantly. Therefore, it is important to represent these diverse 284 

preferences in the modelling of heating technology adoption. The proposed 285 

framework in this study is implemented to the UKTM model, used by the UK 286 

Department of Business, Energy & Industrial Strategy (BEIS) [54] and therefore one 287 

of the most influential energy system models in the UK. In the following sections, the 288 

UKTM model is first briefly introduced, followed by a more detailed description of 289 

how residential heating in considered in UKTM. Finally, the new structure with HH 290 

types in the UKTM is explained. 291 

 292 
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4.1 UK TIMES Model 293 

 294 

UKTM has been developed by the UCL Energy Institute as the successor to the 295 

UK MARKAL model [55]. It is based on the model generator TIMES (The Integrated 296 

MARKAL-EFOM System) [7], which is developed and maintained by the Energy 297 

Technology Systems Analysis Programme (ETSAP) of the International Energy Agency. 298 

Besides its academic use, UKTM is the central long-term energy system pathway 299 

model used for policy analysis at the CCC and Department for Business, Energy & 300 

Industrial Strategy (BEIS) [2,54]. 301 

As described in Daly and Fais [30], UKTM is a bottom-up, technology-rich, 302 

dynamic, linear programming optimisation model consisting of numerous alternative 303 

energy supply/end-use technologies and describing the whole UK energy system. 304 

The model is comprised eight supply-side and demand-side sectors, such as resource, 305 

process, electricity, residential sectors. All sectors are calibrated to the base year 306 

2010 to be consistent with the official energy statistics [56], including the existing 307 

stock of energy technologies and their characteristics. The temporal variations of 308 

energy supply and demand are represented in 16 time-slices (four intra-day 309 

times-slices in four seasons). UKTM minimises total welfare costs (under perfect 310 

foresight) to meet the exogenously defined energy demands under a range of input 311 

assumptions (e.g. technology parameters are drivers of energy demand (GDP and 312 

population growth, for example)) and additional constraints (such as maximum 313 

technology penetration rates and deployment potentials). The model delivers a cost 314 

optimal, system-wide solution for the energy transition over the coming decades 315 

[57]. 316 

 317 

4.2 Residential Heating 318 

 319 

Due to its important role in residential energy demand, heating is depicted in 320 

UKTM in detail, with a range of heating technologies included as alternatives for 321 

fulfilling current and future heat demands. Heat can be supplied, for example, by a 322 

wide range of boilers, such as conventional gas condensing boilers, wood pellet 323 

boilers, air-source or ground-source heat pumps, micro-CHPs, electric storage 324 
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heaters or other types of electric heaters, or even through district heating networks. 325 

The generated heat is then delivered to existing or new houses through pipeline 326 

radiator or underfloor heating system. For standalone heaters, no delivery pipeline is 327 

required. The ageing existing stock of houses in the UK is, on average, fairly poorly 328 

insulated and requires more heating demand than new houses do [58]. Several 329 

conservation measures, such as wall insulation, loft insulation, double glazing, and 330 

hot water cylinder insulation, are available for the model to reduce heating 331 

consumption in the existing houses. As for district heat, it can be supplied by a CHP 332 

plant, an electric immersion heater, a boiler station (with various fuel alternatives), a 333 

fuel cell, or a central solar heating plant. Fuel switch is also taken into account in the 334 

framework, as the model can decide to replace natural gas with biogas for CHPs and 335 

boilers, in order to reduce GHG emissions. Secondary energy carriers, such as 336 

electricity and hydrogen, are also considered for heating in the model. While, for 337 

example, hydrogen based heating solutions are relatively costly in comparison to 338 

conventional technologies today, heat decarbonisation requirements may, under 339 

stringent mitigation scenarios, make the technologies competitive, as they allow the 340 

decarbonisation to take place in the upstream processing sector. Electric heaters and 341 

heat pumps provide similar mitigation alternatives.  342 

 343 

4.3 New Structure with Heterogeneous Households 344 

 345 

The new schematic of the residential heating sector, reflecting the various 346 

household preferences affecting technology choice, can be represented as shown in 347 

Figure 4. HH types, HH1 to HHn, were introduced into the residential heating sector. 348 

The heating technologies available to the average household in original structure 349 

were duplicated for each household type, so that all HHs can choose any heating 350 

technologies available in the market to meet their heating demands.   351 

As the households’ preferences are influenced by number of bedrooms, in this 352 

study, households were divided into three types, including households with 1~3 353 

bedrooms, 4 bedrooms and 5 and more bedrooms.  354 

Furthermore, to simplify the formulation of the proposed preference model on 355 

heating technology adoption, the numerous heating technologies were grouped into 356 
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four heater types, district heating technologies, and conservation measures. The four 357 

heater types include gas heaters (including micro CHP), electric heaters, heat pumps, 358 

solid fuel boilers to match with the types considered in the survey on homeowners’ 359 

preferences. As for the type of electric heaters, central, night storage, and 360 

standalone electric heating systems were grouped in the same type.  361 

Finally, the remaining heating technologies not covered by above four types 362 

were removed from the set of options available to the model for future years. These 363 

heaters include coal heaters, oil heaters and standalone solar water heaters. First, oil 364 

and especially coal heaters have a relatively modest market share, are not favoured 365 

by homeowners [28] and are expected to be phased out for heat decarbonisation 366 

[19]. Second, solar water heaters can only generate about half of year-round water 367 

needs, these technologies should be integrated with other heating technologies [28]. 368 

Therefore, hybrid systems combining solar water heaters with other heating 369 

technologies are considered instead. These hybrid systems are grouped to 370 

technology types based on the non-solar technology. For example, the hybrid 371 

systems integrating gas heaters and solar water heaters are classified as gas heaters. 372 

With the newly introduced household types and technologies, adoption 373 

preferences for each household type can be regulated through a range of newly 374 

introduced constraints, as will be explained in the following section. 375 

 376 

5. Preference Model on Heating Technology Adoption 377 

 378 

5.1 Conceptual framework 379 

 380 

With newly introduced household types in the model, the preferences of each 381 

household type for heating technologies can then be represented correspondingly. 382 

In the base year 2010, the mix of heating technologies is calibrated to the historical 383 

records in DECC [56] and allocated to the three household types according to the 384 

statistics in the EHS [51]. In the model, households choose new heating technologies 385 

whenever the heating technologies reach the end of lifetime or heat demands 386 

increases and existing capacity is no longer enough to fulfil the demand. Preferences 387 

of households, as suggested in Table 2, are applied according to the type of 388 
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household and the existing heating technology. For example, for households with 389 

1~3 bedrooms, when gas heaters are installed originally, shares of newly installed gas 390 

heaters, electric heaters, heat pumps, and solid fuel boilers should be 75.7%, 4.7%, 391 

11.5%, and 8.1% respectively. This new formulation, therefore, takes us from cost 392 

optimisation to the other end of the spectrum; costs no longer play a role for the 393 

choice of the heating technology and, as the survey suggested, decisions are fully 394 

driven by non-monetary factors. Our new formulation can thus be seen to provide, 395 

together with the cost optimising variant of the model, a range for how diffusion of 396 

technologies in the residential sector might proceed. 397 

Furthermore, district heating or conservation measures can also be applied for 398 

heat provision or reduction in households. For district heating networks, strong 399 

policy support from the government is required to construct the infrastructure, e.g. 400 

the installation of heat pipelines to already built-up areas, to enable the consumer to 401 

choose the technology. In other words, individual homeowners cannot simply choose 402 

to switch to district heating, if there is no heating network in place. It is, therefore, 403 

assumed that policy makers have higher influence on the development of technology 404 

and the adoption of district heating is determined by the model based on the cost 405 

competitiveness compared to other heating technologies, subject to conservative 406 

assumptions concerning its maximum market share. As the focus of our study is on 407 

the choice of heating technologies, the adoption of conservation measures is also 408 

determined by the model based on the cost competitiveness alone.  409 

From the technical modelling perspective, the most challenging part of the 410 

decision procedure in the proposed model is to determine the preferences based on 411 

the previously adopted heater types for each household type throughout the model 412 

horizon. An approach has thus been developed to trace the lost heat provision of the 413 

decommissioned heating technologies of each heater type for each household type 414 

at each time-step. The lost heat provision is then replaced by heat from new heating 415 

technologies, which are selected according to the corresponding preferences. More 416 

details will be given in the following section.  417 

 418 

5.2 Preference model 419 

 420 
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To implement the conceptual framework in the UKTM, the new preference model 421 

will regulate the adoption behaviour of individual household types. In the model 422 

description below, the existing system equations, related to e.g. energy supply, 423 

transformation, delivery, consumption etc., in the UKTM are omitted. The definitions 424 

of variables used in the following equations are listed in Table 3. Four heater types 425 

are taken into account, GAS (gas heaters), ELC (electric heaters), HP (heat pumps), 426 

and SOD (solid fuel boilers). 427 

 428 

Minimize	����	,�,� × ��	,�,�
�

���

�

	��

�

���
+ !"ℎ$%	$�&'"&�(	')'"$*	�!'"'				(2) 

Subject	to	429 

 430 

�ℎ	,�,�
�

���
+ 5ℎ	,� + �'6	,� = %	 × 89:�																	& = 1, … , =					(3) 

��ℎ	,?,�,�
�

���
+ �5ℎ	,?,� + ��'6	,?,� ≥ 6ℎ	,?,�A� − 6ℎ	,?,�																			(4) 

�ℎ	,?,�,� = CD	,?,�,���ℎ	,?,�,�
�

���
				& = 1,… ,=; F, G = HI�, JKL,9C, �M:			(5) 

LICIL8� × ��	,�,� =��ℎ	,?,�,�
�

?��
																																			(6) 

5ℎ	,� ≤ :9	,�																																					& = 1, … , =					(7) 
�'6	,� ≤ L�R	,�																																				& = 1,… ,=					(8) 
:9	,� ≥ :9	,�A�																																			& = 1,… ,=					(9) 
L�R	,� ≥ L�R	,�A�																																		& = 1,… ,=					(10) 
!"ℎ$%	$�&'"&�(	')'$"*	�!�'"%V&�"' 

 431 

Equation (2) is the objective function which determines optimal combinations 432 

of technologies across the energy system, including heating technologies in the 433 

residential sector, with minimal total system cost and while satisfying all the 434 

constraints. Equation (3) ensures the total heat provided by heating technologies in 435 

each household type can fulfil the corresponding heat demand of that household 436 
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type. The ratios (%	) of heat demands for individual household types to the total 437 

residential heat demand (89:�) are estimated according to the demographic profile 438 

of the household types in the UK and the corresponding average floor areas of each 439 

household type based on EHS. The heat demands of each household type are 440 

expected to increase since the total residential heat demand continues increasing for 441 

the higher population and housing stock in the future. 442 

Equation (4) ensures the lost heat provision of vintage heaters of a specific 443 

heater type in each household type can be replaced by the heat provision from new 444 

heating technologies, including individual heating technologies, district heating 445 

network (�5ℎ	,?,�), and conservation measures (��'6	,?,�). This equation is essential 446 

to enable the model to trace the required heat demands for each household type 447 

with a specific existing heater type in year t-1. With the traced heat demands, 448 

preferences for heating technologies can then be applied to regulate choices of each 449 

household type. The right hand side of the equation evaluates the lost heat provision 450 

of a heater type by comparing the difference in heat provisions of vintage heaters of 451 

heater type j between year t – 1 and year t. According to the left hand side of the 452 

equation, the household type i can then choose heaters k, district heating, and 453 

conservation measures to fill the lost heat provision.  454 

Furthermore, the adoption rates of individual heater types for each household 455 

type are regulated by Equation (5). The share (CD	,?,�,�) of new heat provision from 456 

heater type k of the total new heat provision for the household type i with existing 457 

heater type j is matched with the corresponding adoption rate in Table 2. The 458 

adoption rate can also vary over time to reflect changes in preferences for new 459 

heating technologies. This equation also regulates the technology adoption for the 460 

new heat demands for new households. Since those households do not have existing 461 

technologies, the constraints then only reflect the influences of number of bedrooms 462 

on preferences. Finally, Equation (6) is the capacity constraint for the new heating 463 

technologies.  464 

Since the preference constraints only apply to heater types, it means individual 465 

heating technologies grouped under a given heater type can still compete with each 466 

other based on their energy efficiency and costs (e.g. gas heaters and micro-CHPs). 467 
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Equation (4) suggests that households can choose district heating and 468 

conservation measures to fulfil heat demands if those technologies are more 469 

cost-effective. However, not every household is suitable for these as district heating 470 

is only feasible in urban areas and conservation measures are much more effective in 471 

ageing housing stock. Equations (7) and (8) are then imposed to limit the maximum 472 

potentials of district heating and conservation measures in each household type. We 473 

follow Element Energy [59], which estimated the maximal potential of district 474 

heating in the UK by 2050 to be about 136 PJ. Since district heating is much more 475 

likely to be economically feasible in urban areas [59], the potential for each 476 

household type was estimated based on the share of the household type in urban 477 

area according to EHS. The estimated potentials for three household types are 478 

illustrated in Figure 5. On the other hand, the total potential of conservation 479 

measures by 2050 was adopted from DECC’s study for evaluating the impact of 480 

Green Deal, an energy efficiency policy for domestic buildings, which is about 154 PJ 481 

[60]. The potential is redistributed among three household types according to the 482 

proportions of heat demand in each household type. 483 

 484 

Finally, equation (9) and (10) ensure the installed district heat network and 485 

conservation measures should be functional after being introduced into the system. 486 

In other words, there will be no redundant heating facilities in the system. As a result, 487 

households cannot just switch back to individual heating technologies for heat 488 

provision while there are district heat network and conservation measures in place. 489 

 490 

6. Results and Discussions 491 

 492 

Two scenarios were applied to investigate the impacts of preferences for 493 

heating technologies. The definitions of these scenarios are listed in Table 4. The 494 

GHG targets are the same for both scenarios, including the legally binding 2050 495 

target to reduce GHG emissions by 80% on the levels of 1990 and the five carbon 496 

budgets [61]. Our first scenario (LGHG_Cost) functions as the reference case and 497 

does not take into account the new preference formulation. On the other hand, 498 

LGHG_Pref further incorporated preference related constraints, allowing us to assess 499 
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what the impact of these constraints may be for the residential sector and energy 500 

system as a whole. Preference constraints were applied to all households, including 501 

those renting houses. Our aim is to compare and contrast the two scenarios, one 502 

relying purely on cost driven decisions and the other purely on non-cost elements, in 503 

order to understand the magnitude of the uncertainty created by consideration of 504 

behaviour on the cost effective system transition. 505 

The heat provision by technology for the case LGHG_Cost is illustrated in Figure 506 

6. Since there was no preference applied in the model, the model optimised the 507 

whole energy system to achieve the predefined GHG emission targets with minimum 508 

system costs. In the early stage of the modelling period, gas heaters are still the 509 

favourite technologies while GHG emissions can be reduced with lower costs in 510 

other sectors. With the stricter GHG emission targets after 2030, share of gas for 511 

heating starts to decline and more and more of the gas heaters are efficient 512 

micro-CHPs. Approaching 2050, low-carbon electricity is used more and more, to 513 

further decarbonise the sector by rapidly increasing the share of heat pumps during 514 

the last 10 years of the model horizon. Conservation measures are cost-effective and 515 

are therefore introduced into the system from early on and up to the maximum 516 

potential by 2035. It is also noteworthy that the heat provision from district heating 517 

is limited, about 12.6 PJ by 2050.  518 

The heat provisions by household type and by technology for case LGHG_Pref 519 

are shown in Figure 7 and Figure 8 respectively. The influences of the preferences on 520 

heating technology choices are revealed by the differences of heat provision, system 521 

costs, GHG emissions, and carbon prices between the cases of LGHG_Pref and 522 

LGHG_Cost, as shown in Figure 9 to Figure 11.  523 

As illustrated in Figure 7, individual household types attain heat from various 524 

mixes of heating technologies for their continually increasing heat demands. While 525 

individual heating technologies remain the major heat supply sources, district 526 

heating also provides considerable heat to each household type, especially for 527 

households with 1~3 bedrooms. Due to the cost-effectiveness, conservation 528 

measures reach the maximum potentials by 2020 for 5 bedrooms and by 2035 for 529 

1~3 bedrooms and 4 bedrooms. Moreover, district heating plays a more crucial role 530 

in LGHG_Pref than it does in LGHG_Cost. By 2050, heat provisions from district 531 
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heating reach more than 60% of the maximum potential for 1~3 bedrooms and 4 532 

bedrooms, which are about 106 PJ and 12 PJ respectively, and the maximum 533 

potential for 5 bedrooms, which is about 7.8 PJ.  534 

As shown in Figure 8, the transition of heating technologies is much smoother 535 

than that in the previous case. For example, unlike in LGHG_Cost, heat pumps are 536 

introduced from very beginning of the modelling period, following the preferences 537 

of certain percentage of gas using households that would consider to adopting heat 538 

pumps. On the other hand, the share of heat provision from electric heaters is 539 

limited throughout the modelling period. This is due to the relative low preference 540 

rates for electric heaters, ranging from 2.2% to 14.8%. Even current users of electric 541 

heaters living in households with 1~3 bedrooms are much more likely to move to 542 

another technology, especially gas heaters. Finally, the share of gas heaters declines 543 

over time. In the base year, almost all the heat provision is from gas heaters. The 544 

decommission of gas heaters opens the chance to introduce other heater types into 545 

the system and while gas heaters are still the most common choice for the new 546 

heater, they are not as common a choice as they are in the current stock. Moreover, 547 

the increasing share of district heating and conservation measures reduces the full 548 

volume of heat provision for which gas heaters compete over.  549 

Figure 8 also shows that heat provision from district heating is much larger than 550 

that in the previous case, starting from the beginning of the modelling horizon. In 551 

LGHG_Pref, preferences drive households to adopt heat pumps, even when the cost 552 

is much higher than that of competing technologies. To reduce the total costs, the 553 

model introduces more district heating and conservation measures than it does in 554 

LGHG_Cost. From the perspective of the system wide planner (i.e. government), it’s 555 

more cost effective to provide district heating for the consumers than to allow them 556 

to choose more costly individual heating systems. The fuel used for district heating 557 

also changes over time, as the tightening GHG emissions targets requires further 558 

reductions from all sectors. To reduce GHG emissions from district heating, fuels are 559 

switched sequentially from natural gas, hydrogen, and electricity to solid fuel, latter 560 

being more expensive but with zero GHG emission (bioenergy is assumed to be 561 

carbon neutral). At first, gas boilers are adopted for district heating, then gradually 562 

replaced by hydrogen-fuelled boilers. As approaching 2050, electric heaters 563 
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gradually dominate; finally, solid fuel boilers are also deployed to generate heat for 564 

district heating.  565 

The differences between these two cases are further revealed in Figure 9. The 566 

positive values indicate the heat provisions of corresponding technologies are higher 567 

in the case of LGHG_Pref. Before 2040, in LGHG_Pref, there is much more heat from 568 

electric heaters, heat pumps, solid fuel boilers, and district heating, to replace heat 569 

from gas heaters in LGHG_Cost. As noted, in LGHG_Pref also conservation measures 570 

are adopted much earlier and, as LGHG_Cost, reach maximum potential by 2035. 571 

The pattern changes abruptly from 2045, when in LGHG_Cost heat provision from 572 

heat pumps is rapidly expanded to cut off GHG emissions dramatically. As a result, in 573 

LGHG_Cost 141.56 PJ more heat is provided by heat pumps in 2050.  574 

As mentioned in previous sections, LGHG_Cost uses more gas heaters in the 575 

early stage and switches to heat pumps and electric heaters approaching 2050. 576 

Therefore, LGHG_Cost consumes much more natural gas in the beginning but 577 

requires more electricity in the last 10 years than LGHG_Pref does. LGHG_Pref, on 578 

the other hand, consumes more electricity before 2040 and uses more natural gas 579 

after 2045. This is because of the higher deployment of heat pumps and electric 580 

heaters before 2040 and the higher adoption of gas heaters after 2045. The 581 

preference constraints also lead to higher adoption of solid fuel boilers, so that the 582 

consumption of biofuels is higher in LGHG_Pref over the modelling period. In 583 

addition, LGHG_Pref also consumes more solar from 2040. This means there are 584 

more hybrid heating systems with solar water heaters are adopted. Finally, more 585 

hydrogen is also used for district heating in LGHG_Pref (mixed with natural gas). In 586 

terms of total net fuel consumption, the LGHG_Pref requires less fuels before 2040 587 

for there are more energy efficient heaters in place, such as heat pumps. After 2045, 588 

however, LGHG_Pref consumes more fuels as heat pumps in LGHG_Cost increase 589 

sharply.  590 

Furthermore, as indicated in Figure 10, the total system costs are higher over 591 

almost all the modelling periods in LGHG_Pref. The higher costs are due to the 592 

investments in more expensive heating technologies, such as heat pumps, solid fuel 593 

boilers and district heating, before 2040. In contrast, since 2045, LGHG_Cost adopts 594 

more heat pumps which leads to the higher costs in the electricity sector. At the 595 
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same time, LGHG_Pref spends more on natural gas as gas heaters are deployed more 596 

widely. Although the total net costs by 2050 are similar between these two cases, 597 

the accumulative system cost difference is up to 129.2 billion GBP for the whole 598 

modelling period (over 3 billion annually, in net present value).  599 

 Finally, the differences of GHG emissions by sector between these two cases are 600 

shown in Figure 11. As presented by the total net emissions, the GHG emissions are 601 

basically the same before 2030 for the fixed targets of the 1st to 5th Carbon Budgets. 602 

However, as LGHG_Pref consumes more electricity for heat provision, the GHG 603 

emissions are higher in electricity sector than that in LGHG_Cost. Furthermore, the 604 

low emissions from heating allows the model to choose fossil fuels for hydrogen 605 

production to reduce total system costs – and therefore move emissions from end 606 

use to the conversion sector. After 2035, the imposed constraint of fixed cumulative 607 

GHG emissions gave the model some flexibility to reduce total system costs by 608 

deciding on the timing of the GHG reductions. Therefore, LGHG_Cost chose cheaper 609 

but more carbon intensive technologies, such as gas heaters, to reduce system costs 610 

at first. Then, more expensive low-carbon heating technologies are chosen later 611 

when the cost of technologies fall further. As a result, LGHG_Cost has higher GHG 612 

emissions between 2035 to 2040, but emit less GHGs after 2045. Lastly, the higher 613 

emissions in LGHG_Pref from 2045 are for the higher consumption of hydrogen. 614 

More hydrogen, produced from natural gas and coal, is consumed in both the 615 

residential and service sectors.  616 

 617 

7. Conclusions 618 

 619 

Long-term energy planning models, such as TIMES model, are usually applied to 620 

develop least cost decarbonisation pathways for the energy system, including the 621 

residential heating sector. However, the cost optimising, linear programming 622 

framework of these models assumes economically rational, homogeneous actors, is 623 

sensitive to cost assumptions of technologies and can suddenly switch fully to 624 

alternative technologies. To overcome these weaknesses, and to offer a 625 

counterfactual to purely cost driven approach, a novel framework has been 626 

developed to incorporate heterogeneous homeowners’ preferences for heating 627 
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technologies into the UKTM model. This allows us to simulate the diffusion of 628 

technologies based on empirical data, instead of relying on somewhat subjective 629 

growth constraints [17].   630 

The nationwide survey identified existing technologies, age, income, region, 631 

dwelling characteristics, and knowledge of eco-technology as the six most influential 632 

factors for determining homeowners’ preferences for heating systems. Among those 633 

factors, existing technologies and number of bedrooms are the most persistent and 634 

representative ones and therefore chosen to be taken into account when modelling 635 

the penetration of heating technologies in the UK energy system. Cost was found not 636 

to have a statistically significant impact on homeowners’ choices.   637 

As shown in our study, without considering  preferences of the heterogeneous 638 

households, the energy system model adopts as many gas heaters as possible during 639 

the coming decades, with a dramatic increase in the share of heat pumps towards 640 

the end of the time horizon. Such a rapid transition, however, is driven by the cost 641 

optimisation approach and does not appear plausible in light of the households’ 642 

preferences that were surveyed. Since the survey indicates that households are 643 

heterogeneous and adoptions of heating technologies for households are influenced 644 

by the technologies these households currently have, abrupt changes in the 645 

technology mix are unlikely to happen over a short period.  646 

By incorporating households’ preferences into the updated model, the 647 

penetration of heating technologies shows a more gradual and smoother 648 

development than those in the standard model. This shows how the residential 649 

sector might be gradually decarbonised as consumers move from one technology 650 

regime to another, as described by the observed preferences. However, solely 651 

relying on households’ preferences for individual heating technologies does, in our 652 

scenario, imply costs that are high enough to trigger investments in district heating 653 

and conservation to reduce the need for house specific heating technologies. The 654 

introduction of district heating provides the system higher flexibility for heat 655 

decarbonisation. For instance, even if the penetration of low-carbon heaters, such as 656 

heat pumps, would not proceed as rapidly as hoped, district heat network can 657 

further decarbonise residential heating by switching to low- or zero-emissions fuels, 658 

such as biofuels or hydrogen produced with CCS. The government should thus 659 
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strengthen supporting policies to introduce district heating in urban areas in larger 660 

scale as early as possible. Also, conservation measures are highly cost-effective and 661 

not in conflict with other heating measures. The maximum potential of these 662 

measures was thus always exploited before 2050 in both study cases. To reduce total 663 

costs for residential heating, these no-regret measures should also be widely 664 

installed in ageing housing stock to reduce heat demand.  665 

The proposed preference model has successfully incorporated households’ 666 

preferences into the energy systems model. However, in the survey, only four heater 667 

types were considered for their fuels and installation requirements. For future works, 668 

a more detailed survey on homeowners’ preferences for heating technologies is 669 

essential for distinguishing homeowners’ attitudes toward extra candidate heating 670 

technologies, such as micro-CHPs. In addition, the influential factors were based on 671 

the stated preferences from the survey. To further verify those factors, experiments 672 

on revealed preferences should be carried out in the future. Furthermore, when 673 

more samples are available, other influential factors, such as region, might become 674 

representative enough to be applied in the same framework to investigate the 675 

influences to provide more comprehensive insights. Finally, preferences might vary 676 

over time after more low-carbon heating technologies are introduced. Temporal 677 

variations of preferences can also be applied in the proposed framework to explore 678 

the sensitivities of energy systems to temporally varying preferences. 679 

This study is the first of its kind to explicitly incorporate influential factors to 680 

homeowners’ preferences for heating technologies in a linear programming 681 

framework, the UK TIMES model. Unlike previous studies, this study not only 682 

considers household heterogeneity but also successfully incorporates an 683 

endogenously changing temporal preference element into the modelling process. 684 

Moreover, the framework can also be applied to households’ preferences for other 685 

end-use energy technologies whenever the cost is not crucial to preferences, and is 686 

also suitable for other linear programming-based energy models, not only limited to 687 

TIMES model. 688 

 689 

Acknowledgement 690 

 691 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

23 
 

The authors would like to thank the Engineering and Physical Science Research 692 

Council (EPSRC) for providing the funding for this work under the Whole Systems 693 

Energy Modelling Consortium (WholeSEM) project (EP/K039326/1). 694 

 695 

 696 

References 697 

 698 

[1] Parliament of the United Kingdom. Climate Change Act 2008. 2008. 699 

doi:10.1136/bmj.39469.569815.47. 700 

[2] Committee on Climate Change. The Fifth Carbon Bidget: The next step 701 

towards a low-carbon economy. London: 2015. 702 

[3] Committee on Climate Change. Sectoral scenarios for the Fifth Carbon Budget 703 

- Technical report. London: 2015. 704 

[4] BleslM, KoberT, BruchofD, KuderR. Effects of climate and energy policy related 705 

measures and targets on the future structure of the European energy system 706 

in 2020 and beyond. Energy Policy 2010;38:6278–92. 707 

doi:10.1016/j.enpol.2010.06.018. 708 

[5] ChiodiA, GargiuloM, DeaneJP, LavigneD, RoutUK, Ó GallachóirBP. Modelling 709 

the impacts of challenging 2020 non-ETS GHG emissions reduction targets on 710 

Ireland’s energy system. Energy Policy 2013;62:1438–52. 711 

doi:10.1016/j.enpol.2013.07.129. 712 

[6] FaisB, KeppoI, ZeyringerM, UsherW, DalyH. Impact of technology uncertainty 713 

on future low-carbon pathways in the UK. Energy Strateg Rev 2016;13–714 

14:154–68. doi:10.1016/j.esr.2016.09.005. 715 

[7] LoulouR, GoldsteinG, KanudiaA, LettilaA, RemmeU. Documentation for the 716 

TIMES Model - Part I. Energy Technology Systems Analysis Programme; 2016. 717 

[8] CaylaJ, MaïziN. Integrating household behavior and heterogeneity into the 718 

TIMES-Households model. Appl Energy 2015;139:56–67. 719 

[9] SmeureanuI, KanalaR, ReveiuA, DardalaM. Modeling Domestic Lighting Energy 720 

Consumption in Romania and Integrating Consumers Behavior. Int J Therm 721 

Environ Eng 2015;10:105–11. doi:10.5383/ijtee.10.02.003. 722 

[10] ClaudyMC, MichelsenC, DriscollAO. The diffusion of microgeneration 723 

technologies – assessing the influence of perceived product characteristics on 724 

home owners ’ willingness to pay. Energy Policy 2011;39:1459–69. 725 

doi:10.1016/j.enpol.2010.12.018. 726 

[11] KarytsasS, TheodoropoulouH. Public awareness and willingness to adopt 727 

ground source heat pumps for domestic heating and cooling. Renew Sustain 728 

Energy Rev 2014;34:49–57. doi:10.1016/j.rser.2014.02.008. 729 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

24 
 

[12] LauretiT, SecondiL. Determinants of Households ’ Space Heating type and 730 

Expenditures in Italy. Int J Environ Res 2012;6:1025–38. 731 

[13] LillemoSC, AlfnesF, HalvorsenB, WikM. Households ’ heating investments : The 732 

effect of motives and attitudes on choice of equipment. Biomass and 733 

Bioenergy 2013;57:4–12. doi:10.1016/j.biombioe.2013.01.027. 734 

[14] MichelsenCC, MadlenerR. Homeowners preferences for adopting innovative 735 

residential heating systems : A discrete choice analysis for Germany. Energy 736 

Econ 2012;34:1271–83. doi:10.1016/j.eneco.2012.06.009. 737 

[15] RouvinenS, MateroJ. Stated preferences of Finnish private homeowners for 738 

residential heating systems : A discrete choice experiment. Biomass and 739 

Bioenergy 2013;57:22–32. doi:10.1016/j.biombioe.2012.10.010. 740 

[16] WilsonC, GrublerA, BauerN, KreyV, RiahiK. Future capacity growth of energy 741 

technologies : are scenarios consistent with historical evidence ? Clim Chang 742 

2013:381–95. doi:10.1007/s10584-012-0618-y. 743 

[17] McDowallW. Are scenarios of hydrogen vehicle adoption optimistic? A 744 

comparison with historical analogies. Environ Innov Soc Transitions 745 

2016;20:48–61. doi:10.1016/j.eist.2015.10.004. 746 

[18] DeCarolisJ, DalyH, DoddsP, KeppoI, LiF, McDowallW, et al. Formalizing best 747 

practice for energy system optimization modelling. Appl Energy 748 

2017;194:184–98. doi:10.1016/j.apenergy.2017.03.001. 749 

[19] KannanR, StrachanN. Modelling the UK residential energy sector under 750 

long-term decarbonisation scenarios: Comparison between energy systems 751 

and sectoral modelling approaches. Appl Energy 2009;86:416–28. 752 

doi:10.1016/j.apenergy.2008.08.005. 753 

[20] DoddsPE. Integrating housing stock and energy system models as a strategy to 754 

improve heat decarbonisation assessments. Appl Energy 2014;132:358–69. 755 

doi:10.1016/j.apenergy.2014.06.079. 756 

[21] HeatonC. Modelling Low-Carbon Energy System Designs with the ETI ESME 757 

Model. 2014. 758 

[22] MessnerS, StrubeggerM. User’s Guide for MESSAGE III. Laxenburg, Austria: 759 

1995. 760 

[23] DalyHE, RameaK, ChiodiA, YehS, GargiuloM, GallachóirBÓ. Incorporating travel 761 

behaviour and travel time into TIMES energy system models. Appl Energy 762 

2014;135:429–39. doi:10.1016/j.apenergy.2014.08.051. 763 

[24] PyeS, DalyH. Modelling sustainable urban travel in a whole systems energy 764 

model. Appl Energy 2015;159:97–107. doi:10.1016/j.apenergy.2015.08.127. 765 

[25] CaylaJM, MaiziN, MarchandC. The role of income in energy consumption 766 

behaviour: Evidence from French households data. Energy Policy 767 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

25 
 

2011;39:7874–83. doi:10.1016/j.enpol.2011.09.036. 768 

[26] BunchDS, RameaK, YehS, YangC. Incorporating Behavioral Effects from Vehicle 769 

Choice Models into Bottom-Up Energy Sector Models. Davis: 2015. 770 

doi:10.13140/RG.2.1.2892.1447. 771 

[27] McCollumDL, WilsonC, PettiforH, RameaK, KreyV, RiahiK, et al. Improving the 772 

behavioral realism of global integrated assessment models: An application to 773 

consumers’ vehicle choices. Transp Res Part D Transp Environ 2017;55:322–42. 774 

doi:10.1016/j.trd.2016.04.003. 775 

[28] Department of Energy & Climate Change. Homeowners Willingness To Take 776 

Up More Efficient Heating Systems. London: 2013. 777 

[29] SophaBM, KlöcknerCA, SkjevrakG, HertwichEG. Norwegian households ’ 778 

perception of wood pellet stove compared to air-to-air heat pump and electric 779 

heating. Energy Policy 2010;38:3744–54. doi:10.1016/j.enpol.2010.02.052. 780 

[30] DalyHE, FaisB. UK TIMES MODEL OVERVIEW. 2014. 781 

[31] XenitidouM. WholeSEM Survey-Internal Report. Guildford: 2016. 782 

[32] MichelsenCC, MadlenerR. Switching from fossil fuel to renewables in 783 

residential heating systems: An empirical study of homeowners’ decisions in 784 

Germany. Energy Policy 2016;89:95–105. doi:10.1016/j.enpol.2015.11.018. 785 

[33] DeckerT, MenradK. House owners perceptions and factors in fl uencing their 786 

choice of speci fi c heating systems in Germany. Energy Policy 2015;85:150–61. 787 

doi:10.1016/j.enpol.2015.06.004. 788 

[34] MichelsenCC, MadlenerR. Motivational factors influencing the homeowners ’ 789 

decisions between residential heating systems : An empirical analysis for 790 

Germany. Energy Policy 2013;57:221–33. doi:10.1016/j.enpol.2013.01.045. 791 

[35] AchtnichtM. Do environmental bene fi ts matter ? Evidence from a choice 792 

experiment among house owners in Germany. Ecol Econ 2011;70:2191–200. 793 

doi:10.1016/j.ecolecon.2011.06.026. 794 

[36] BraunFG. Determinants of households’ space heating type: A discrete choice 795 

analysis for German households. Energy Policy 2010;38:5493–503. 796 

doi:10.1016/j.enpol.2010.04.002. 797 

[37] MillsBF, SchleichJ. Profits or preferences? Assessing the adoption of 798 

residential solar thermal technologies. Energy Policy 2009;37:4145–54. 799 

doi:10.1016/j.enpol.2009.05.014. 800 

[38] MahapatraK, GustavssonL. Influencing Swedish homeowners to adopt district 801 

heating system. Appl Energy 2009;86:144–54. 802 

doi:10.1016/j.apenergy.2008.03.011. 803 

[39] MahapatraK, GustavssonL. An adopter-centric approach to analyze the 804 

diffusion patterns of innovative residential heating systems in Sweden. Energy 805 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

26 
 

Policy 2008;36:577–90. doi:10.1016/j.enpol.2007.10.006. 806 

[40] SophaBM, KlöcknerCA, HertwichEG. Environmental Innovation and Societal 807 

Transitions Adoption and diffusion of heating systems in Norway : Coupling 808 

agent-based modeling with empirical research. Environ Innov Soc Transitions 809 

2013;8:42–61. doi:10.1016/j.eist.2013.06.001. 810 

[41] BjørnstadE. Diffusion of renewable heating technologies in households . 811 

Experiences from the Norwegian Household Subsidy Programme. Energy 812 

Policy 2012;48:148–58. doi:10.1016/j.enpol.2012.04.078. 813 

[42] SophaBM, KloCA, HertwichEG. Adopters and non-adopters of wood pellet 814 

heating in Norwegian households. Biomass and Bioenergy 2011;5:652–62. 815 

doi:10.1016/j.biombioe.2010.10.019. 816 

[43] RuokamoE. Household preferences of hybrid home heating systems – A choice 817 

experiment application. Energy Policy 2016;95:224–37. 818 

doi:10.1016/j.enpol.2016.04.017. 819 

[44] JridiO, AguirS, ZouheirF. Household preferences for energy saving measures : 820 

Approach of discrete choice models. Energy Build 2015;103:38–47. 821 

doi:10.1016/j.enbuild.2015.06.013. 822 

[45] WillisK, ScarpaR, GilroyR, HamzaN. Renewable energy adoption in an ageing 823 

population : Heterogeneity in preferences for micro-generation technology 824 

adoption. Energy Policy 2011;39:6021–9. doi:10.1016/j.enpol.2011.06.066. 825 

[46] ScarpaR, WillisK. Willingness-to-pay for renewable energy : Primary and 826 

discretionary choice of British households for micro-generation technologies. 827 

Energy Econ 2010;32:129–36. doi:10.1016/j.eneco.2009.06.004. 828 

[47] SinghH, MuetzeA, EamesPC. Factors influencing the uptake of heat pump 829 

technology by the UK domestic sector. Renew Energy 2010;35:873–8. 830 

doi:10.1016/j.renene.2009.10.001. 831 

[48] CairdS, RoyR. Adoption and Use of Household Microgeneration Heat 832 

Technologies. Low Carbon Econ 2010;1:61–70. doi:10.4236/lce.2010.12008. 833 

[49] CairdS, RoyR, HerringH. Improving the energy performance of UK households: 834 

Results from surveys of consumer adoption and use of low- and zero-carbon 835 

technologies. Energy Effic 2008;1:149–66. doi:10.1007/s12053-008-9013-y. 836 

[50] TrainK. Discrete choice methods with simulation. Cambridge University Press; 837 

2009. 838 

[51] DCLG. English housing survey, 2013: Housing stock data 2015. 839 

doi:10.5255/UKDA-SN-7802-1. 840 

[52] TanP-N, SteinbachM, KumarV. Introduction to data mining. Pearson Addison 841 

Wesley; 2005. 842 

[53] LloydSP. Least Squares Quantization in PCM. IEEE Trans Inf Theory 843 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

27 
 

1982;28:129–37. doi:10.1109/TIT.1982.1056489. 844 

[54] Department of Energy & Climate Change. Title: Impact Assessment for the 845 

level of the fifth carbon budget Impact Assessment (IA). 2016. 846 

[55] KannanR, StrachanN, PyeS, Anandarajah, Grabriel Balta-OzkanN. The UK 847 

MARKAL documentation. London: 2007. 848 

[56] DECC. Digest of United Kingdom Energy Statistics 2011. London: Department 849 

of Energy & Climate Change; 2011. 850 

[57] FaisB, SabioN, StrachanN. The critical role of the industrial sector in reaching 851 

long-term emission reduction, energy efficiency and renewable targets. Appl 852 

Energy 2016;162:699–712. doi:10.1016/j.apenergy.2015.10.112. 853 

[58] DowsonM, PooleA, HarrisonD, SusmanG. Domestic UK retrofit challenge : 854 

Barriers , incentives and current performance leading into the Green Deal. 855 

Energy Policy 2012;50:294–305. doi:10.1016/j.enpol.2012.07.019. 856 

[59] Element Energy. Research on district heating and local approaches to heat 857 

decarbonisation. London: 2015. 858 

[60] Department of Energy & Climate Change. Final Stage Impact Assessment for 859 

the Green Deal and Energy Company Obligation. London: 2012. 860 

[61] Committee on Climate Change. Carbon budgets: how we monitor emissions 861 

targets - Committee on Climate Change n.d. 862 

https://www.theccc.org.uk/tackling-climate-change/reducing-carbon-emissio863 

ns/carbon-budgets-and-targets/ (accessed January16, 2018). 864 

 865 

 866 

 867 

 868 

  869 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

28 
 

Table 1. Influential factors to homeowners’ preferences for heating technology 870 

adoption. 871 

+: positive influence as level/value of factor increases; -: negative influence as 872 

level/value of factor increases.  873 

  874 

Category 
Influence 

on 
adoption 

Candidate heating technology 

Gas heater Electric heater Heat pump Solid fuel boiler 

Existing 
technology 

+ 
Gas heater  Heat pump Electric heater 

Solid fuel boiler 

-  Electric heater   

Socio-demog
raphy 

+ 
Age Age(<60)  Age (35-44) 

Income (>80k) 
Income (30k~80k) 

-   Income(<15k)  

Region + 
East Midland 
North East 

London 
Scotland 

East Midland Scotland 
York & Humber 

Dwelling 
+ 

 Detached 
Semidetached 

Number of 
bedrooms 

Number of 
bedrooms 

-  Flat   

Awareness of 
eco-technolo
gy 

+ 
Insulation  Insulation 

Heat pump 
PV 

PV 
Wood pellet boiler 

- 

CFL 
Electric 
storage 
heater 

Smart meter 
Heat pump 
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Table 2. Adoption rates of heating technologies for three household types with four 875 

existing heater types. 876 

Household type Existing heater 
Candidate heater 

Gas Elc Heat Solid 

1~3 bedrooms 

Gas 75.7% 4.7% 11.5% 8.1% 

Elc 62.7% 14.8% 11.9% 10.6% 

Heat 53.1% 3.1% 40.6% 3.1% 

Solid 65.2% 3.7% 14.9% 16.2% 

4 bedrooms 

Gas 78.9% 2.2% 11.7% 7.3% 

Elc 75.0% 4.2% 12.5% 8.3% 

Heat 53.1%
**
 3.1%

**
 40.6%

**
 3.1%

**
 

Solid 67.7% 0% 24.0% 8.3% 

5 bedrooms 

Gas 60.2% 6.3% 19.9% 13.6% 

Elc 40.0% 2.5% 45.0% 12.5% 

Heat 53.1%
**
 3.1%

**
 40.6%

**
 3.1%

**
 

Solid 47.5% - 37.5% 15.0% 

*
Gas: gas heater; Elc: electric heater; Heat: heat pump; Solid: solid fuel boiler. 877 

**
As there were too few households with 4 or 5 bedrooms in the sample, these values are based on 878 

the data for 1~3 bedrooms households.  879 

 880 

  881 
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Table 3. Definitions of variables in the preference model. 882 

Variable Definition 

i Household type 

j The previously adopted heater type 

k The newly adopted heater type 

t Modelling year 

K Total number of heater types 

N Total number of household types 

T Total number of modelling years 

89:� Total heat demand in the residential sector in year t 

%	 The ratio of heat demand of household type i to the total residential 
heat demand 

�	,�,� The net present cost of the heater type k installed in year t per unit 
of capacity 

��	,�,� New capacity additions of heater type k in household type i in year t  

ℎ	,�,� Heat provided by heater type k to household i in year t  

5ℎ	,� Heat provided by district heating network to household type i in 
year t 

�'6	,� Conserved heat demand of household type i in year t 

:9	,� The maximum potential of district heating for household type i in 
year t 

L�R	,� The maximum potential of conservation measures for household 
type i in year t 

6ℎ	,?,� Heat provision of the vintage heater type j to household i in year t  

�ℎ	,?,�,� Heat provided by newly installed heater type k in year t in 
household i which had heater type j in year t-1 

�5ℎ	,?,� New provision of heat from district heating network in year t to 
household type i which had heater type j in year t-1 

��'6	,?,� New conservation of heat in year t in household type i which had 
heater type j in year t-1 

CD	,?,�,� Household type i’s preference ratio of adopting heater type k in 
year t while heater type j is installed previously 

LICIL8� Coefficient to convert capacity to heat provision for heater type k 

 883 

 884 

  885 
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Table 4. Definitions of scenarios for various preference settings. 886 

Scenario GHG emission targets Preference settings 

LGHG_Cost 1st to 5th UK Carbon Budget and 80% 

reduction on 1990 level by 2050 

(constraining cumulative emissions 

from 2030 to 2050) 

Without preference related 

constraints 

LGHG_Pref 1st to 5th UK Carbon Budget and 80% 

reduction on 1990 level by 2050 

(constraining cumulative emissions 

from 2030 to 2050) 

With preference related 

constraints 

 887 

 888 

 889 

 890 

 891 

 892 

 893 

 894 

  895 
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 896 
Figure 1. Research procedure to incorporate homeowners’ preferences in the energy 897 

system model. 898 

  899 
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 900 

(a)                              (b) 901 

 902 

(c)                              (d) 903 

Figure 2. Adoption rates of heating technologies for (a) non-clustered household 904 

types, (b) 4 clustered household types, (c) 3 clustered household types, and (d) 2 905 

clustered household types by bedroom number.  906 
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 908 
Figure 3. Adoption rates of heating technologies (x-axis) for households with various 909 

existing heating technologies (coloured bars). 910 
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 912 

Figure 4. Simplified representation of the new residential heating sector with 913 

duplicated sets of heating technology for each household type in UKTM. 914 

  915 
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 916 
Figure 5. Maximum potentials of district heating for each household type in urban 917 

area by 2050. 918 
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 920 
Figure 6. Heating technology mix for the case without preference-related constraints. 921 

 922 
* BD123: households with 1~3 bedrooms; BD4: households with 4 bedrooms; BD5: households with 5 or more 923 
bedrooms. 924 

Figure 7. Types of heating measures for each household type for the case with 925 

preference constraints. 926 
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 928 
Figure 8. Heating technology mix for the case with preference-related constraints. 929 

 930 

 931 

Figure 9. Differences of heating technology mix between cases with and without 932 

preference-related constraints. 933 
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 934 

Figure 10. Differences of annual undiscounted energy system costs between cases 935 

with and without preference-related constraints. 936 

 937 

 938 

Figure 11. Differences of GHG emissions by sector between cases with and without 939 

preference-related constraints. 940 
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