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Base scenarios

• 2050 energy systems with net-
zero emissions

• Integrated decarbonisation 
strategies across heat, transport, 
electricity and gas

• Three heat decarbonisation 
strategies
– H2: H2 boilers for customers with 

gas, electric heating for off-gas 
grid customers

– ELEC: all customers use electric 
heating (heat pumps and 
resistive heating)

– HHP-NG: hybrid heat pumps with 
gas boilers , electric heating for 
off-gas grid customers

• Negative emissions technologies 
(BECCS and DACCS) are 
considered
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Modelling approach
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Annual costs of different heat 
decarbonisation pathways

• HHP-NG is the least-cost heat 
decarbonization pathway
– Would be dependent on the 

assumptions

– Subject to CCS availability

• Fixed cost dominated
– Reduction of CAPEX, financing cost 

will have high impact

• OPEX
• Opex of electricity generation is 

small as most of the generators are 
renewables (zero marginal costs)

• Gas opex dominated, especially in 
H2

• Strong interactions across 
different system components
– Changes in one vector affect other 

vectors

– Multi-energy vector planning and 
operation coordination is critical
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Carbon emission targets for
energy sector

Figures are in Mt CO2/year

• Source of emissions
– “Hard decarbonized sectors” 

includes aviation, shipping, 
waste, agriculture, land use, F-
gases, other fuels used in 
transport, and rail demand, and 
parts of industry which are hard 
to decarbonize: 50

– Electricity generation: up to 9

– Methane reforming processes 
(H2): 3

– Unabated gas heating: 3

• Negative emissions
– BECCS (H2): up to 53

– DACCS: up to 7

– Biomethane combustion offset
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Technologies with negative emissions 
allow use of low-cost but high-carbon 

content technology (low volume)

Important role of Bio Energy with CCS 
(BECCS) and Direct Air CCS (DACCS)

Without CCS, residual emissions cannot be 
offset



Volume of carbon sequestration

• 64 - 143 Mt CO2/year need
to be stored

• Cost: 0.9 – 1.9 bn/year

• All large-scale CCS plants
are near Carbon Storage
Terminals

• Main sources
– Reformers (ATR with CCS)

– BECCS (H2)

– DACCS

– Power generation (gas & 
biomass with CCS)

• Most of the carbon captured 
in H2 production processes 
(ATR+BECCS) and DACCS
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Optimal portfolio of electricity 
generation technologies 8

• DACCS, BECCS reduce 

the need for firm low 

carbon generation 

allowing higher share of 

(variable) renewable 

generation

• CCS generation capacity 

between 0 - 8 GW

• Sufficient firm generation 

capacity is provided to 

meet the peak demand 

(low RES during the 

highest demand)

• High electricity storage 

requirement in ELEC



Hydrogen energy production
9

• Most of H2 production from methane 

reformers; the rest from bioenergy 

and electrolysers.
• Subject to CCS availability

• H2 production technologies compete

each other.

• Trade-off between cost and 

efficiency

• Synergy between methane reformers 

and electrolysers

• Cost of methane reformers is 

lower but electrolysers can 

reduce curtailment of low-

carbon energy.

• Optimal allocation of BECCS (H2)

considering the synergy with the 

wider energy system since the 

resources are limited



Load factor of ATR+CCS, 
BECCS (H2) and electrolysers 10

Cost of BECCS is high but it provides negative emissions. This leads to a high 
load factor. ATR+CCS provides energy balancing together with H2 storage.



Direct Air Carbon 
Capture and Storage

• Two heating 
technologies for 
DACCS
– Hydrogen*

– Electricity

• DACCS portfolio is
optimised in each
pathway

• Load factor: 78%-86%

* not selected in these cases
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Impact of flexibility on emissions 
and DACCS requirements 12

Flexibility tends (not always) to reduce emissions and DACCS requirements



Role and value of DACCS: 
Impact on system costs 13

In a low-flex system, without DACCS, significant investment in low-carbon technologies, electricity network, 
hydrogen system and higher electric heating appliances will be needed. Total cost: £22bn/year

Improving flexibility reduces the need for DACCS, and the system cost increases £1bn/year without DACCS.



14

Producing hydrogen from renewables only and no CCS will cost the system 18 –
19 £bn/year more. Flexibility does not reduce the impact of green hydrogen only.

Impact of deploying green 
hydrogen and no CCS
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Significant increase in electricity demand because of electrolysers.
Substantial increase in RES.

Deploying only green hydrogen and 
no CCS: impact on electricity demand 

and generation



Deploying only green hydrogen 
and no CCS: impact on H2 system
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In low flex, 92 TWh increase in H2 storage capacity requirement to meet the hydrogen demand 

particularly in winter due to the seasonal heat demand. In a high flex, no CCS increases 76 TWh 

additional hydrogen storage.



Impact of offsetting 50Mt carbon 
on annual system costs 17

Counterfactual: without the need to offset

Cost of having 50Mt is 4 – 5.3 £bn/year.

It requires more low-carbon generation, DACCS, 

hydrogen production capacity, electrolysers and carbon 

storage. Increased low-carbon gen reduces electricity 

and gas opex



System benefits of using heat from nuclear 
for DACCS applications

Nuclear heat increases DACCS capacity and shift all electricity-heat DACCS to nuke heat DACCS.

Savings: £500m /year



System benefits of using heat from 
nuclear for DACCS applications/2
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DACCS

Opex electricity 
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Utilising nuclear’s waste heat for DACCS allows more DACCS to be deployed.
Less low-carbon generation cost and distribution reinforcement cost due to a higher usage of 
gas boilers (as the emissions can be offset by DACCS)
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Sensitivity studies regarding DACCS
application /1

Total system cost

Cost of DACCS:
Low: £44.4/tCO2
Medium: £88.8/tCO2 
High: £133.2/tCO2
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Annual carbon emissions

Sensitivity studies regarding DACCS 
application /2



Key findings
• CCS is vital technology for climate mitigation

– CCS allows BECCS and DACCS to offset emissions to achieve net-zero cost-
effectively

• Net-zero target cannot be met cost-effectively without CCS
– No CCS results in extra £19bn/year to build more low-carbon generation, 

electrolysers, and hydrogen network plus storage

– CCS technologies with negative emissions allow use of low-cost but high-carbon 
content technology (low volume), e.g. hybrid heating and unabated gas-power 
generation

• Drivers for CCS
– Offsetting emissions from “hard-to-decarbonised” sectors

– Large hydrogen demand (e.g. H2 pathway)
• Large applications of CCS in hydrogen production (ATR+CCS, BECCS H2) and DACCS

– Flexibility reduces the need for green hydrogen, allowing more blue hydrogen but 
flexibility also reduces DACCS and the need for gas CCS (power)

– Low-cost energy sources to be paired with the CCS (e.g. nuclear-heat for DACCS)

• CCS competes with other low-carbon and flexible technologies
– The modelling results are sensitive to the assumptions (especially costs)

• CCS is part of the future low-carbon technologies that need to be 
integrated and optimised from the whole-system perspective
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