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Abstract 
 

Residential heat decarbonisation is a major challen ge if  the UK is to reach its objective 

to reduce  greenhouse gas emissions under the Paris agreement. To date, the 

government has focused on national scale plans. However,  the viability of heat 

decarbonisation pathways is also significantly affected by the local circumstances. The 

same heat supply options installed in one area may not result in the same costs and 

performance in another area .  

To develop local heat decarbonisation pathways, new data and tools need to be 

developed. In this thesis, several meth ods and models are described to  begin to  answer 

this problem , including :  

1. A method for estimating the heat demand of different types of dwellings before 

and after implementing energy efficiency measures in local areas. Information 

about the type of dwellings in an area, their heat demand and the heat demand 

density of the area were  derived to assess the heat supply options.  

2. Models were developed to synthesise half -hourly heat p roduction and energy 

consumption of ASHPs, GSHPs, natural gas/hydrogen boilers, resistance heaters 

and district heating. This was used to understand the timing and height of the 

peak energy demand of different heating technology , and also to calculat e the 

costs for reinforcing the electricity distribution network and converting the 

natural gas network to hydrogen o r different heat decarbonisation pathways.  

3. An optimisation model was used to assess the heat supply options for local areas.  

These methods and models were demonstrated in case studies in the cities of  Cardiff, 

Swansea and Newport. The results showed that these local authorities should include a 

significant amount of individual heat pumps and dwellings connected to district heati ng 

by 2050 to decarbonise heat. Hydrogen boilers were not found to be an economically 

viable option.  
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Nomenclature 
 

ADMD: after diversity maximum demand  

ASHP: air-source heat pump.  

EPC: Energy Performance Certificate that provides details of the energy performance of 

a property.  

COP: Coefficient of performance.  

Gas boiler: in this paper gas boiler refers to a boiler that uses natural gas or hydrogen as 

fuel.  

GSHP: ground-source heat pump. 

LSOA: Lower layer Super Output Areas that give the boundaries of geographical areas 

which are used to organise national statistics and census data from the Office for 

National Statistics. A n LSOA has on average 1,614 inhabitants and 672 households. There 

are 34,753 LSOAs in England and Wales [1]. 

MSOA: Middle layer Super Output Areas that give the boundaries of geographical areas 

which are used to organise national statistics and census data from the Office for 

National Statistics.  A n MSOA is constituted from several LSOAs. There are in average 

4.8 LSOAs in each MSOA, for a total of 7,201 MSOAs in England and Wales[1]. 

OAT: outside air temperature.  

ONS: Office for National Statistics is the office in charge of producing statistics for the 

UK. 

UK: The United Kingdom includes England, Northern Ireland, Wales and Scotland. Great 

Britain is the UK excluding Northern Ireland.  
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1 Introduction 

1.1  BACKGROUND 

No profound changes impacted the UK residential heat demand between 1970 and 2018. 

Although there were energy efficiency improvements in dwellings and heating systems, 

the overall heat demand remained similar. In terms of  the heat supply options, the 

share of gas boilers significantly increased and they became the main choice for 

heating, replacing  opt ions based on electricity, solid  fuel or oil.  

Figure 1-1 shows the space heating and hot water demand for dwellings from 1970 to 

2018 in the UK. The decrease in heat demand for hot water is due to energy efficiency 

improvements (e.g. hot water storage  and heating systems), and the greater use of 

electric showers and dishwashers [2] . The trend f or space heating continued to grow  

until the years 2000 , where it started to decrease. This may be explained by a 

combination of factors , including energy efficiency measures, an increase in energy 

prices, and changes in building stock and household composition  [3] . In total, the heat 

demand increased by 8% in 2018 compared to 1970 to reach 400 TWhthermal .  

 

Figure 1-1: Space heating and hot water demand of residential consumers in the UK from 1970 to 2018  
(Source: table U3 from [4]  using 0.01163 ktoe/TWh as conversion factor)  

Figure 1-2 shows some of the factors that explain the overall increase in heat demand in 

the past three decades despite the  improvements in energy efficiency. Figure 1-2.a 

shows how the improvements of the energy efficiency level of the dwelling stock, as 

measured using Standard Assessment Procedure (SAP) rating, was negated by an 

increase in the average indoor temperature between 1970 to 2010. Figure 1-2.b shows 

how the increase in average indoor temperature was supported by the uptake of central 

heating in dwellings, which  went from being installed in ca. 20% of the dwellings in 1970 

to more than 92% in 2018.  
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Figure 1-2: Average indoor temperature of dwellings against average SAP ( panel a) with data from [4]  and 
[5] , the share of dwellings with central heating from 1970 to 2018 in the UK (panel b) [5]  and [6] .  

The residential heat demand has been met by a growing share of natural gas use since 

the 1970s. Overall, natural gas has provided an affordable way to heat dwellings.  

Figure 1-3.a shows the share of heating technologies installed in UK dwellings between 

1970 and 2018. This figure shows that th e share of natural gas-based heating 

technologies increased from 40% in 1970 to more than 85% in 2018. There was also a 

significant decrease in solid fuel heating from 30% in 1970 to almost 6% in 2018. In 2018, 

more than 90% of the heating systems installed used fossil fuels.  

Figure 1-3.b shows the share of different type of gas boilers installed in UK dwellings 

from 1970 to 2018. In the 1970s, the standard/back boiler was the only technology 

available. From the 1990s, condensing boilers started to replace standard/back boilers  

and they reached 70% of the gas boilers installed in 2018. This was achieved through a 

series of incentives and regulations that started in 1993 [7] . Regarding non-gas-based 

heating technologies, no significant changes were observed. The uptake of low -carbon 

heating technologies was still low in 2019 , with only 66,317 installations approved under 

the domestic RHI1 scheme for the period from A pril 2014 to January 2019 [8] . This 

represents less than 0.2% of the dwelling stock of the UK.  

 

 

1 The Renewable Heat Incentives (RHI) is a UK Government scheme to encourage the uptake of 
low carbon heat technologies.  
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Figure 1-3: Share of heating technologies by fuel installed in UK dwellings between 1970 and 2018 
(panel a) [5]  and [6]. The òOtheró category includes district heating. Breakdown of gas technologies from 
1970 to 2018 (panel b), the  data from 1975 was backcasted to 1970 [4] . 

Figure 1-4 shows the carbon emissions by heating fuels from 1970 to 2018. Despite the 

increase by 8% of the total heat demand between 1970 and 2018 (from 372  TWh in 1970 

to 397 TWh in 2018), the carbon emissions decreased by 35% in the same period. This 

represents a decrease of the carbon intensity of heat f rom ca.  320 gCO2e/kWh to 

ca. 200 gCO2e/kWh, which is similar to the carbon intensity of heat ing with  condensing 

gas boilers [9] . 

The Committee on Climate Change (CCC) advised a 70% to 95% emission reduction target 

by 2035 compared to the 1990 level for the residential heat sector for the sixth carbon 

budget2 from the CCC [10] .   

 

Figure 1-4: Carbon emissions by heating fuels from the residential heat sector from 1970 to 2018. The 
carbon intensity of electricity was calculated from BEIS data [11] . 

 

 

2 The sixth carbon budget sets the legal limit for UK net emissions of greenhouse gases for the 
period 2033-2037. 
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1.2  CHALLENGES OF DECARBONISING THE RESIDENTIAL 

HEATING SECTOR 

In 2019, the UK amended its previous target of an 80% reduction in CO2 emission by 2050 

(compared to the 1990 level) to achieve a net -zero economy by 2050. According to the 

CCC [12] , this means that 90% of the UKõs dwellings will be required to have low -carbon 

heating by 2050. As an intermediate target, the carbon in tensity of 180  gCO2eq/kWh thermal  

by 2030 was suggested for producing residential heat [13] . In contrast to electrical 

power supplies, which are being decarbonised rapidly, the residential heat sector has 

failed to achieve the same level of success.   

Some of the key challenges faced in the heat decarbonisation  of the residential sector 

by 2050 include the following:  

¶ The residential heat sector is dependent on fossil fuels for more than 90% of the 

installations , with a current average carbon intensity of heat above 

200 gCO2e/kWh in 2018. 

¶ The residential heat sector is dominated by natural gas boilers, with no 

significant uptake of any low -carbon technology to replace them.  

¶ Difficulty in reducing the heat demand , despite improvements in the energy 

efficiency of dwellings.  

¶ Short timeline to replace fossil -fuel based heating systems with low -carbon 

heating systems, it took almost 20 years for condensing gas boilers to replace 

almost all standard boilers after the first incentives and regulations.  

1.3  STRUCTURE OF THIS THESIS 

This research aimed to develop tools and produce data to study the challenge of heat 

decarbonisation of the residential sector in local areas by considering their 

characteristics and the national t arget. Three local authorities located in South 

Wales, UK were chosen as case studies: Cardiff, Swansea, and Newport.  Figure 1-5 

shows the location of th ese three local authorities in Wales.  
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Figure 1-5: Map of Wales showing the case studies in Cardiff, Swansea and Newport  

The overall structure of the thesis  is shown in Figure 1-6 . This thesis has eight chapters, 

as follows: 

¶ Chapter 2 reviews the literature  of the heat decarbonisation pathways for the UK 

and Wales, as well as the methods to estimate annual heat demand, synthesise heat 

profiles, and the modelling tools for heat planning.  

¶ Chapter 3 describes the method to estimate the annual heat demand of different 

types of dwelling at the local level before  and after energy efficiency 

improvements. This estimate was used to estimate the heat demand for Cardiff, 

Swansea and Newport in 2018. 

¶ Chapter 4 describes the models that were used to synthesise half -hourly heat 

production and energy consumption of air -source heat pumps, ground source heat 

pumps, resistance heaters, gas/hydrogen boilers, and district heating. Two heat 

decarbonisation pathways for 2050 for Cardiff, Swansea and Newport were defined 

and their half -hourly profiles were produced using these models. 

¶ Chapter 5 estimat es the half -hourly peak electricity demand for heating in the two 

heat decarbonisation pathways.  

¶ Chapter 6 describes a model to assess local heat supply options in local areas, which  

includes a formulation of the objective f unction of the model and its characteristics. 

Neath Port Talbot was used as an example to demonstrate this new model [14] . 
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¶ Chapter 7 describes how the methods and models from Chapters 3 to 6 wer e used to 

develop heat decarbonisation pathways for Cardiff, Swansea and Newport using cost 

analysis.  

¶ Chapter 8 draws a conclusion, describes the limitations, and makes some 

recommendations for further research.  

Half-hourly heat 
production and energy 

demand of heating 
technologies 4

Annual heat demand of 
dwellings

3

The heat supply options 
assessment model

6

Literature review

2

Introduction
1

Estimating the peak 
electricity demand for 

heating 
5

Developing heat decarbonisation pathways using cost analysis and the 
heat supply options assessment model 7

Conclusions
8

 

Figure 1-6: Structure of th is thesis 
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1.4  KEY CONTRIBUTIONS AND ACHIEVEMENTS 

Part of the work in this thesis was used to produce deliverables for the zero2050 

project. The zero2050 project was led by National Grid ( www.zero2050.co.uk/)  and 

looked at ways to achieve carbon neutrality 3 in South Wales across all sectors by 2050. 

Dr Meysam Qadrdan and myself were responsible for the work  package, which used the 

following output s fr om this thesis:  

¶ Producing a baseline of the residential heat demand in Cardiff, Swansea and 

Newport in 2018, and projecting their values for 2030, 2040 and 2050.  It 

included a breakdown of annual heat demand for different dwelling categories.   

¶ Defining two heat decarbonisation pathways for South  Wales.  

¶ Synthesising half-hourly heat production and energy consumption for these three  

local authorities for the two heat decarbonisation pathways for 2030, 2040 and 

2050. 

¶ Estimating the peak electricit y demand for heating in all scenarios.  

Other contributions include the publication of the following papers:  

¶ Canet, A., Qadrdan, M. and Jenkins, N. 2021.  Heat demand mapping and assessment 

of heat supply options f or local areas ð the case study of Neath Port 

Talbot . Energy 217, article number: 119298. ( 10.1016/j.energy.2020.119298 ) 

¶ Seward, W., Canet, A. and Qadrdan, M. 2020.  Spatially explicit scenarios for 

decarbonising heat in domestic buildings . Presented at: 55th International 

Universities Power Engineering Conference (UPEC 2020), Virtual - Torino, Italy, 1 -4 

September 20202020 55th International Universities Power Engineering Conference 

(UPEC). IEEE pp. 1-6., ( 10.1109/UPEC49904.2020.9209775) 

¶ Database of the annual heat demand for 16 dwelling categories at LSOA level for 

England and Wales (on-going). The data is available on the UKERC website at the 

address https://doi.org/10.5286/ukerc.edc.000944 . The journal article describing 

the methodology used is being reviewed at the time of this PhD.  

  

 

 

3 CO2 neutrality refers to the balance between the emissions of greenhouse gases and their 
removal from the atmosphe re.  

http://www.zero2050.co.uk/)
http://orca.cf.ac.uk/136799
http://orca.cf.ac.uk/136799
http://orca.cf.ac.uk/136799
http://dx.doi.org/10.1016/j.energy.2020.119298
http://orca.cf.ac.uk/135256
http://orca.cf.ac.uk/135256
http://dx.doi.org/10.1109/UPEC49904.2020.9209775
https://doi.org/10.5286/ukerc.edc.000944
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2 Literature Review 

2.1  INTRODUCTION 

The final energy demand for space heating and domestic hot water in the UK domestic 

sector in 2018 was close to 400 TWhthermal , which was supplied by natural gas at 84% [4] . 

Given the time pressure to reach  the 2050 target for carbon neutrality, a large number 

of reports and analyses have aimed to describe heat decarbonisation pathways  while  

focusing on a range of heat supply options. In this section, the heat decarbonisation 

pathways for the UK and Wales will be  reviewed. Methods to estimate heat demand, 

synthesise heat demand profiles and the modelling tools for heat planning that are used 

in the literature to develop and study the impacts of heat decarbonisation pathways w ill  

also be described to identify  any gaps and challenges in the literature . 

2.2  HEAT DECARBONISATION STRATEGIES 

2.2.1  Heat Decarbonisation Strategies in the United Kingdom  

The heat decarbonisation pathways that were published before the announcement of 

the GBõs contribution to carbon neutrality by 2050 (27 June 2019) [15]  were often not 

compatible with this new target. In 2015, Chaudry et al. [16]  reviewed the UK heat 

decarbonisation pathways that were compatible with the previous target (80% carbon 

emissions reduction by 2050) to study the uncertainties surrounding heat 

decarbonisation. Although some pathways would come close to carbon neutrality , such 

as the electrification pathways produced by Delta -EE in 2012 [17]  that  reached a 96% 

reduction com pared to the 2010 level ,  they all  still predict some use of fossil fuel s for 

heating by 2050.  

The carbon-neutral pathways from the three sources that are  described in this section 

cover a range of different heat supply options , including 11 pathways from the Future 

Energy Scenarios 2020 (FES) [18], the òdevelopment of t rajectories for residential heat 

decarbonisation to inform the sixth carbon budgetó by Element Energy (EE) [19]  and the 

òanalysis of alternative UK heat decarbonisation pathwaysó from Imperial College for 

the CCC [20] . Although t hese three sources had different s copes, they all included the 

residential heat sector : the  FES looked at the whole system, while  EE and CCC focused 

on residential heat.   
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Table 2-1 describes the characteristics of the 11 pathways studied in this section. 

Overall, the 11 heat decarbonisation pathways fell into three main categories , as 

follows :  

- Electrification pathways ,  which assume a large share of electricity -based 

heating technologies (e.g., heat pumps and resistance heaters).  

- Hydrogen pathways,  which assume that a large share of the dwelling s that are 

currently connected to the natural gas grid will be using hydrogen . 

- Hybrid pathways ,  which are more balanced pathways where the choice of the 

main energy source for heat can change to conduct some arbitrage, overcome 

extreme events ( e.g., cold temperature spell s) and/or provide a solution to start 

decarbonising heat with out choosing between electrification and hydrogen 

pathways. 

A description of each of these heating technolog ies is available in Appendix A. 

Table 2-1: List of the main heat decarbonisation pathways described in this study.  The category of each 
pathway is also included : Electrification (E), Hydrogen (H2) and Hybrid (H).  

Pathways Description Category Source 

EE BP Balanced pathway (BP) with a high level  of 

electrification from Element Energy report [19] .  

E Element 

Energy 

for BEIS 

EE T Tailwind (T) pathway shows significant behaviour 

changes with a high level  of innovation to achieve 

carbon neutrality before 2050 [19] . 

H Element 

Energy 

for BEIS 

EE WE Widespread engagement (WE) assumes that there 

will be  a high number of changes in peopleõs 

behaviour resulting in significant demand reduction 

[19] . 

E Element 

Energy 

for BEIS 

EE H The headwinds (H) pathway shows slow changes in 

behaviour and technologies to rely on hydrogen and 

CCS [19] . 

H Element 

Energy 

for BEIS 

EE WI Widespread innovation (WI) involves the 

development of carbon mitigation technologies and 

measures, which lead to a decrease in cost and a 

higher level of electrification [19]. 

E Element 

Energy 

for BEIS 
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Pathways Description Category Source 

FES20 ST System transformation (ST) relies on hydrogen for 

heating, similar to EE H [18] . 

H2 National 

Grid 

ESO 

FES20 CT Consumer transformation (CT) shows a high share 

of electrified heating and a change in consumer 

behaviour [18] . 

E National 

Grid 

ESO 

FES20 LTW Leading the way (LTW) represents a fast 

decarbonisation pathway with a mix of hydrogen 

and electrification for heating [18] . 

H2 National 

Grid 

ESO 

CCC H2 Hydrogen (H2) pathway shows a more extreme 

hydrogen pathway than EE H and FES ST with 

almost 80% of the heat supplied through it [20] . 

H2 Imperial 

College 

for the 

CCC 

CCC 

Electric  

Electrification pathway relies on individual heat 

pumps. It is similar to EE WE from a technology 

uptake point of view [20] . 

E Imperial 

College 

for the 

CCC 

CCC 

Hybrid 

Hybrid uses hybrid heat pumps supported by 

hydrogen boilers in most of the gas grid connected 

dwellings [20] .  

H Imperial 

College 

for the 

CCC 

 

The EE pathways represent a range of possible futures where the carbon emissions 

target is met. Each pathway has a set of assumption s regarding the change in peopleõs 

behaviour and the level of technological innovation. Detailed information regarding the 

type and number of energy efficiency measures implemented is provided  across all of 

the EE pathways. The authors found that these meas ures combined with behavioural 

change should decrease heat demand by 11 to 22%. 

In FES 2050 published in 2020 [18] , four  pathways are described but only three  are 

compatible with the carbon emissions target , which are:  Consumer Transformation (CT), 

Leading the Way (LTW) and System Transformation (ST). These three  pathways assume 

that  60% of homes will have an energy performance certificate (EPC)  of C or higher by 

2035 and that  80% of homes will be off the natural gas grid by 2045 . In the ST pathway,  

a hydrogen grid will be  delivering hydrogen to 50% of the dwellings by 2050.  The fourth  
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pathway, Steady Progression (SP), does not meet the emissions target and it has a large 

amount of natural gas still being used for heating and no significant uptake of carbon 

capture technology by 2050.  

The CCC looked at a set of measures that could be applied to reach  the 2030 carbon 

emissions targets in its report ôNext Steps for UK Heat Policyõ. All of these measures are 

considered to be ôlow regretsõ because they are independent of the long -term pathway 

chosen. In additi on to the increase of the energy efficiency requirements for new builds 

and the retrofitting of the existing stock (15%  heat demand savings are estimated to be 

cost-efficient), the development of low -carbon heat networks for urban area s and heat 

pumps for buildings not connected to the gas grid are proposed. The sources that have 

been considered for low-carbon heat networks are waste heat, large -scale heat pumps, 

geothermal heat and (potentially ) hydrogen [21] . The target of the three  CCC pathways 

[20]  described in Table 2-1 was heat demand, which is not supplied by the set of ôlow 

regretsõ measures that were previously mentioned. This is equivalent to supplying 71% 

of the remaining households with low -carbon heating technology. Th is report  concludes 

that CCC Hybrid using heat pumps with gas boilers offer s the least -cost solution  

(<90£ bn/year) . In contrast, t he CCC H2 has the highest cost (>120 £bn/year ). In terms 

of carbon savings, the CCC Hybrid and CCC Electric pathways offer the best opportunity 

to reduce carbon use to zero at a reasonable cost.  

There are several options in terms of technologies to achieve the 2050 carbon emissions 

targets for heat decarbonisation  in these 11 pathways. Figure 2-1 shows the heat supply 

mix of the pathways grouped into three categories: electrification, hydrogen and hybrid 

pathways.  

Electrification Hydrogen Hybrid  

Figure 2-1: Share of dwellings using different heating technologies in the studied pathways in 2050  
(source: [19]ð[21] ). 

Heat pumps are a common technology and are available as pure heat pumps (HPs) or 

hybrid heat pumps (HHPs) in all  of the pathways, regardless of the category  that  they 
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fall in to. HPs are mainly installed in dwellings  that are  not connected to the gas grid to 

replace carbon-intensive heating systems. This includes dwellings in areas where the gas 

grid has been decommissioned. Meanwhile, HHPs are mainly based on hydrogen boilers, 

and thus are installed in dwellings connected to the hydrogen grid. Across all of the 

pathways, a minimum of 36% of dwellings have heat pumps installed ; except in the CCC 

H2 pathway, where only 8% of the dwellings have heat pumps (less than 1% of the 

heating systems are currently heat pumps  [18] ).  

District heating also play s a role in all  of the pathways, with between 4 to 19% of the 

dwellings connected to the system (Currently, 2% of the dwellings in the UK are 

connected to district heating schemes [18] ).  Although t he large development of district 

heating has been considered, it has been dismissed as a potential solution in the CCC 

pathways. The large development of district heating  within the CCC H2 pathway is 

found to be significantly more costly than other pathways. For the other pathways, the 

difference between the original pathway and its equivalent with district heating is 

around 4 to 5%. This finding may be balanced with the results from other studies. For 

example, t he H2020 project Heat Roadmap Europe developed a pathway for the UK for 

2050 by focusing extensively on district heating [22] . Based on their assumptions, which 

include a 29% heat demand reduction, they find that it is  economically viable to have 

35% of the heat demand supplied through district heating and 65% of heat demand 

supplied from individual HPs.  

The push for district heating is supported by statistics  which show that an increa sed 

share of district heating allow s for more renewable energy  to be used in the heat 

sector, and thus offers more potential for decarbonisation as seen in Figure 2-2.  
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UK

 

Figure 2-2: Scatter -plot diagram showing the correlation between the share of heat supplied by district 
heating and the total amount of renewable heat by country ( source: figure from [23] ).  

The heat decarbonisation pathways that are presented here show some of the possible 

futures for the residential heat sector and the uncertainties associated with them. 

However, t here is no consensus regarding the future heat supply mix and the share of 

each technology, besides finding that HPs and district heating are likely to be part of 

the heating mix  in the future. One of the common findings from the heat 

decarbonisation pathways that were reviewed  was the requirement for energy 

efficiency measures.  

It is currently unclear how these national pathways would be translated t o local areas 

and if the same findings would be found regarding the choice of heat supply options  in 

each of them .  The viability of each decarbonisation option not only depends on their 

costs and performance but they are also significantly affected by the local 

circumstances, such as availability of space and level of insulation in buildings, heat 

demand density in an area [24] , the availability of waste heat [25]  and existing energy 

infrastructure (e.g. , connection to the gas grid and availab le capacity in the electricity 

network)  [26] .  

2.2.2  Heat Decarbonisation Strategies in Wales  

Several stakeholders have looked at heat decarbonisation in local areas  in Wales, such 

as Western Power Distribution (WPD) with the distribution future energy scenarios 

(DFES), and the Welsh Government and National Grid with the zero2050 project . This 

thesis will present some of the results  from the zero2050 project . 

In the DFES, WPD describes the implications of  the FES pathways for  the UK (which are 

shown in Section 2.2.1) for the  distribution network operators (DNOs)  area (e.g. ,  South 
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Wales). However, this report  focuses on individual electricity -based technologies and 

thus contains no information regarding th e share of hydrogen boilers installed or district 

heating by 2050. Figure 2-3 shows the supplied areas by WPD in South-Wales. 

The lack of comprehensive studies includin g other  heating technologies may result in 

lack of planning , risks and missed opportunities for South-Wales.  

 

 

Figure 2-3: Areas supplied by WPD in South Wales are outlined in red (picture from [27] ) 

Figure 2-4 shows the share of dwellings using different heating technologies for the 

three  DFES pathways, which is  equivalent to the FES pathways shown in Figure 2-1. The 

share of HPs in the FES Consumer Transformation (CT) pathways is 58%, and it reaches 

64% in the DFES equivalent. Similar observations are made for the Leading The Way 

(LTW) and System Transformation (ST) pathways. This is explained by a lower share of 

dwellings connected to the gas grid in South Wales than in the UK. This characteristic 

also means that there is  a lower share of HHPs installed across all  of the  DFES pathways 

compared to the national FES pathways.   
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Figure 2-4: Share of dwellings in the DFES pathways for the WPD supply area in South Wales: Consumer 
Transformation ( CT), Leading The Way (LTW) and System Transformation (ST).  

The information of the DFES pathways is available for each electricity supply area (ESA) 

of WPD in South Wales. The ESA areas include all of the customers connected at be low 

33 kV. While t his is helpful from a planning perspective for WPD , it cannot be easily 

used by other stakeholders because the geographical areas that are used for national 

statistics are different ( e.g., OA, LSOA, or MSOA) or the ESAs are too large.  

Figure 2-5 gives a map of Wales that includes  the district heating network priority areas  

that have been  identified by the Welsh government [28] , this includes most of the large 

cities. However, no more details are provided regarding where  the district heating 

network may be developed in th ese cities .  

In 2020, there were eight  projects in different stage s of development in Wales [29],  

including one in Cardiff using energy from waste and one in Bridgend using mine water.  

 

Figure 2-5: Map of Wales with cities identified as a key area for the development of district heating 
schemes (source: figure from  [9]).  
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There is a growing interest in developing heat decarbonisation in Wales. However, the 

local authorities do not provid e a clear strategy for heat decarbonisation. This includes 

the 16 local authorities that have declared a  climate emergency (7 March 2021). 

Although most of the se local authorities have  a target to be carbon neutral by 2030 , 

they all lack  a current plan  of how to get there. One  of the  main barrier s to the 

development of these plans is the lack of data, includ ing heat demand data.  

2.3  STUDIES TO ESTIMATE HEAT DEMAND 

Analysis of local heat supply options requires an estimate of the heat demand from the 

building stock. However, t his is challenging due to the limited amount of measured heat 

demand data available at fi ne resolution and the lack of consistent building stock 

information across different areas.  

Several methodologies have been used to estimate heat demand in the UK at different 

spatial scales. At the national level, Watson et al .  [30]  combined daily aggregate gas 

demand for the whole GB and data from a trial project to produce a half -hourly heat 

demand profiles for GB. This method is suitable to estimat e aggregate heat demand at 

the national level due to the large share of gas boilers in GB. However, it is not suitable 

for estimating heat demand at finer spatial resolution (e.g. ,  local authority, MSOA and 

LSOA), due to significant variations in the share of heating technologies.  

In [31] , the authors used gas consumption data, available at the LSOA level [32] , to 

estimate the domestic heat demand. This method provides a good approximation of the 

heat demand for those LSOAs in which gas boilers are the dominant heating technology.  

An alternative approach is presented in [33] , which  combines building stock information 

from the Ordnance Survey [34], EPC data and a modelling approach derived from SAP to 

estimate heat demand at the LSOA level. However, t his methodology requires extensive 

use of geospatial software and was shown not to be very accurate when compared with 

published data by BEIS [32] . 

As part of the Heat Roadmap Europe project, Moller et al. [35]  developed a pan-

European atlas of heat demand with a grid of 100x100m cells. For each cell, the 

national heat dema nd for each country was distributed based on quantitative mapping 

using geospatial methods and an extrapolation of the characteristics of the Danish 

building stock. This approach has the advantage s of providing heat demand at fine 

spatial resolution and be ing replicable in other countries. However, it does not offer a 

detailed representation of the building stock , which could impact the outcomes of the 
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model, and it is difficult to overlay the findings of this study on to UK geographic areas 

(i.e. , LSOAs). 

Figure 2-6 gives a summary of the characteristics of the se methods based on the 

resolution of the heat demand data and the details of the building stock model that can 

be developed from it. Top -down approaches are used to produce the heat 

decarbonisation pathways presented in Section  2.2.1. Heat demand may be represented 

by a single number or by a simple building stock model. Meanwhile, bottom -up 

approaches are used for studies where the change in accuracy or better represen tation 

of the building stock may lead to different outcomes.  
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Figure 2-6: Methods to estimate heat demand at different resolution s and their capability to produce a 
detailed building stock model  

2.4  REVIEW OF METHODS TO SYNTHESISE HEAT DEMAND 

PROFILES TO STUDY HEAT DECARBONISATION PATHWAYS  

In addition to estimating the annual heat demand to analyse the heat supply options,  

the heat demand profiles of heating technologies are used to assess the potential costs 

of the different heat decarbonisation pathways on the energy system. Hence, the 

capability of these profiles to correctly reflect the usage pattern and the peak demand 

of each heati ng technology is critical.  

The magnitude and shape of the heat demand profile for a building can be 

characterised by considering the dwelling õs features ( e.g.,  size of the building, type, 

etc.), its energy performance, occupancy schedule and also the type  of heating 
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technology. The two main approaches to produce these profiles that are identified in 

the literature are the building physics approach and the statistical approach using 

measured data (which is often referred to as the data -driven approach).   

Delta -EE used a building physics model to study the electrification of heat in the 

Scottish power system [36] . Figure 2-7 shows the undiversified and diversified load 

profile of an air-to-water source heat pump (ASHP). The diversified profile accounts for 

several parameters, including occupancy schedule. A decrease of 20% of the peak load is 

observed when comparing the diversified load profile with the undiversified load. The 

minimum load during off -peak hours is close to zero in the two profiles. However, it  is 

unlikely that  in a group of thousands of ASHPs, no ASHPs would be running during these 

hours. Therefore,  this profile is unrealistic because it underestimat es the baseload. The 

timing and the size of the peak load are similar to other studies , as seen on p. 25 of the 

report [36] .   

 

Figure 2-7: Undiversified and diversified high -temperature (HT) ASHP electricity load profiles in a semi -
detached house for space heating and hot water from Delta -EE (source: figure from [36] ) 

Another  model, called CREST, is used to represent the thermal -electrical demand of the 

residential sector  at high resolution (<1min)  [37] . It combines several sub-models 

synthesising electrical demand, thermal  demand and hot water demand , with an 

occupancy model mimicking the behaviour of users. This type of model is useful when 

no other data is available  or for specific study requiring high resolution data , but it has 

limitations  that would need to be considered when doing energy modelling . The 

limitations include the  parameters to calibrate the models  such as the characteristics 

dwellings to model, the behaviours of users, the amount of diversity  to consider, etc . 

Figure 2-8 shows the gas demand of 104 dwellings for a winter day modelled  using 

CREST compared to two sources of data: EDRP and Carbon Trust. The CREST gas demand 

data is peaking in the morning whereas the EDRP data, which is considered by the 

authors as representative of the UK average is peaking in the afternoon.  There are also 
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occurrences where the CREST gas demand data is 0 similarly to the previous model  used 

by Delta-EE. 

 

Figure 2-8: Gas demand profiles produced by the CREST model (model), the EDRP and the Carbon Trust 
(source: figure from  [37]) 

Fisher et al. [38]  use a combination of a building physical model  and a behavioural 

model to produce space heating and domestic hot water demand profiles for dwe llings 

in Germany. The results are compared with hourly measured data for a day and  they 

show that the total daily energy demand is accurately captured but peaks are 

underestimated during some of the day. In particular, the synthesised peak in the late 

morning is 5 to 45% lower than the peak of the measured data.  

The same method was used to produce heat demand profiles of HPs in some European 

countries[39] . The synthesised daily energy demand was validated using UK gas demand 

data but not the hourly profiles.  

Overall, the physical model of a building provides an understanding of the annual heat 

demand but will often fail to synthesise realistic heat demand prof iles. A statistical 

approach using measured data from real systems can be used to overcome this problem. 

The measured data embeds information about the occupancy schedule, occupantsõ 

behaviour regarding the control of their heating system and the diversity  factor of the 

group of units , which can be extracted by a statistical model and used to synthesise 

heat demand profiles.  

In [40] , Sansom used micro-CHP units and gas boiler gas consumption data from a trial 

of 71 dwellings to derive half -hourly heat demand for the UK. The profiles of  the 

micro-CHP units are used as an approximation of the profiles for electricity -based 

heating technologies to overcome the lack of available data at the time. A similar 

approach was used in [41]  to study the impac ts of the electrification of heat in the UK, 

except that measured data from a district heating scheme was used.  

The results from Sansom [40]  were enhanced by using the gas consumption data of gas 

boilers from a larger trial to refine the UK heat demand profile [30] . The new profile 
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showed a decrease of 40% of the estimated half -hourly peak heat demand compared 

with the original profile.  

The methods that are used to synthesise electri city demand profiles are also relevant 

because the same approach can be used for heat demand profiles. A review of the 

different methods of the statistical approach using measured data can be found in  [42] . 

This study also describes some of the main methods, including artificial neural network, 

support vector machine, decision tree and stat istics regression techniques.  

Jenkins et al. [43]  use a Hidden-Markov model to synthesise electricity demand profiles 

at minute resolution for a single dwelling and then compare the aggregated results. 

With the correct input data and assumptions, heat demand profiles can be synthesised.  

From this review, it can be seen that building physics models are a good option to 

estimate the heat demand of dwellings at low resolution but will fall short when 

synthesising hourly or higher resolution profiles. M eanwhile, m odels built using 

measured data based on a statistical approach can provide better estimation if provided 

with sufficient data.   

Measure data can also be used to extract information about the characteristics of 

heating systems, such as After Diversity Maximum Demand (ADMD), peak time a nd 

patterns. Wang et al. [44]  use half-hourly gas and electricity from 18,370 dwellings to 

extract these characteristics to inform the sizing of district heating schemes. The same 

information can be used to estimate the peak heat demand produced by a group of 

dwellings using gas boilers. Similarly, Love et al. [45]  use 2min resolution electricity 

consumption data from a heat  pump trial to estimate the additional half -hourly peak 

electricity demand created by uptake of HPs in GB. They find that the ADMD of HPs is 

around 1.7 kWe, and that  the GB peak will increase by 14% with an uptake of 20% . 

2.5  MODELS TO STUDY THE DECARBONISATION OF HEAT 

The challenge of decarbonising heat has led to a growing number of research studies in 

the heating sector. Several approaches have been developed and the heat supply 

options have been shown to be impacted by mode lling assumptions, including spatial 

resolution and details of the building stock.  

The impact of spatial resolution on the outcomes of a model to optimise heat supply 

options in urban areas was demonstrated in [31] . The uptake of district heating 

networks in the UK was assessed using data at three levels of spatial resolution , as 

follows : LSOAs, MSOAs and local authorities. The results of this model showed a 20% 
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increase in the number of dwellings connected to district heating networks when using 

LSOA compared to MSOA as the spatial resolution. Using LSOA instead of local authority 

area as the spatial resolution resulted in a 30% increase in the number of dwellings 

connected to heat networks.  

Dodds et al. showed in[46]  that the use of a more detailed building stock model would 

have a direct impact on the heat supply options. The outcomes from two versions of the 

MARKAL model were compared: the base version and a revised version that  included a 

simplified housing stock model. The disaggregated results from the revised version show 

the impact of the house type on the selected heat technologies , whil e providing similar 

aggregated heat demand with the base version of the model.  

A limited nu mber of studies have investigated heat decarbonisation in local areas 

considering fine spatial resolution with a detailed representation of the building stock. 

Scamman et al. in [47]  reviewed the models that have  recently  been used to assess the 

UK heat decarbonisation strategy and only the model used in [31]  was found to be 

suitable. Outside the UK, additional models were found to optimise heat supply options 

by individual buildings, sectors or areas.  

The heat supply options for 69 buildings near Porto, Portugal were assessed [48] . For 

each building, the heat demand and the temporal profiles were estimated and 

simulated in five scenarios. The results suggested that district heating using waste heat 

and individual HPs with photovoltaic panels were the best cost -competitive options.  

The authors of [49]  investigated scenarios including different levels of expansion of t he 

existing district heating network, individual heating systems and heat savings for 

Helsingør in Denmark. They divided the local authority into smaller areas based on the 

heat density and the proximity to the existing district heating. By simulating eigh t 

scenarios and using a least-cost approach, they suggested that an expansion of 39% of 

the district heating and 39% heat savings could be reached.  

Additional studies focusing solely on district heating used similar approaches. Several 

heat decarbonisatio n scenarios for an existing district heating  project  in a German city 

were analysed by [50] . An energy dispatch model with the heat demand represented by 

a single node was used and the results suggest that large -scale HPs integrated into 

district heating  can help with heat decarbonisation but their viability depends on 

electricity and CO2 prices. Using a heat demand atlas , the authors in  [35]  built  a custom 

model to assess the areas viable for district heating by aggregating the results from 
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each 100x100m cells [51] . The results show that  in the countries considered , 59% of the 

2015 heat demand is economically viable to be supplied by district heating.  

2.6  SUMMARY OF THE CHALLENGES 

This review of the heat decarbonisation pathways for the UK and Wales showed that the 

heat-supply mixes have a very different share of individual HPs, individual hy drogen 

boilers, individual hybrid systems and district heating. It  also shows the uncertainties 

and the lack of consensus regarding how to decarbonise heat. This is reflected at a local 

level in Wales, where no local authority has a detailed plan to decarb onise the 

residential heat sector.  

In terms of technical challenges, a review of  the methods and models used in heat 

decarbonisation studies has shown that:  

¶ There are heat decarbonisation pathways  available at the national level  but there is 

no information about how these pathways would be translated to local areas , except 

the work done on the el ectrification of heat by DNOs. This lack of methodology 

makes it difficult for local areas to develop their own heat decarbonisation 

pathways and investigate their impacts on the local energy infrastructure . 

¶ Residential heat demand data availability at high resolution is scarce. Several 

methods to estimate heat demand in local areas exist but there is a need for a 

method that does not rely  purely on gas data, and which provides heat demand data 

at high resolution as well as information regarding the building stock.  This type of 

data is crucial to create  a baseline of the current system and develop heat 

decarbonisation pathways based on the specificities of the area.   

¶ Heat demand profiles for different heat technologies are not currently available . 

These are essential to estimate the peak energy demand and the timing of the 

demand of heat decarbonisation pathways , and to quantify their impacts on the 

energy infrastructures. Currently, the use of a single heating technology profile to 

approximate the profiles of other t echnologies leads to significant errors  in the 

estimation of the impacts of the uptake of  some heating technologies such as heat 

pumps. 

¶ The models to assess the viability of heat supply options  either focus on a single 

heating technology, do not use a deta iled building stock model, or are not flexible 

enough to use high-resolution heat demand data. This makes it difficult to develop 

heat decarbonisation pathways for local areas without having a bias toward specific 

heating technologies.  
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3 Annual Heat Demand for Dwellings 

3.1  INTRODUCTION 

The literature review showed that analysis of local heat supply options requires an 

estimate of the heat demand from the dwelling stock. However, t his can be difficult 

because of the limited amount of measured heat demand data available at fine 

resolution and also because of the lack of consistent building stock information across 

different areas.  

In this chapter, I will describe a  method to estimat e the annual heat demand for  

dwellings at fine spatial resolution for different categories of dwellings , before and 

after implementing potential energy efficiency measures. Th is method w ill then be  

demonstrated in case studies of the local authorities of Cardiff, Swansea and Newport.  

3.2  METHODOLOGY 

Building stock data and energy performance information of dwellings were used  to 

estimat e the annual heat demand of dwellings in the local area. The annual heat 

demand of the existing building stock with and without energy efficiency improvements 

was then calculated.  

The total annual heat demand for a local area was derived by multiplying the average 

annual heat demand of each dwelling category  by the number of  dwellings in the area in  

that dwelling category and then aggregating the results. In thi s project, 16 dwelling 

categories were used, with a dwelling category  being the combination of a dwelling 

type ( i.e., detached, semi -detached, terraced and flat) and a heating system ( i.e., 

natural gas boiler, resistance heater, biomass boiler and oil boil er).  

Energy Performance Certificates (EPC) were used to estimate the annual heat demand 

of different dwelling categories  within a local area for a typical year . Figure 3-1 shows 

an EPC for a detached house with a current energy efficiency rating of 45 (band E) and a 

potential energy efficiency rating of 69 (band C ) - on a scale from 0 (band G) the worst, 

to 100 (band A) the best.  The space heating and hot water demand considering current 

and potential energy efficiency ratings are also estimated in the EPC.  

 

 



25 
 

 

Figure 3-1: Example of an EPC for a detached house [52]  

The EPC database for all local authorities (with spatial resolution at postcode level) in 

England and Wales was downloaded from the open data communities platform  [52]. The 

data were cleaned , and outliers were removed. The cleaning process entailed:  

1. Removing the EPCs where the potential heating cost is more than 10% higher 

than the current heating cost. For a dwelling, the energy efficiency measures 

recommended on an EPC can decrease the heat gains from appliances (i.e., 

switching to LED lights) increasing the heat demand to be supplied by the 

heating system and thus the heating cost.  

2. Using 15 kWh/m2 as the minimum threshold for the heat consumption of a 

dwelling, which is equivalent to a passivHus requirement.  

3. Using 400 kWh/m2 as the maximum threshold for the heat consump tion in a 

dwelling.  

4. Removing the dwellings with  an unspecified number of rooms.  

5. Grouping the EPCs into dwelling categories. The dwellingsõ postcodes were also 

used to link them to an LSOA, MSOA and LA using a lookup table published by the 

ONS [53] . 






































































































































































































































































































































