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Latest insights for a 1.5°C world

Global total net CO2 emissions

Billion tonnes of CO,/yr

In pathways limiting global warming to 1.5°C
with no or limited overshoot as well as in
pathways with a high overshoot, CO2 emissions
are reduced to net zero globally around 2050.

Four illustrative model pathways
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Keyinsights

A veryfastdefossilisatioris neededn anycase

A zeroGHGemissiongn 2050s ill relevanscenarios
A netnegativeCQ, emissiondrom 2050snwards

A 100% REeferencedn in the SR1.5 fothefirst timein IPCChistory
A pleasebeaware a 1.8C scenaricstill impliesloss of mostcoastakitiesin theworld
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Origin of GHG emissions

World GHG Emissions Flow Chart

Secto End Use/Activity Gas

WORLD RESOURCES INSTITUTE

Keyinsights
A Netzeroemissiondgs mandatoryor ALL GH@missions
A Toachievenetzerofor theagriculturabectorandlandusechangess outstandinglifficult
A Consequencg: all energysectors(PowerHeat Transportationindustry) HAVE to gozZero
A Consequenc®: all usageof fossil coal oil, gasneedsto be stopped
A Scientificdebated nneg@tiveemissiortechnologied intessifying
A Afforestatiormayhavea strongimpactas constraintANDopportunity
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ResourcesindEnergyDemand

renewable

Keyinsights
A nolackof energy
SOLAR Natural Gas I‘.eS.OUCGS :
» A limitedconventional
23,000 TWylyear resources
A solarandwindresources
needto bethemajor
Petroleum pillarsof a sustainable
2009 World energy B o
consumption s o energysupply
16 TWylyear '
E . ig 90-300
03 g Remark
2050: 28 TWy | _ A conventionatesources
e raniim mightbelowerthan
depictedby Perez
900
Total reserve
Qi 'mPact of 100% RE on PED and FED source Perez RandPerez M., 2009. A fundamenton energyreservedor the
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SolarPhotovoltaics

PV (fixed optimally-tilted) full load hours (2005)
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The photovoltaic effect

Key insights:

A accessibleeverywheré no resourceconflicts

A highlymodulatechnologyd off-grid, distributedroofs, largescale
A highlearningrateduet simg@dtechnology

A efficiencylimit 86% pestlabefficiency46%bestin markets~20%
A highgrowthrate- >40%ast20yearsd fastcostdecline |
A leastcostelectricitysourcein afastgrowingnumberof regions SR . S =
A 1stkeyenablingechnologyor survivalof humancivilization
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Windenergy

Key insights:

A accessiblen allworldregionsd no
resourceconflicts

A modulatechnology off-grid, community
turbines largescale

A areadyonlowcostleveld388 ctikWh

A leastcostelectricitysourcein wind
resouceaichareas

A Highfull loadhoursdueto 24/harvesting

A 2ndkeyenablingechnologyfor survivalof
humanrcivilization

Source: www.3tier.com




-

BatteriesandEVso Veryhighdynamics
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* Elektrofahrzeuge: ausgewertet wurden Pkw und leichte Nutzfahrzeuge mit ausschliefllich batterieelektrischem
Antrieb oder mit Range Extender sowie Plug-In Hybride.

Key insights:

A BatteriesconvertPV intdflexible24/7technology Sy pattery pack costs (S/kWWh) Global volumes FWR)
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A Flexibleseasonastorageoption

A Globalhydrocarbomownstreaninfrastractureisable

A Mostdifficultsectorsto decarboniseanbemanaged
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A CQ directair captureis partof PtX

A 4th keyenablingechnologyfor survivalof humankind
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Key rationale for electrification: Efficienc st

Electricity Heat Transport

Fossil-fuel condensing power station Gas heating Internal-combustion engine

Losses

Electricity Propulsion

40 % efficiency 85 % efficiency 25 - 40 % efficiency*

Wind/solar energy Heat pumps Electric mobility

Losses

Losses

Electricity

3
(=}
=
[=]
£
(=}
-

100 % efficiency 340 % efficiency 80 % efficiency

* The efficiency of internal-combustion engines in other applications (e.g. maritime transport, engine-driven power plants) can exceed 50 %.
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Preliminary insights f&T towards 100%

Increase of efficiency

Asubstitutionof thermabowerplantsby renewablelectricitywind, PVhydro
Aintroductiorof heatpumpsbasedon renewabl@lectricitywind PVhydrg
Asubstitutionof combustiorroadvehiclesby batteryelectricvehicles
Asubstitutionof thermaldesalinatiory reverseosmosisdesalination

Decreasef efficiency

Acurtailmenbf renewablelectricitygeneration
Astoragdosses(powerheat dailybufferandseasonabalancing
Asynthetiduelsof all kinds

Asyntheticchemicals

Amud ofthe Powetto-X chainis relatedto somdosses

Keyquestion
Aretheefficiencygainshigherthantheadditionalosse%
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100% RE articles in recent years
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Journal articles on 100% RE for regions

Breyer et al.
48 Lund/Mathiesen et al.
Greiner et al.
Jacobson et al.
EDLR
Duic et al.

109

27

H Brown et al.
B Bremen v. et al.
M Sorensen et al.
M Diesendorf et al.
W Agert et al.
ERLI

others

Key insights:

A Researctiield existssinceaboutlOyears

A Mostpublicationsarein hourlyresolution

A Moremultisectopublications

A Europe (FI, DK, DEhist spotof 100% REesearch

A Gapsarein regionakoveragendsectorakcoverage
(industry NET$, temporatange(21stcentury

A Communitgtartsto getimpacton neighbouring
fields(e.g IAMs IPCCutstill ignoredfor major
reports(IEA, IRENA)ostgovernments
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Key diagrams why there will be massive cha s
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Key insights:
massive continued cost decline for solar PV, wind, battery,
electrolysersCQ DAC ' e
massive pressure to eliminate all fossil fuels
massive direct and indirect electrification of all energy sectors and
nonenergetic fossil fuel demand

Four illustrative model pathways
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100% RE for Power Sector

power generation

Solar PV

= Wind
= Hydro

H Geothermal
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Impact of 100% RE on PED and FED elie:l
Bogdanov et al., 2019. Nature Communications, 10, 1077

Christian Breye§ christian.breyer@lut.fi

15

Cl@istianOnRE


https://onlinelibrary.wiley.com/doi/10.1002/pip.2950
https://www.nature.com/articles/s41467-019-08855-1
https://twitter.com/ChristianOnRE

GlobalOverview

~North America

Africa é‘éﬁzﬂ\ﬁ
/
&37

Theworldis structurednto 9majorregions whicharefurtherdividedto 145subregions
Somesubregionsrepresenmorethanonecountry,otherspartsof alargercountry
Thesubregionsareinterconnectedy powerlineswithinthe samecountry
Theresultsshownarefor the Powekleat TransportDesalinatiorsectors
Theenergytransitionscenarias carriedout infull hourlyresolutionfor all energysectors
In total 106 different technologies are applied
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Reports: Europe (COP24), Glghpiil 2019)

Funded by DBU A T TUN
APRIL 2019 é.& MERCATOR

Bothreports are available for download

GLOBAL ENERGY SYSTEM www.energywatchgroup.org
BASED ON 100% RENEWABLE ENERGY

Power, Heat, Transport and Desalination Sectors

Funded by DBU L G
DECEMEER 2018 J MERCATOR

GLOBAL ENERGY SYSTEM BASED ON 100% RENEWABLE ENERGY
Energy Transition in Europe

Across Power, Heat, Transport

and Desalination Sectors

Study by

' brll.ijv-le'rslty SKE;’;HIMY
ENERGYW GROUP ENERGYV/ATCHGROUP
Impact of 100% RE on PED and FED ENERGY GROUP
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Total Primary Energy Demand Shares Qe

2050
Solar PV

B Wind energy

m Hydropower
Geothermal

100% Biomass/Waste

M Fossil Coal

M Fossil Qil

M Fossil Gas
m Nuclear

m Others

Key insights:
TPED shifts from being dominated by coal, oil and gas in 2015 towards solar PV and wind energy
Renewable sources of energy contribute just 22% of TPED in 2015, while in 2050 they supply 100
Solar PV drastically shifts from less than 1% in 2015 to around 69% of primary energy supply by 2
becomes the least cost energy supply source
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Christian Breye§ christian.breyer@]ut.fi Cl@istianOnRE


https://twitter.com/ChristianOnRE

4

Energy Supply opeyo e 1

Electricity Generation Heat Generation
140000 T =ST others 1 1T 1 1 1 1T I Methane CHP
CCGT Il Methane DH
Il oceT B Methane IH
120,000 7 I Methane CHP 50,000 r | M oil cHP
§ I icE I 0il DH
£ 100.000 | I oil CHP = B cil H
Pl I Biomass solid < 40,000 | 1 |l Coal CHP
o [ Biomass CHP = Il Coal DH
b of
S 80,000 - | -W.aste to-energy CHP § Bl csP sF
g Biogas CHP % 30.000 Solar thermal heat
g) I Geothermal electricity E Geothermal heat DH
~ 60,000 | MmcspsT < I Biomass CHP
:E PV fixed tilted o I Biomass DH
= PV single-axis '§ 20,000 |- | |l Biomass IH
3 40,000 - PV prosumers T Il Waste-to-energy CHP
i I Wind onshore Biogas CHP
Elwind offshorel 10,000 | | |l Biogas IH
20,000 - - |l Hydro run-of-river M Electric heating DH
Il Hydro reservoir (dam) Electric heating IH
Il Coal PP hard coal Heat pump DH
Coal CHP 0
2020 2030 2040 2050 = oo 2020 2030 2040 2050 MMHeat pump IH
uclear PP
Years Years

Key insights:
Electricity generation is comprised of demand for all sectors (power, heat, transport, desalination)
Solar PV supply increases from 32% in 2030 to about 73% in 2050 becoming the main energy soL
Wind energy increases to 43% by 2030 and steadily declines to about 20% till 2050
Heat pumps play a significant role in the heat sector with a share of over 40% of heat generation b
coming from heat pumps on district and individual levels with some sharefossigas anthiomass
basedheating

Gasbased heating decreases through the transition from above 40% in 2015 to around 11% by 20

19 Impact of 100% RE on PED and FED ENERGY GROUP
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Energy System Cost
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Key insights:

Utility-scale and prosumer batteries contribute a major share of the electricity storage output with
92% by 2050

Pumped hydro energy storage and compressed air energy storage contribute through the transiti
Thermal energy storage emerges as the most relevant heat storage technology with about 61% c
storage output by 2050

Gas storage contributes around 39% of the heat storage output in 2050 covering predominantly s
demand, which was covered by fossil gas before 2050
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Sectoral Outlook
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Key insights:

A The final transport passenger demand increases fi

around 50.8 millionkm to around 150.8 milliotkim

A The final transport freight demand also increases 1

around 110 millioskim to around 330 millio&r

A Whereas, the final energy demand for overall tran:

increases slightly from 34,000 TWh/a in 2015 to 3!
TWh/a by 2050, enabled by high efficiency of elec
vehicles

A Marine freight is aligned to the scenario with a dra

decline in fuels transportation during the transition

292 Impact of 100% RE on PED and FED
Christian Breyeg christian.breyer@Iut.figé

ENERGYWATCHGROUP

Cl@istianOnRE


https://twitter.com/ChristianOnRE

Sectoral Outlook

Open your mind. LUT.

Transpord Road Demand
= I LDV - BEV - electricity 12.000 - T T T T T | [ MDV - BEV - electricity
E 16,000 - - | LDV - FCEV - hydrogen = [ MDV - FCEV - hydrogen
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b 14.000 | i LDV - PHEV - electricity —_ MDYV - PHEV - electricity
o I LDV - PHEV - liquid fuels £ 10,000 | | MDV - PHEV - liquid fuels
@ [ BUS - BEV - electricity 2 [ HDV - BEV - electricity
@ 12,000 - 1 |M BUS - FCEV - hydrogen E I HDV - FCEV - hydrogen
Q Bl BUS - ICE - liquid fuels T 8,000 1 |IMM@HDV - ICE - liquid fuels
8 10,000 - | BUS - PHEV - electricity o I HDV - PHEV - electricity
o Bl BUS - PHEV - liquid fuels . B HDV - PHEYV - liquid fuels
' | EE2W/3W - BEV - electricity T 6.000"
- 8,000 . c
= I 2W/3W - ICE - liquid fuels £
: g
g 6,000 > 4,000 -
> o
2 4,000 2
o = 2,000
= 2,000 2
< [T
£
0 0
2020 2030 2040 2050 2020 2030 2040 2050
Years Years
Key insights:

The final energy demand for road passengers decreases significantly from around 14,500 TWh
2015 to just around 8000 TWh by 2050

The final energy demand for road freight decreases substantially from around 11,500 TWh in 2
around 7700 TWh by 2050

The significant decrease in final energy demand for overall road transport is primarily driven by
massive electrification
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Sectoral Outlook
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Open your mind. LUT.

Lappeenranta
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Key insights:

The final energy demand for rail transport increases
around 860 TWh in 2015 to around 1100 TWh by 20
The final energy demand for marine transport increa
steadily from around 3600 TWh in 2015 to around 9(
TWh by 2050

The final energy demand for aviation transport incre:
significantly from nearly 3000 TWh in 2015 to arount
8800 TWh by 2050

2020 2030 2040 2050
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Sectoral Outlook &

Open your mind. LUT.

Transpord Defossilisatiomnd Electrification
40,000 T T T T T T T n| — 100 . '
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= 35,000 E 90 - Hydrogen
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t Z 80 Liquid fuels - renewable
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@ 5 70
£ 25,000 b 60 - .
5 o :
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E 15,000 —— g 4a0r
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E 5,000 Liquid fuels - renewable e 10

Liquid fuels - fossil %

0 20é0 V 2030 J 2040 2050 0 I 20‘20 | 20‘30 | 20‘40 | 20‘50
Years Years

T . Key insights:
% 50,000 | Eicciritty indirect - ydrogen - RE Fossil fuel consumption in transport is observed to decli
] N Electricity indirect - methane - - .
2. 45000 [ vty ndect i e - RE through the transition from about 97% in 2015 to zero b
£ Liquid fuels produced by renewable electricity contribute
ERN around 31% of the final energy demand in 2050
2 25000 - Hydrogen constitutes more than 26% of final energy delr
2 20,000 —1— in 2050
E 15000 Electrification of the transport sector creates an electrici
g demand of around 50,000 T\01 2050
‘= 5,000 . . . . .
g -] 1 111 Massive demand for liquid fuels kicks in from 2040 onw:
u 2020 203Y|I)Ears 2040 2050 up to 2050
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Key insights:

A DAC capex decline is driven by learning rat&58) anc
capacity demand

A Half of DAC capacity demand can be expected from
energy system

A Half of DAC capacity demand can be expected from

A DAC business will become most likely a triple digit bi
industry by 2050

€te o,

26 Impact of 100% RE on PED and FED source Fasihi M., et al., 2038urnal of Clean@roduction 224, 95980 Breyer et al., 201ditigation and
Christian Breyef, christian.breyer@]ut.fi Adaptation Strateqgies for Global Chaagkne; Breyer et al., 201®ule, 3, 2053057
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Sectoral Outlook

Open your mind. LUT.

Transpord AnnualEnergyCosts
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C
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Key insights:

The total annual energy costs for transport are inthe range-@f199® b G t hr ough t

with a slight increase from around 2090 bda |
Road transport forms a major share of the costs in the initial years up to 2030, beyond which the &
mode dominates the share of costs as cost in the road mode declines through the transition up to
Rail and marine mode costs renmagre steadyhrough the transition

Annual system costs transit from being heavily dominated by fuel costs in 2015 to a very diverse s
costs across various technologies for electricity, synthetic fuels and sustainable biofuel production
FT units produce naphtha asgmgduct, which is included in overall system costs but not in transport
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GHG Emissions Reduction

R Key insights:

— L GHG emissions can be reduced from around 30,000

W Desalination MtCQ,4in 2015 to zero by 2050 across all energy sec
The remaining cumulative GHG emissions comprise

around 422 GtGQfrom 2018 to 2050.

The presented 100% RE scenario for the global ener

sector is compatible with the Paris Agreement f&@ 1.5

Deep defossilisation of the power and heat sectors is

possible by 2030, while the transport seclagging

and a massive decline of emissions is possible beyor
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Regional Variation in 2050

PN > <;+;?3;7%£§} o = R **‘g\-—/;\§
7 W %
£ ) B : el g
f , S o
g AW !
\} o )
A4
I‘
3
e
p
/}"‘./
&
|
Solar PV Wind turbines Hydro power Technologies mix
based system based system based system based system

Key insights:
Solar PV dominates most of regions around the world and particularly in the Sun Belt
Wind energy drives systems in the Northern and Southern hemispheres with excellent wind
conditions and lacking seasonal solar energy
Some regions are further complemented with hydropower to form a mixed system
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Cpen your mind. LUT.

Comparison tdeskéDLRet al. and Jacobson et e

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

0%

160 000
140 000
120 000
=
100 000
S 80000
&
% 60000
a
40000
20000
o

mTeskeetal. mJacboson etal.

Total Primary and Final Energy Demand

;so

£ 70
E
G
S 30
3

Teske et al. Breyer et al.

= TPED [TWh] TFED [TWh]

4 X 5
G
& 9
& «©
&
%
Breyer et al.

cost for all energy and electricity

Teske etal.

Jacboson et al.

m all energy electricity

Breyer et al.

c:

C:

All three leading highly renewat
energy scenarios agree that its
possible

Breyer et al. find the highest sol
PV demand

PV capex relevant for results
Optimisatiorvs simulation
modeling relevant
Fulloptimisatiorand realistic cos
lead to least cost solutions
Energy demand projections van
Without bioenergy would be
possible (Jacobson et al.)

CSP is still under discussion,
howevercosicgp™> COShypattery
studies available as articles (pe
reviewed), and reports/ books
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Overview on transport sector transition [

TFED share in 2050 *

Source P“k;:iec::ion Unit 2015 2020 2025 2030 2035 2040 2045 2050 fossils  biofuels synfuels electricit
this study 2019 TWh/a 31613 34799 35848 35609 33761 32177 31758 32542 0 % 1% 63 % 35%
Greenpeace [E]R 2015 TWh/a - 26129 25599 25070 - 21808 - 19159 29 % 14 % 20 % 38 %
Greenpeace [E]R adv. 2015 TWh/a - 25850 24897 23207 - 18020 - 14836 0 % 14 % 35 % 51 %
Teske, 1.5 °C 2019 TWh/a 30752 - 29411 25606 - 19604 - 17001 0 % 16 % 36 % 48 %
Teske, 2 °C 2019 TWh/a 30752 - 26142 20371 - 15919 - 14279 0 % 25% 29 % 46 %
Jacobson et al. 2018 TWh/a - - - - - - - 13113 0% 0% 33 % 67 %
Lofler et al. 2017 TWh/a 31298 32434 28910 24069 20258 16706 13326 10414 0 15 % 44 % 41 %
Pursiheimo et al. 2019 TWh/a - - - - - - - 23480 0% 30 % 33 % 37 %
Garcia-Olivares et al. 2018 TWh/a - - - - - - - 28383 n/a n/a n/a n/a
WWF / Deng et al. 2011 TWh/a 29102 29598 28714 25940 24420 19533 17998 17741 0 % 74 % 0% 26 %
World Energy Council 2016 TWh/a - 31842 - 35471 - 37018 - 37169 77 % 15 % 2% 6 %
DNV GL 2018 TWh/a 29513 30555 31945 31388 30555 28472 25694 25000 42 % 16 % 2% 40 %
IEA, WEO NPS 2018 TWh/a 31308 - 36564 38530 40088 42065 - - 90 % 6 % 0% 4 %
IEA, WEO SDS 2018 TWh/a 31308 - 34250 33668 - 30703 - - 73 % 13 % 0% 14 %
Luderer et al. B200 2018 TWh/a - - - - - - - 31945 32 % 29 % 18 % 21 %
Luderer et al. B800 2018 TWh/a - - - - - - - 36110 47 % 26 % 12 % 15 %
Shell, Sky 2018 TWh/a 30812 33019 34989 34611 36290 37686 38837 40630 67 % 13 % 2% 18 %
BP Energy Outlook 2019 TWh/a 29656 32564 34890 36053 37216 37099 - - 89 % 7% 0% 4%
ExxonMobil 2017 TWh/a 32530 - 36633 - - 40736 - - 94 % 4 % 0% 2%
US DoE EIA 2017 TWh/a 32823 33703 35168 37806 40736 44400 - - 98 % 0% ** 0% 2%

A no consolidated view on transport sector transition: range from US DoE (98% fossils) to 100%
A different bets on biofuels, but many do not factor in sustainability limits

A syntheticfuels is still very often only hydrogen

A LUT has the highest synthetic fuel share among all groups in the world

A IEA deserves massive pressure from civil society, but also IPCC for being laggard in progressi

X A Oil majors will go for bankruptcy, if they follow their own sced#wioShell might be hope




A

Open your mind. LUT.

Role of Sector Coupling

Key insights:
A Powetto-X is the central element of a future energy system, since electricity |
universal platform
A Electricithased hydrogen emerges td'thel@/ant energy carrier (for fuels, cher
A Flexibility in the energy system is key:
A Supply response (hydro reservoirs, bioenergy) for indirect balancing of so
A Grid interconnectidngarticular foalancing wind energy
A Smart demand response: BEV (smart charging, V2G), helatpotygsts
A Storage (hours, days, weeks, seasons; electricity, heat, fuels)
A Crossborderintegratiormaybelessimportanthancrosssectorakcostreduction
A Efficient sector coupling substantially reduces curtailment
A Lowcapex batteries and-taweyelectrolyseese key for the energy transition
A No flexibility from QiDect air capture unitstobK synthesis and desalination
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Methodology
PtGLNG Value Chain Energy Flow & Mass Balance

Open your mind. LUT.

Lappeenranta

Power-to-Gas--LNG (2030)
= RE [kWh] 1 PtGeff.: 64%

= H2 [kWh] Heat I LNGvaluechain eff.: 90%

= Water [kg]
= CO2 [kg] Exchanger

= HT Heat [KWh]
= 02 [kg]

= LNG [kWh]

= SIS Liawhl RE: 26 kWh

= LT Heat [kWh] : .

= Scawater [kg] r \ Heat: 170 kWh

= Water Loss [kg] — 87% of energyemand
= Heat [kWh] co2 supplied byexcess heat
— Heat Loss [kWh]

= Carbon loss [kg] DAC
= Extra Heat [kWh]

x Overall efficiency: 57%

Heat Loss: 24 kWh
Extra Heat: 6 kWh

LT Heat: 78 kWh

A Oxygen available for potential
market

HT Heat: 118 kWh

CO2: 113 kg Heat Loss: 63 KWh

= Liquefaction

Methanation

Electrolysis

LNG: 593 kWh

Heat Loss: 78 kWh
02: 165 kg
Water Loss: 4 kg

Shipping

LNG: 581 kWh

Almost all watetemand
supplied byDAC &
methanation

RE: 0 kWh

Regasification

>

SNG: 573 kWh

Seawater

13 kg 6 kg

SWRO

*LT: low temperature *HT: high temperature *WSstar@ge *SWRO: Sea Water Re@ss#0sis
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Methodology
PtLEnergy Flow & Mass Balance

Power-to-Liquids (2030)

= RE [kWh]
= Water [kg]

= 02 [kg]

= LT Heat [kWh]
= Sea Water [kg]
= Water Loss [kg]

= Heat [kWh] _
= Heat Loss [kWh] Heat Loss: 25 kWh

= HT Heat [kWh] Extra Heat: 11 kWh

= CO2 [kg] —BE:34 kiNh \ Heat: 224 kWh
= H2 [kWh]

= Syngas [kg] 87% of energy demand
= Syncrude [kg] ggé supplied by excess heat
= Diesel [kWh]

= Naphtha [kWh]
= Jet fuel [kWh]

= Extra Heat [kWh]

= Carbon loss [kg]
= LFG [kg] Heatat800'C| Gas LFG: 2 kg

o Heatat 800°'C burner
[kWh]
= Extra Water [kg] Carbon |
_/— arbon loss

storage

Heat
Exchanger

LT Heat: 77 kWh

HT Heat: 183 kWh

Water: 122 kg
CO2: 149 kg

RE

Electrolysis

Heat Loss:[@7 kWh
02: 163 kg
Water Lossii4 kg

H2

RE: 0 kWh

Water: 188 kg
Water: 60 kg
Water: 54 kg

v

=
7

Seawater 0 kg
0 kg ~—

;

Carbon loss

Open your mind. LUT.

Lappeenranta

T PtH2 eff.: 84% (HHV)
T H2tL eff.: 65% (HHV)

x Overall efficiency: 53% (HF

A Oxygen available for
potential market

42 kg

Naphtha: 74 kWh
Jet fuel: 134 kWh

~ Diesel: 319 kWh

Carbon loss

Hydrocracker

RE: Renewable Electricity LT: low temperature HT: high temperature WS: water storage

Nodesalinationdemand Extra Water: 48 kg SWRO: Sea Water Reverse Osmosis RWGS: Rever@a®/ateft LFG: Light Fuel Gases

Impact of 100% RE on PED and FED source: Fasihi et al., 2016, TecHhmonomic Assessment of Poset iquids Ptl) Fuels Productior

34

Christian Breyeg christian.breyer@Iut.fi Cl@ and Global Trading Based on Hybrid\W] Power Plants, Energy Procedia, 926813


https://twitter.com/ChristianOnRE
https://www.sciencedirect.com/science/article/pii/S1876610216310761

Methodology

Open your mind. LUT.

PtMeOHDME Energy Flow & Mass Balance

Power-to-MeOH/DME (2030)

= RE [kWh] ( "\ Abbreviations:
= Water [kg] DAC: Direct Air Capture
= 02 [kg] 31 kWh Heat Ex.: Heat Exchanger
= Sea Water [k RE: Renewable Electricity
_ W(’aat aL Sl z] 53 kWh Heat 160 kWh Heat 208 kWh DAC é SWRO: Seawater Reverse Osmosis
ater Loss [kg] ( Pump Ex. X% | WS: Water Storage
= Heat [kWh] > <
= X
Heat Loss [kWh] £ HeatLoss: 23 kWh =
= €02 [kg] 2 e
= H2 [kWh] o &
= Carbon loss [kg] 8
MeOH / DME 95 kg MeOH
RE AEC Synthesis [#00 - or-—-—
Plant 68 kg DME
174 kg

Heat Loss: 72 kWh
~—— Carbon loss
02: 151 kg Heat Loss

Seawater 1 kWh
387 kg SWRO Water Loss: 3 kg Water Loss

Electrolysers the main electricity consumer I Oxygen available feale on respective,@arkets

PtH eff.: 84% (HHV) I Heat pump decreases direct electricity consumption

1 PtMeOHbverall efficiency ef60.40 (HHY
I PtDMBbverall efficiency eff60.5% (HHV)
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Methodology
PtNH Energy Flow & Mass Balance

Open your mind. LUT.

Lappeenranta

Power-to-Ammonia (2030)

RE: 81 kWh

Air Seperation Unit

(2
‘0
RE %‘ H2 & N2 Compressors NH3: 655 kWh
5 (105 kg)
o Ammonia synthesis
e H2
- g storage Heat Loss
[=2]
2 =
i £ LT Heat: 74 kWh = RE [kWh] = Water Loss [kg]
= Heat Loss: 74 kWh = Water [kg] = Heat Loss [kWh]
397 kg SWRO = LT Heat [kWh] = Carbon loss [kg]
Water Loss: 4 kg = Sea Water [kg] = NH3 [kKWh]
RE: Renewable Electricity LT: low temperature :Sa&R®ater Rever®smosis
I Electrolysers the main electricity consumer 1 Oxygeravailable fosale on respective,@arkets
1 PtH eff.: 81% (HHV) 1 Excesautilisableheat available froelectrolyseand
1 PtNH overalleff.: 65.86(HHY synthesis plant
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PtX o
Open your mind. LUT.

Costof Poweto-FuelChemicaDptions

Lappeenranta

Fuels and Chemicals Production Cost in 2030 (7% WACC)
120

100

80 Range of

fossil fuels
z 57 - e
i 60
< =1 =
é 42 E g 5 [}] (] ()
S a0 36 s g s < < <
= S = o S S
2 5 5 2 5 5 5
= =
20 ® - v'e 3 3 g
o N ~
N (3]
0
RE H2 LH2 SNG LNG SNG at dest. GtL PtL MeOH DME NH3

Forconditionsin Patagonia
SNGandPtGGtLarethecheapesandthemostexpensivesyntheticfuel,respectively
the productioncost of REdiesel,REmethanoland REDMEare close to eachother, howeverthe fuekparity
(costcompetitivenessjependntheirrespectivanarketpriceandCQO, emissioncost
Sensitivitiegroughrulesof thumb)

-10% of REcapex -6% of outputfuel/chemicalsost

-10/ael of WACC-5% of outputfuel/chemicalsost (5% WACC-13% of outputcost)
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A

Various losses in a 100% RE system

Key insights:

A electricity storagssesaresurprisingly low, only 28% of generalias tobe
stored, and batteries can store 92% of all stored electricity and that at high €

A seasoral storage can be at negligible loss for hydro reservoirs and biometha
Powero-Gasto-Power is needed only for 0.3% of total electricity demand (in
average), thanks to sector coupling

A curtailment across all sectors is surprisingly low, at about 3.5% of generatior

A Powetto-Fuels efficiencig about5060%, BUT generated electricity can be use
with low curtailment and little battery storage (due to fleleteolysersand
storage efficiency of liquids is high

Flexibility supports loss reduction

A electrolyserdollow generation supported by hydrogen buffer storage

A thermaknergy storage provides additional flexibility, in addition to heat pumg
both leading to a reduced curtailment in electricity generation

A smart chargingf batteryelectric vehicles is a further highly valuable flexibility
option and can reduce seasonal storage demand
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Efficiency development in transport sect guEesss

Primary
Energy

Final
Energy

Transport Activity

Transport Activity

TWh

TWh

38,565

31,613

108,006

52,571

32,542

332,405

36.3%

2.9%

sssss

Electricity
11462 TWh
Hydrogen
8197 TWh
LNG
2067 TWh

To Po T To I Do

Marine |,
8961 TWh

Key insights:

energy services grow substantially

final energy remains practically unchange
primary energy increases moderately
losses increase by 13% while used ener
increases by 105%

massive efficienagainin roadtransport
PtXefficiency acceptable
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Open your mind. LUT.
Lappeenranta

18 [

Longterm Energy Deman

150,000 -
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100,000 - 121
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50,000 -
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Il Heat

I Transport
I Desalination

I Electricity
Bl Heat
Fuel bioenergy

["IFuel fossil/nuclear
[ ] [ ]

2020 2030 2040 2050 2020 2030 2040 2050
Years Years

Primary energy demand by sector [TWh]

Primary energy demand per capita [MWh/person]

Key insights:

A global compound average annual growth rate of about 1.0% in final energy demand drives th&Hisirssition
composed by final energy demand growth for power and heat, desalinated water demand and transportati
linked to powertrain assumptions. Te&ds to a comprehensive electrification, which massively increases ov
energy efficiency, to an even higher growth rate in provided energy services.

This results in an average annual growth rate of about 0.5% in total primary energy demand (TPED).
World population is expected to grow from 7.2 to 9.7 billion, while the average per capita PED decreases |
17 MWh/person in 2015 to 12 MWh/person by 2035 and increases up to around 15 MWh/person by 2050
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Key insights:
TFED increases continuously by 43% from 98WG@ 134,000Wh
while energy services grow faster
TPEDdecreases from almost 130,000 TWh in 2015 to around 105,000
TWh by 2035 and increases up to 150,000 TWh by 2050 in this study
(which assumes high electrificatidigtal growth is around 21%.
In comparison, current practices (low electrification) would result in a
TPED of nearly 300,000 TWh by 2050.
The massive gain in energy efficiency is primarily due to a high level of
electrification of more than 90% in 2050, saving nearly 150,000 TWh
compared to the continuation of current practices (low electrification
TFEDstructure changes moderately with higher electricity shares
TPEDhangesstructurallyandmassivelyto dominancef electriciy
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