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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

Imperial College

Base scenarios sondon

Annual energy demand

= Domestic electric (non-
transport/heat)

= Non-domestic electric
(non-transport/heat)

» Domestic space heating

= Non-domestic space

243 heating
= Domestic water heating

= Non-domestic water
heating
= Industry low temp heat

= Industry high-temp
heat(H2)
u Transport electric demand

® Other H2 demand (HGV,
shipping, aviation)
u Electric cooling

Total electric: 367 TWh
Total heat and cooling: 657 TWh
Total transport and others: 198 TWh

*Exclude energy demand from electrolysers, reformers, DACCS
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Locations of centralised gas-based

Modelling of technologies hydrogen production plants with CCS
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decarbonisation pathways 5

HHP-NG is the least-cost heat 120
decarbonization pathway

— Would be dependent on the 100
assumptions

— Subject to CCS availability

M R: Electricity Export

mC:DR

M C: District heating

. : — 80
Fixed cost dominated 3 B C: HHP heating
— Reduction of CAPEX, financing cost £ C: Gas heating
will have high impact £
OPEX g W O: NG+H2+CCS
(@]
. . . . E C: H2+CCS+P2G
* Opex of electricity generation is 2 40
small as most of the generators are -:1:: Elt-ecmct
renewables (zero marginal costs) Té .o Eleftridw ¢
. : . E
Sgs opex dominated, especiallyin £ 29 mC. Bttty network
Strong interactions across 1 C: Flectricity generation
different system components Total
— Changes in one vector affect other
vectors -20
— Multi-energy vector planning and H2 ELEC HHP-NG

operation coordination is critical Core
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Figures are in Mt CO,/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): upto 53
— DACCS:upto?7/
— Biomethane combustion offset

Carbon emissions (MtCO2/year)

Carbon emission targets for
energy sector

80
60:
40 |

20 |

20
40 +
60

80 |

Imperial College

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

Without CCS, residual emissions cannot be

offset
Hard
decarbonised
sectors
0 0 50 M Electricity
m Reformers
E= K
N Heat
-53 -53 53
Biomethane
combustion
offset
. - s DACCS
H2 BECCS
H2 | ELEC | HHP-NG

Core

Technologies with negative emissions
allow use of low-cost but high-carbon
content technology (low volume)
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Volume of carbon sequestration

160

= D (0]
o o o

Carbon captured and stored (MtCO,/year)
No
o

ELEC ‘ HHP-NG

Core

M Power

m DACCS

B Reformers

W BECCS

Imperial College

7

64 - 143 Mt CO,/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 (H,)

— DACCS

— Power generation (gas &
biomass with CCS)

Most of the carbon captured
in H, production processes
(ATR+BECCS) and DACCS



@UKCCS

RESEARCH CENTRE

Optimal portfolio of electricity

generation technologies

DACCS, BECCS reduce
the need for firm low
carbon generation
allowing higher share of
(variable) renewable
generation

CCS generation capacity
between O - 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

450 -

Imperial College

400 -+

350 +

300 +

Installed Capacity (GW)

50 -+

g f

250 -+
200 -+
150 -

100 +

B NG OCGT

NG CCGT

[@H2 OCGT

H2 CCGT

Storage

Gas CCS

M Hydro

PV

Onshore Wind

M Offshore Wind

120

M Nuclear
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=~ Hydrogen energy pTOdUCtIOn

700

I * Most of H2 production from methane
600 | reformers; the rest from bioenergy
I and electrolysers.
« Subject to CCS availability

% so0 | [ « H2 production technologies compete
= — each other.

= 69 REECES « Trade-off between cost and

g 0 efficiency

2 » Synergy between methane reformers
5 - W Electrolyser and electrolysers

T « Cost of methane reformers is

E lower but electrolysers can

§ 200 W ATR+CCS reduce curtailment of low-

carbon energy.

« Optimal allocation of BECCS (H2)
considering the synergy with the
wider energy system since the
resources are limited

100

H2 ELEC HHP-NG

Core
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OREEER Load factor of ATR+CCS,  ohcon

BECCS (H2) and electrolysers 10

90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

ELEC HHP-NG

Load factor (%)

Core

B ATR+CCS mBECCSH2 mElectrolyser

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.
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Capture and Storage :

1,200

1000 |  Two heating
: technologies for
DACCS
— Hydrogen*
— Electricity
 DACCS portfolio is
optimised in each
pathway

e Load factor: 78%-86%

800

600 B Hydrogen

B Electricity

DACCS capacity (tCO,/h)

400 +

200 |

* not selected in these cases

B Nuclear heat

H Hydrogen 1 1 2
M Electricity 393 472 971




Carbon emissions (MtCO2/year)
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OrhsE® Impact of flexibility on emissions [Shaon

and DACCS requirements 12

100

6,000
80 -+
- @ Hard 000 i
60 + decarbonised = il
sectors I
40 + B Electricity = i
C S 4000
o L
20 - @] I
£ !
- m Reformers > I
- = ‘O L
0 ' ' ' ' ' g 3,000 | M Hydrogen
C 3 -
-20 + W Heat % i
B F M Electricity
g 200 |
40 - a -
12 . :
C == = Biomethane I
60 +——= = combustion i
: 1,000 |
C 36 offset I
-80 | DACCS I l
-100 i H2 | ELEC |HHP-NG H2 | ELEC |HHP-NG
% 8 % % 8 % = H2 BECCS Low flex High flex
| |
w a w a B Nuclear heat ” Y
= < B Hydrogen 7 677 | 1,697 1 1 2
B Electricity 940 902 | 3,071 | 393 472 971
Low flex High flex

Flexibility tends (not always) to reduce emissions and DACCS requirements
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3,500

3000

Role and value of DACCS:
Impact on system costs
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a 1,000

500
Low cost of High cost of Low cost of High cost of
DACCS DACCS DACCS DACCS
HHP-NG (low flex) HHP-NG (high flex)

1 Hydrogen 897 14 6 0
B Electricity 2,114 0 1,927 0

1 Hydrogen
B Electricity

120

100

Annual system costs (Ebn/year)
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Q
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o
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o
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o

-20

121
99
88
4
11
8
° 5
8
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8 7
6
8
9 4
7
48
32
27
I [ J ] I
Low cost of High costof Low cost of
DACCS DACCS DACCS

HHP-NG (low flex)

Imperial College
London

c B~ o

High cost of
DACCS

HHP-NG (high flex)

13

M R: Electricity Export
mC: DR
M C: District heating
M C: HHP heating
C: Gas heating
W O: NG+H2+CCS
0 C: H24CCS+P2G
B C: Electric
heating+storage
W O: Electricity
M C: Electricity network

M C: Electricity generation

Total

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.
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700

600 |

Annual H, production (TWh HHV)

100 |

500
400

300 |

Impact of deploying green

hydrogen and no CCS

Optimal mix ~ Green hydrogen

Optimal mix

Green hydrogen

H2(low-flex) H2 (high flex)
BATR+CCS ®SOE m Alkaline WPEM mBECCSH2

120 |

100 |

Annual system costs (Ebn/year)

20

-20 L

so |
60 |

a0 |

124

105

48

[ |
Optimal mix Green
hydrogen
H2(low-flex)

Imperial College
London

113

Optimal mix Green

hydrogen
H2 (high flex)

14

M R: Electricity Export
mC: DR
MW C: District heating
B C: HHP heating
C: Gas heating
W O: NG+H2+CCS
I C: H24CCS+P2G
B C: Electric
heating+storage
W O: Electricity
M C: Electricity network

M C: Electricity generation

Total

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.
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. . o London
no CCS: impact on electricity demand
° 15
and generation
1,600 B Net export to Europe 1,600 W Peakers
= [ i
1,400 | " Electricity storage s W CCGT
E I d . 1,400
-g 1,200 M H2 storage - C Storage
£ 1,000 g2
o U B Reformers+BECCS e S H2 OCGT
i .:1 000
_g 800 ® DACCS E - “H2 CCGT
£ 60 5 :
= —
§ B Electrolyser 2 800 -+ s ccs
o 400 B Smart appliance load 8 [
3 _ . 600 M Biomass
c - > i
= 200 ¢ H EV load 9 i
B E 400 | B Hydro
- ¥ B Heat driven load - i
X c X c w r PV
£ 0 £ o ® 200 +
0 0 : S
IS o I = Cooling S i
E 2 = 2 e I W Offshore
el e ) c - .
& c a c M Industrial, Commercial, < o0 Wind
g § and Residential* Optimalmix| Green |Optimal mix| Green E Or.IShore
0 O | *Eclude hydrogen hydrogen Wind
H2(low-flex) H2 (high flex) transport/heat/appliances H2(low-flex) H2 (high flex) W Nuclear

Significant increase in electricity demand because of electrolysers.
Substantial increase in RES.
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H2 production capacity (GW HHV)

RESEARCH CENTRE
. London
and no CCS: impact on H2 system
140 [ 1200
10 | 100.0 |
I o i
10 @ 80.0 |
I 5 I
I b I
L (7] L
80 o~ -
- I 60.0
I — I
L o L
I - I
60 L
; E 400 |
w0 | j
i 20.0
d | _
| oo [ R
I Optimal mix  Green  Optimal mix  Green
i hydrogen hydrogen
Optimal mix Green hydrogen Optimal mix Green hydrogen
H2(low-flex) H2 (high flex)

H2(low-flex) H2 (high flex)

B Underground H2 storage M Overground H2 storage
BATR+CCS MElectrolyser M BECCS H2

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.

16
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@WKEE Impact of offsetting 50Mt carbon Imperial College
on annual system costs .

8.0 r R: Electricity Export
120 - r C:DR
L il C: HHP
L 105 r C: DH (conversion)
L 100 i 7 C: DH (appliance)
L & R: Electricity Export 6.0 r M C: DH (network)
100 - 95 91 - Hlectricity Expo i 0: H2 import
L n " = i 5.29 C: End-use conversion
L “ BC: DR g. ¥l C: Gas network
£ 40 I —_— @ C: H2 boiler
B C: District heating = ' NN C: NG boiler
T 80 43 *_\\ £10: NG boiler
@® o N 0 0:H2 storage
G>'). B C: HHP heating ; ' @ O: ATR+Bio
< g . AR _
c 2 30 |  C:Carbon storage
-LE C: Gas heating o ’ C:CCS network
'; 60 © C:H2 storage
e . 2 £ C:H2 network
o] B O: NG+H2+CCS & M C: Electrolysis
v = P C: ATR+Bio
GE_, W C: H2+CCS4P2G 630 ’ C: Decom. gas distribution
2 40 g C: DACCS
> . <= C: Heat storage
«n B C: Electric ©
—_ L K C: Storage
© heating+storage a0 | : i S C:RH :
£ B O: Electricity I C: HP
< 20 M O: Electricity
B C: Electricity network ' B C: Distribution
L C: Interconnnection
o . 40 b [ C: Transmission
B C: Electricity generation Need to offset 50Mt CO2 Need to offset 50Mt CO2 M C: Non low-carbon gen
- ; M C: Low carbon gen
H2 (low-flex) H2 (high-flex)
EN Total ¢ Total
Counterfactual: without the need to offset
Cost of having 50Mt is 4 — 5.3 £bn/year.

Need to offset Without Need to offset Without It reqUireS more IQW-Carbon_ generation’ DACCS’
50Mt CO2 50Mt CO2 hydrogen production capacity, electrolysers and carbon
H2 (low-flex) H2 (high-flex) storage. Increased low-carbon gen reduces electricity

and gas opex
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~"'s{jétem benefits of using heat from nuclearl.ondor.
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for DACCS applications

Savings: £500m /year

B Hydrogen
B Electricity

No nuclear heat ‘ Nuclear heat
HHP-NG (high flex)
B Nuclear heat 2,734
H Hydrogen b 16
W Electricity 1,927 10

B Nuclear heat

Carbon emissions (MtCOZ2/year)
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:
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11 Hard decarbonised
sectors

B Electricity

1 Reformers

B Heat

I Biomethane
combustion offset

DACCS

" H2BECCS

13 EE— 2

No nuclear heat Nuclear heat

HHP-NG (high flex)

Nuclear heat increases DACCS capacity and shift all electricity-heat DACCS to nuke heat DACCS.
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25 R: Electricity Export
F C:DR
C: HHP
Opex boilers C: DH (conversion)
C: DH (appliance)
M C: DH (network)
Carbon storage O: H2 Import
C: End-use conversion
C: Gas network
C: H2 boiler
DACCS | C: NG boiler
1 O: NG boiler

Opex electricity [0 0:H2 storage

Non low-carbon 0 O: ATR+Bio
i C:Carbon storage

£ C:CCS network
Low-carbon C:H2 storage

i C:H2 network

M C: Electrolysis
Distribution N C: ATR+Bio

C: Decom. gas distribution

Capex and Opex ATR+CCS C: DACCS
HHP C: Heat storage
L C: Storage
20 BN C:RH

i Export C:HP
r M O: Electricity
25 R

- M C: Distribution
C: Interconnnection
30 L @ C: Transmission

e : h fl mC: -
Utilising nuclear’s waste heat for DACCS allows §n8 eBACCS to be deployed. - g Ton low-carbon gen
: Low carbon gen

Less low-carbon generation cost and distribution reinforcement cost due to a higher usage of  Total
gas boilers (as the emissions can be offset by DACCS)

2.0

15 |

10 |

0.0

1.0 |

Changes in annual system costs (Ebn/year)




Annualised total GB system cost (Ebn/yr)
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Sensitivity studies regarding DACCS

application /1 Cost of DACCS:
Low: £44.4/tCO2
Total system cost Medium: £88.8/tCO2
45 High: £133.2/tCO2
398482 375, 384 192389 4
40 ﬂa37'336.137'136.136-535.8 >36.4_o 31300 5 ¢
35 i 0, 100 0100 0 MO, IR, T ccaPEX & 3
Q
30 m OPEX ST,
Storage CAPEX £ £
29 g "Distr. CAPEX 8w
20 Transm. CAPEX ;'S | e e e e
15 m Interconn. CAPEX %g
0 mGen. CAPEX  § 51
- 24 |24
c
OTotal £352 250960
5 o 9 L~
» © O 32
@ 3 L
] @ o)
Q
£ 4
gL T ETLETETEEEL
5o05o0%5oc%aobfaobo
©5°5°595°935°5
Main High Medium Low  -10 -25 -50 I I I T T I
DAC DAC DAC g/kWh g/kWh g/kWh High Medium Low -10 25  -50
cost cost cost (Low) (Low) (Low) DAC DAC DAC gkWh gkWh g/kWh

cost cost cost (Low) (Low) (Low)
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=S ensitivity studies regarding DACCS

application /2

Annual carbon emissions
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e 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)
e CCS competes with other low-carbon and flexible technologies
— The modelling results are sensitive to the assumptions (especially costs)

* CCSis part of the future low-carbon technologies that need to be
integrated and optimised from the whole-system perspective
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