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Seven 2050 Net Zero pathways were released by key players in

the Energy Systems community in 2019/2020 following UK s 88
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Energy Systems Catapult

* ‘Leading the Way’ (FES-LTW) A -
 ‘System Transformation’ (FES-ST) Centre for Alternative -l
. ‘Consumer Transformation’ (FES-CT)  Technology, 'Zero Carbon
Britain’
* ‘Zero Carbon Britain’
(CAT-ZCB)

* ‘Clockwork’ (ESC-Q)

* ‘Patchwork’ (ESC-P)
Climate Change Committee,

"Sixth Carbon Budget”
* ‘Balanced’ (CCC-B)



Comparing Net Zero pathways can give us insights into
what the energy systems community thinks and help us
analyse relative risk
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Pathways generally trade more drastic behavioural & technological changes
off in some sectors with less drastic changes in others N
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(Less drastic) (More drastic)
LEVEL OF CHANGE, NOW TO 2050

Retrofits offset by warmer Retrofits and building Retrofits and improved O More targeted O Retrofits = heat
HEATING inside temperatures > noO standards = heat O efficiency =2 heat retrofits = heat demand \, 29% O
change in demand demand \,12% demand |, 16% demand ,27% O
O } Car ownership Autonomous vehicles Increased public/active transport moda/c sharq/ 1% Car miles 113%
continues to lead to reduction in armiies o I 9 ’
TRANSPORT O increase O number of cars O O , O aw;;/;n growth-limited O Air miles \, 66%
Aviation growth limited to 20% to ’
. Industrial energy Varying levels of efficiency improvements Circular E
Industrial energy ' : - hergy
1 0, .
INDUSTRY demand T 11% demand | QAO O O O O economies O demand falls
T 0,
Demand reductions save' 12 TWh/yr by 33%

Tree planting expands to Rapid expansion ;

300 km2/yr 220 TwhyyrO O]f’ oo p,ant,.n ZZObT.Wh/ " UK woodland. 250 TWh/yr 270 Twh/yr _A_) 230 TWh/yr biomass,

LAND USE O biomassO —505km2/gr O lomass 118% biomass biomass O/ UK woodland 1~100%
140 TWh/yr biomass y
250 TWh/yr
ELECTRICITY 489CT‘>/Vh/W 565 &V)Vh/yr 579 &V)Vh/yr 638 T<V5h/yr e 743 TWh/yr 780 TWh/yr 840 TWh/yr
DE D
MAN T51% N75% N79% ™98% N130% MN141% T160%

HYDROGEN 100 TWh/yr 152 TWh/yr 185 TWh/yr 225 TWh/yr 235 TWh/yr 250 TWh/yr 591 TWh/yr
DEMAND
GHG Afforestation & peat CCs applied CCS capture ral:e limited to 95% BECCS removes 49 ~ BECCS removes 52 BECCS removes 61 DACCS scaled up CCS capture rate

: 1  BECCS removes MtCO,/yr(() MLCO/yr mtco/yr(C) to 25 MtCO,/ .
REMOVALS restoration removes O to heavy O v /Y1 ' 2 ' 0 : yro reaches 99%

47 MtCO,/yr industries Y CCS capture rate reaches 97% CCS applied to heavy industries

Little behaviour Uptake of flexible demand Car miles continue to  Shifts to public/active Car miles ,17% More public/active Meat & dairy |, 58%
LIFESTYLE change O technologies O grow O transportO O transport O O (beef 1,92%)
CHANGE Meat and dairy Meat \,34%, Meat & dairy ation d dfall
$.20% dairy 4.19% 150% Aviation demand falls

(OESC-C (O ESC-P O FES-LTW O FES-ST (OFES-CT (O CAT-ZCB Occe-B



Major fuel switching will occur in all sectors, but fossil fuels to be
used in aviation in 2050 in 6/7 pathways

ELECTRICITY HYDROGEN

O O O Majority heat pumps & O Majority hydrogen boilers
HEAT district heat; hydrogen for

O O O winter peaks

Universityof
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FOSSIL FUELS

100% cars are O O O

CARS EVs by 2050 O O 8 235905% cars are EVs by

Mixture of O O

|

HEAVY ROAD electric and O HGVS are predominantly
TRANSPORT hydrogen Havs O @ o hydrogen
Synthetic jet fuel made from Long-haul aviation relies on O Aviation still
AVIATION 9% of aircraft miles (short haul) is y hydiogen and biomass biofuel (17%) and synthetic jet reliant on fossil
flown in hybrid electric aircraft fuel (8%) ﬁ O O fuels
O Shippi Ily reliant on hyd
Hydrogen converted to O O }/ ipping fully reliant on hydrogen
SHIPPING ammonia for shipping fuel O O O Synthetic hydrocarbon fuel made from
O/'/'/ hydrogen and biomass
68-89% fuel switch to 54% fuel Electricity, hydrogen and CCS have o
electricity; remainder is O switch to roughly equal shares in emissions Majority .hydr ogen, .
INDUSTRY hydrogen/synthetic fuel & O hydrogen; O reduction O O some reliance on fossil
biomass O remainder is fuels
electricity &
biomass
O ESC-C O ESC-P O FES-LTW O FES-ST O FES-CT © CAT-zCB O ccc-B



Electricity and hydrogen are important energy vectors in all Net

Zero pathways

Electricity Mix
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Offshore wind is majority
in 6/7 scenarios
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Electrolysis is the
largest production
method in 5/7
scenarios



We revisited a key text in the field to update numbers on

efficiencies, technologies and space constraints — to

find out if it's possible to do this

“THIS BOOK IS A
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TOUR DE FORCE ... lan D fan N lan L lan G Jan E
AS A WORK OF plan plan plan plan plan
POPULAR SCIENGE _ Solar in
IT IS EXEMPLARY” Clean coal. Solar in xif’;lrg deserts: 7
16 kWhid deserts: ; [ Tide:37 |
16 kWhid
20 kWhid
“THIS IS TO e Wavea .
ENERGY AND CLIMATE Nugclear: Clean coal: _ Hydro:02 ﬂiﬁlﬁi
3 = L
IS T0 ECONOMICS” B N D ———
16 kWhid Pumped
. Tdess7 | Tidesz | heat
VWave: 2 MNuclear: Wave2 12 kWh/d
Hydro: 0.2 10 kWh/d Hydro: 0.2 ‘Wood: 5 kWh/d | Tide: 0.7
Waste: 1.1 Tide: 1 kWhid Waste: 1.1 Solar HW: 1 Hvdro: 0.2
= ' :.-' G
Pumped Hydro: 0.2 kWhid Pumped Hicfuels: 3 Waste: 1.1
heat: Waste: 1.1 kWh/id heat: [ PV: 3 | . -
12kWhid 12 kWhid umpe
a5 E— Pumped | healugt:
Wood: 5 kWh/d heat: Wood: 5 kWh/d 12 kWhid
. Solar HW: 1 12 kWh/d Solar HW: 1 Wood:5 kWhid
S — . od:
WITHOUT THE HOT AIR Biofisels: 2 Wood: 5 kWh/d Biofitels: 2 o F—
CPVEIKWRI | oo Hws1kwhd L PVed ] — “;m'
[ i el
Wind: 8 kWh/d| Bichels: TEWhid Wind: 8 m— :
Wind: 2 KWh/d Wind: 4

David JC MacKay




Renewable resource outstrips the UK's projected 2050
electricity demand by a factor 12—20 A
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10000 9707
9000 Same approach, but with
updated numbers and new
8ooo assumptions
7000
» 6000 _
< What David MacKay
< 5000 _
= estimated we could
I_ 3603 " [
4000 practically generate using
3000 the UK’s renewable
resources
2000
840
1000 323 489 . 121
o - ] —
UK electricity UK electricity UK electricity UK renewable UK renewable UK renewable
demand, 2019 demand, 2050 demand, 2050 generation,  resources, resources,

(low) (high) 2019 2008 estimate 2021 estimate



The increase in resource is due to increases in solar PV
efficiency and the viability of floating offshore wind -

and despite a reduction in land for biomass
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MacKay (2008) Dixon et al. (2021)

Efficiency of solar PV
=10%

Offshore wind
constrained to fixed

installations, depth <
50 m

75% of the total UK
land area could be
dedicated to growing
energy crops

tAverage efficiency of crystalline silicon PV cells in 2019 (representing 95% of global installation) (IRENA, 2019)
24.3 GW pipeline of global floating offshore projects as of 2019 (Hannon et al., 2019)
3Set by the CCC in 2018 Biomass in a low-carbon economy report

Efficiency of solar PV
= 18%!

Floating offshore
wind is a viable
technology?

7% of current UK
agricultural land area
for energy crop
cultivation3
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We can infer some (hopefully) useful conclusions from
the comparison of these pathways 2 T
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* Technology and behavioural change are at a
trade-off:

* Pathways that reI?l on little behavioural
change to 2050 rely on significant changes in
technology

* Pathways that reIPl on significant behavioural
change to 2050 rely on less significant changes
in technology

* Electricity and hydrogen are important
energy carriers across all pathways

* Emissions removals are needed in all
pathways

* DACCS, BECCS, afforestation, peatland
restoration

* Aviation is not allowed to grow more than
25% in any pathway




More information can be found in our open access(!) paper

Renewable and Sustainable Energy Transition 2 (2022) 100016

Contents lists available at ScienceDirect
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journal homepage: www.elsevier.com/locate/rset
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Which way to net zero? a comparative analysis of seven UK 2050 n
- : Chieck for
decarbonisation pathways e
James Dixon*"*, Keith Bell, Susan Brush®
*Institute for Energy & Environment, University of Strathclyde, 99 George Street, Glasgow G1 IRD, United Kingdom
b Environmental Change Institute, University of Oxford, South Parks Road, Oxford OX1 3QY, United Kingdom
ARTICLE INFO ABSTRACT
Keywords: Since the UK's Net Zero greenhouse gas emissions targel was set in 2019, organisations across the energy systems
Net zero community have released pathways on how we might gel there - which end-use technologies are deployed across

Decarbonisation

each sector of demand, how our fossil fuel-based energy supply would be transferred to low carbon vectors and to
Whole energy system

what extent society must change the way it demands energy services. This paper presents a comparative analysis
between seven published Net Zero pathways for the UK energy system, collected from Energy Systems Catapult,
National Grid ESO, Centre for Alternative Technology and the Climate Change Committee. The key findings
reported are that (i) pathways that rely on less stringent behavioural changes require more ambitious technology
development (and vice versa); (ii) electricity generation will increase by 51-160% to facilitate large-scale fuel-
swilching in heating and transport, the vast majority of which is likely Lo be generated from variable renewable
sources; (iii) hydrogen is an important energy vector in meeting Net Zero for all pathways, providing 100-591
TWh annually by 2050, though the growth in demand is heavily dependent on the extent to which it is used in
supplying heating and transport demand. This paper also presents a re-visited analysis of the potential renewable
electricity generation resource in the UK It was found that the resource for renewable electricity generation
outstrips the UK’s projected 2050 electricity demand by a factor 12-20 depending on the pathway. As made
clear in all seven pathways, large-scale deployment of flexibility and storage is required to match this abundant
resource (o our energy demand.
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