Supplementary Information
S.1 General
This section sets out the data and sources used to calculate final energy, useful energy, ambient energy and rejected energy demands in the hypothetical electrification scenario. 
We define these as follows:
· Final energy is the energy supplied by the energy system to energy users, very largely in the form of fossil fuels, electricity and bioenergy.
· Useful energy is the energy output from the users own energy conversions devices (e.g. boilers, furnaces, engines). Useful energy provides energy services (comfort, illumination etc.), which are very diverse, have many non-energy metrics and therefore are not calculated directly here.  
· Rejected energy is the energy lost, usually as heat. This can be at any point in the energy system, but in this SI we focus on rejected energy at the point of end use.
· Ambient energy is the energy from the natural environment that is used for heating by means of heat pumps. (We do not use the same approach for coolth supplied by refrigeration cycles, as available energy data does not allow this and most coolth is already supplied by electrified technology.)      
Due to the 1st Law of Thermodynamics, at any node in a Sankey diagram:
energy inputs = energy outputs,
and therefore, at the point of end use:
[bookmark: _Hlk219285013]	final energy + ambient energy = useful energy + rejected energy. 
Current energy demands in the baseline scenario are the starting point for the analysis of the electrified scenario. It is assumed that there are no changes in demand for energy services and no changes to energy efficiency other than through electrification, and therefore that useful energy is the same in both scenarios. This enables direct comparison of the efficiency of the two scenarios but means that the electrification scenario cannot be interpreted as a projection or likely future. 
End uses are converted to electricity where the literature shows that the technology to do this has been developed, demonstrated and is already used commercially or is very close to commercial deployment. We use this approach across all sectors, aiming to be consistent, despite the very different nature of the sectors. For clarity, this implies that the electrification is not required to be cost effective at current costs and prices, and therefore may be higher than in estimates of current cost-effective potential. On the other hand, we do not allow for electrification that is physically possible but for which the technology is not currently available, and therefore the estimates are lower than some other assessments of long-term potential.
Where electrification is not judged to be currently feasible, we assume that the choice of fuel does not change. This means that some ‘hard to electrify’ processes continue to use high carbon fuels such coal and oil. This should not be interpreted to be a projection of what is either likely or desirable. It is simply to ensure that the comparison between scenarios relates solely to changes related to electrification. Other decarbonisation technologies may have different impacts on efficiency.
More detailed assumptions are set out below for each sector. In each case, sectoral energy demand is disaggregated to a level where reasonable assumptions can be made about the potential for, and efficiency of, electrification. The data then presented in the main body of the paper are calculated by reaggregation to the sector level.

S.2 Buildings
The buildings sectors (residential and commercial) are treated equivalently, with energy use then divided between the two in accordance with global sectoral data. 
The fractions of current total demand by the key end uses are based on Eyre, 2021 and set out in Table S.1.1 
Table S.2.1 Buildings Baseline Energy Use Shares 
	
	Share of sector final demand
	Current non-electric share

	Space heating
	32.3%
	95.0%

	Water heating
	20.9%
	85.0%

	Cooking
	21.5%
	86.1%

	Lighting, cooling and appliances
	25.3%
	0.0%


Space heating, water heating and cooking are treated separately as they have different electrification potentials and efficiencies. The end uses that are currently electrified (lighting, cooling and appliances) are treated collectively as there is no potential for further electrification.
Space and water heating are the largest energy users. From an efficiency perspective, the ideal solution is to use heat pumps, and recent studies show that their use is rapidly expanding (Rosenow et al, 2022). We therefore assume that existing fuels are 99% replaced by electricity, with 1% in remote buildings or buildings in extremely cold climates provided by biomass. For space heating, we assume an efficiency of 310% based on air source heat pump data from the cold climate of northern China (Zhang et al, 2017), replacing 80%-efficient fossil fuel boilers with 100%-efficient electric resistance heating. For water heating, we assume heat pumps with an efficiency of 220%, which is median value of a field study (Willem et al, 2017). We assume that 50%-efficient fossil fuel-based cooking is completely electrified with an efficiency of 80%, which is characteristic of a modern electric hob (Hager and Morawicki, 2013). Lighting, cooling and appliances are already completely electrified. Further efficiency improvements can be expected, but none is assumed here to be the result of electrification.
S3. Transport
The fractions of current total demand by the key end uses are based on Khalili et al, 2019 and set out in Table S.3.2. 
Table S.3.1 Transport Baseline Energy Use Shares 
	
	Share of sector final demand
	Current non-electric share

	Vans
	12.3%
	100.0%

	HGV
	13.8%
	100.0%

	Car
	35.4%
	100.0%

	Bus
	12.9%
	95.1%

	Aviation
	9.8%
	100.0%

	Marine
	11.4%
	100.0%


Transport with modes using less than 2% of total transport energy use (motorcycles and rail) are neglected.
It is assumed that electrification occurs in all modes to a greater or lesser extent. The likely penetration of electricity and efficiencies of different vehicle types are taken from a comprehensive review (Khalili et al, 2019) but updated to take account of recent trends. 
It assumed that light vehicles (cars and vans) are completely electrified. Internal combustion engine vehicles (ICEVs) with a fuel consumption of 0.782 kWh/km are replaced with battery electric vehicles (BEVs) with a fuel consumption of 0.182 kWh/km.
[bookmark: _Hlk219219652]For heavy vehicles, it is assumed that 80% of total vehicle distance travelled can be electrified based on the most ambitious scenarios showing a near complete transition to fully electrified heavy vehicles by 2050 (Sen et al. 2025) but making an allowance for particularly challenging segments where electrification proves to be practically difficult. Fuel efficiency data assumed are: for ICEVs 3.51 kWh/km, for BEVs 1.87 kWh/km.
Bus fleets are assumed to be 95% electrified based on nearly all bus sales by 2050 being projected to be fully electric in ambitious decarbonisation scenarios (Sen et al. 2025), with only long-distance buses powered by other means. Fuel efficiencies assumed are: for ICEVs: 4.09 kWh/km, for BEVs 1.87 kWh/km.
Aviation is generally assumed to be difficult to electrify because of the weight of batteries and high power requirements. However, journeys of less than 2,000 km might reasonably be electrified (Schafer et al, 2019). In this paper, we assume electrification of 33% of total air travel. Using data on passenger aircraft, the fuel consumption data assumed are: 0.54 kWh/pkm for conventional planes, 0.2 kWh/pkm for electric planes. There is considerable uncertainty around the feasibility of aviation electrification, but given that aviation only accounted for 10% of total final energy demand of the transport sector in 2022, the overall effect is limited.
Marine transport remains an important mode for freight. It is widely seen as a difficult mode to electrify with more attention focussing on hydrogen and ammonia as zero-carbon options. Here we assume that electrification is limited to 10% in short distance trips such as ferries. Using data on marine freight, the fuel consumption assumptions are: 0.042 kWh/tkm for ICEs: 0.019 kWh/tkm for electric ships.

S4. Manufacturing Industry 
In this study, energy use by the global manufacturing sector was sourced from the United Nations Statistical Division Energy Balances (UNSD, 2025). This resulted in 11 manufacturing subsectors (including an “industry consumption not elsewhere specified” category), with baseline non-feedstock energy use by energy type shown in the table below.
Table S.4.1 Non-feedstock industrial energy use split by subindustry and energy type (PJ)
	
	Coal and peat
	Petroleum
	Natural gas
	Bioenergy & waste
	Electricity
	total

	Iron and steel
	20,089
	256
	2,511
	268
	4,445
	27,570

	Chemical and petrochemical
	2,126
	2,770
	9,601
	166
	4,602
	19,265

	Non-metallic minerals
	6,688
	1,424
	2,151
	528
	893
	11,684

	Food and tobacco
	1,114
	384
	2,059
	2,043
	1,507
	7,106

	Paper, pulp and printing
	987
	210
	1,365
	2,576
	1,161
	6,298

	Non-ferrous metals
	785
	269
	568
	9
	1,610
	3,241

	Machinery and metal products
	63
	183
	813
	19
	1,557
	2,635

	Transport equipment
	39
	106
	458
	3
	611
	1,218

	Wood and wood products
	12
	94
	178
	532
	269
	1,085

	Textile and leather
	231
	57
	243
	34
	310
	875

	Industry consumption not elsewhere specified
	9,493
	4,722
	12,910
	4,249
	18,353
	49,727

	TOTAL MANUFACTURING
	41,629
	10,474
	32,857
	10,426
	35,318
	130,703



The share of combustible fuels used for non-heating purposes (such as operating a diesel motor) within each subindustry was obtained from the U.S. Energy Information Administration’s Manufacturing Energy Consumption Survey (USEIA, 2021). Combustible fuels used for heating were split into temperature bands using two sources: Madeddu et al., 2020 and Hasanbeigi et al, 2024. (Two sources were used instead of one in order to obtain more detailed and granular temperature data for a larger number of subindustries.) The resulting shares are shown below.

Table S.4.2 Non-feedstock industrial combustible fuel use split by temperature or non-heating purposes (PJ)
	
	Non-heating
	< 80 °C
	80 - 150 °C
	150 - 300 °C
	300 - 550 °C
	550 - 1100 °C
	> 1100 °C

	Food, beverage, & tobacco
	5.0%
	52.2%
	40.8%
	0.0%
	1.9%
	0.0%
	0.0%

	Textiles, leather, & apparel
	4.3%
	36.2%
	17.4%
	25.2%
	16.8%
	0.0%
	0.0%

	Wood & furniture
	11.7%
	8.3%
	15.1%
	39.0%
	26.0%
	0.0%
	0.0%

	Pulp, paper, & printing
	2.5%
	32.2%
	9.8%
	14.6%
	0.0%
	41.0%
	0.0%

	Refining & fuel processing
	3.4%
	7.7%
	17.4%
	44.4%
	26.1%
	0.0%
	1.0%

	Chemicals
	11.2%
	2.7%
	50.6%
	13.3%
	1.8%
	20.4%
	0.0%

	Plastic & rubber products
	0.0%
	4.0%
	38.0%
	58.0%
	0.0%
	0.0%
	0.0%

	Non-metallic minerals
	10.2%
	0.0%
	0.0%
	14.4%
	0.0%
	0.0%
	75.4%

	Iron & steel
	13.2%
	0.4%
	0.3%
	0.5%
	0.8%
	1.5%
	83.4%

	Nonferrous metals
	3.0%
	29.1%
	0.0%
	0.0%
	5.8%
	14.6%
	47.5%

	Machinery
	18.8%
	21.2%
	8.1%
	8.5%
	9.9%
	12.8%
	20.8%

	Vehicles & transport equipment
	8.2%
	30.8%
	13.7%
	18.2%
	12.1%
	0.0%
	17.1%

	Electronics
	7.7%
	30.9%
	13.8%
	18.2%
	12.2%
	0.0%
	17.2%

	Other metal products
	0.0%
	33.5%
	15.0%
	19.8%
	13.2%
	0.0%
	18.6%

	Other manufacturing
	7.1%
	31.1%
	13.9%
	18.4%
	12.2%
	0.0%
	17.3%



Electrification potential was based on a Madeddu et al. (2020) that classified electrification of combustible fuel use by industrial subsector into three stages of technological maturity. Stage 1 contains already-commercial, widely-used technologies (such as electric resistance heaters and heat pumps) that could be scaled up and deployed more thoroughly if it were cost-effective to do so. Stage 2 contains well-understood and commercialized technologies that are often subindustry-specific and may need engineering design to adapt them to new subindustries and applications. Stage 3 contains technologies that require further research and development at laboratory or small demonstration scale, such as electrification of cement kilns and electrolysis of iron ore for primary steelmaking.  The “remainder” refers to combustible fuel use that could not be displaced using stage 1, 2, or 3 technologies.  In our study, we assumed only stage 1 and stage 2 electric technologies would be utilized, in line with our approach of only assuming electrification where technologies have been demonstrated and used commercially. Combustible fuels continue to serve stage 3 and the remaining combustible fuel demand.

Table S.4.3 Electrification potential by technological maturity stage
	Industry
	Stage 1
	Stage 2
	Stage 3
	Remainder

	Cement
	4.2%
	25.4%
	70.3%
	0.0%

	Primary Steel
	2.6%
	8.8%
	86.4%
	2.2%

	Chemicals
	83.3%
	0.0%
	16.7%
	0.0%

	Ceramics & Glass
	10.7%
	89.3%
	0.0%
	0.0%

	Paper
	95.9%
	4.1%
	0.0%
	0.0%

	Wood
	100.0%
	0.0%
	0.0%
	0.0%

	Food
	100.0%
	0.0%
	0.0%
	0.0%

	Textiles
	100.0%
	0.0%
	0.0%
	0.0%

	Machinery
	54.5%
	45.5%
	0.0%
	0.0%

	Transport Eqpt.
	82.1%
	17.9%
	0.0%
	0.0%

	Non-Ferrous Metals
	43.4%
	48.2%
	0.0%
	8.4%

	Secondary Steel
	9.5%
	84.1%
	0.0%
	6.5%

	Total Manufacturing Sector
	52.1%
	16.9%
	29.6%
	1.4%



In order to calculate energy savings from electrification, it is necessary to compare the energy efficiency of the electrified technology with the energy efficiency of combustion technologies. Combustion processes lose energy through hot exhaust gases (sensible heat) and formed water vapour (latent heat) that leave the system. The fraction of energy lost increases with increasing temperature, and these heat losses can be partially mitigated by the use of waste heat recovery technologies. For this study, we selected a reference temperature to represent each industrial heat temperature band, and we referenced the combustion efficiency at that temperature based on data from Mickey (2017). Mickey’s data included efficiency curves without waste heat recovery and with three different types of waste heat recovery systems (a plug-in or central heat exchanger, a recuperative burner, or a regenerative burner). To represent a global average, we used the curve for combustion with a plug-in or central heat exchanger. This is the least-efficient of the three waste heat recovery technologies but is far more efficient than combustion without waste heat recovery.  The resulting efficiency assumptions for each temperature band are given below. Non-thermal use of combustible fuels is represented by a diesel engine with 44% efficiency of converting fuel to rotational energy.

Table S.4.4 Combustion efficiency
	Temperature band from this study
	Reference temp.
	Corresponding efficiency

	< 80 °C
	80 °C
	97%

	80 - 150 °C
	150 °C
	95%

	150 - 300 °C
	250 °C
	92%

	300 - 550 °C
	450 °C
	86%

	550 - 1100 °C
	850 °C
	74%

	> 1100 °C
	1500 °C
	50%



Heat pumps’ efficiency depends on the temperature lift (the difference between the heat source and the heat sink temperature) they deliver. We assumed heat pumps could only be used for the two lowest-temperature bands (<80 °C, 80-150 °C), even though some industrial heat pumps with output up to 200 C have been demonstrated. We assumed both heat pumps used a heat source at room temperature (25 °C) and output heat at the top of the temperature band (80 °C and 150 °C respectively). Efficiencies at these temperature lift levels were derived from a curve from Arpagaus et al (2018).  For temperatures above 150 °C, we assumed electrical resistance heating would be used, with an efficiency of approximately 100%, which is less-efficient than either heat pump configuration. For non-thermal uses of combustible fuels, we use an industrial-scale electric motor (200 horsepower or above) as our representative technology. U.S. energy conservation standards require these motors to have at least a 96% efficiency, so we use 96% efficiency for non-thermal electrification in this study.

Table S.4.5 Heat pump efficiency
	Temperature band from this study
	Source temp.
	Output temp.
	Temperature increase
	Heat pump efficiency

	< 80 °C
	25 °C
	80 °C
	55 °C
	325%

	80 - 150 °C
	25 °C
	150 °C
	125 °C
	175%



We apportion the potential electrification identified above to energy uses for each subindustry beginning by displacing non-thermal fossil fuel combustion, then combustion in the lowest temperature band, then the second-lowest temperature band, and so on, until the full potential identified in Madeddu et al.’s Stage 1 and Stage 2 categories has been assigned. This prioritizes the electrification of the most cost-effective and technologically mature options (electric motors and low-temperature heat), which reflects the reality of the end uses where electrification would first be deployed. The use of each fossil fuel (coal, petroleum, and natural gas) was reduced proportionally to that fuel’s use in that subindustry and in that temperature band. The use of bioenergy and waste was not reduced, as these fuels are often byproducts of industrial inputs (e.g., biogenic raw materials in the pulp & paper and wood & wood products subindustries), which these subindustries obtain for free as a part of their material inputs, and which would have to be disposed of some other way if they could not be burned, so there is little financial incentive for firms to displace these fuels.

[bookmark: _Hlk221095341]Table S. 4.6 Electrification scenario results (PJ)
	 
	Coal 
	Petroleum
	Natural gas
	Bioenergy & waste
	Electricity
	Total

	Iron and steel
	13,710
	175
	1,714
	268
	8,143
	24,009

	Chemical and petrochemical
	848
	1,105
	3,830
	166
	9,839
	15,787

	Non-metallic minerals
	4,726
	1,006
	1,520
	528
	2,975
	10,755

	Food and tobacco
	105
	36
	194
	2,043
	2,853
	5,232

	Paper, pulp and printing
	123
	26
	170
	2,576
	2,500
	5,395

	Non-ferrous metals
	76
	26
	55
	9
	2,339
	2,505

	Machinery and metal products
	7
	21
	95
	19
	2,077
	2,220

	Transport equipment
	6
	17
	72
	3
	897
	996

	Wood and wood products
	4
	33
	62
	532
	407
	1,038

	Textile and leather
	36
	9
	37
	34
	580
	696

	Industry consumption not elsewhere specified
	760
	378
	1,034
	4,249
	32,418
	38,839

	Total
	20,401
	2,832
	8,783
	10,426
	65,028
	107,471



S5. Other Energy Use
Other energy use is energy used in end use sectors not included in the usual definitions of residential, commercial, transport and manufacturing. The key sub-sectors are mining and quarrying, construction, agriculture, forestry and fishing. The first excludes mining for coal and other fossil fuel extraction, which we categorise as energy use in the energy industry, and therefore as ‘upstream’ (see the Methodology section of the main paper).
Baseline energy use by sub-sector and fuel is as set out in the Table 3.6.1 based on United Nations Statistics Division (UNSD) energy balances, with minor adjustments to align with the energy accounting of purchased heat used in this study.
We cross-checked the UNSD figures with data from a variety of other sources. Agriculture uses 2.5% of global final energy (IEA, 2025). 70% of energy use is heat, of which 11% is from renewables (REN21, 2026), matching the UNSD figure of 8% bioenergy (i.e., 70% * 11%). Most agricultural energy use is in the form of diesel for tractors, harvesters, and other farm equipment (49%) and electricity, primarily for pumping for irrigation (33%). In construction, total energy use is estimated to be 4% of global final energy (IEA, 2025). There is a lack of reliable data on the fuel split (probably due to inconsistent sector definitions), but widespread agreement that diesel for stationery power is more than half. Our UNSD-derived data give a split of petroleum 57%, electricity 17%, coal 8%, and gas 17%. Mineral mining is estimated to use 1.7% of global final energy (Aramendia et al, 2023), split primarily between diesel and electricity.
It is assumed that negligible ambient energy is used for heating in these sectors currently. 
Table S.6.1 Current Energy use by Sector for ‘Other Energy Use’ 
	Baseline
	 PJ
	 
	 
	 
	 
	 

	 
	Coal
	Petroleum
	Natural gas
	Bioenergy 
	Electricity
	Total

	Mining and quarrying
	295
	1,159
	319
	10
	1,077
	2,860

	Construction
	260
	1,806
	525
	33
	519
	3,143

	Agriculture, forestry and fishing
	407
	4,564
	556
	730
	3,039
	9,296

	Total
	961
	7,530
	1,400
	773
	4,635
	 



In all three sub-sectors, the key energy uses are low temperature heating and stationery power, and therefore there are no ‘hard to electrify’ applications. In the electrification scenario, we assume that existing bioenergy and electricity uses are unchanged, that existing petroleum use is for stationery power and converted to electricity at double the efficiency, and that coal and natural gas are used for heating and are electrified using heat pumps with the same efficiency improvement as in the buildings sector.
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