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U To examine the components of a4nliggrated (power, heating/cooling and mobility)
fully-functional, reliable anmécarbonize@nergy system for Finland2050

U To determine the extent to which differing levelaabéar power and forasased
biomassaffect the cost of such an enesygtem

U To explore the roles of energy storage solutions in facilitating high shares of varial
renewable energy generation, with a particular focus oniedsas PtQ, Power
to-Liquid PtL) and energy storagechnologies

U To develop more accurate future energy scenario modelling methodology in Finlar
that includes complete transparency of modelssgmptions

U To encourage discourse on enemgjated issues that will contribute to the
transformation of the Finnish energy system towardgdomgsustainability
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The uniqueness of our work

U  Only research to consider 100% RE scenarios for Finland

U Only research to seek a virtually carfsea energy system by 2050

U Full integration of power, heating/cooling and mobility sectors

U Greatly expanded roles for wind and solar energy

U Hrst study to explore larggeale energy storage solutions and Pdor&as PtG

U System modelled on an hourly resolution using historical data for a calendar year
U Full transparency of technical and economic assumptions

U Results suggest that a 100% RE scenario is a highly competitive cost solution
compared to other test scenarios with increasing shares of nuclear power and a
Business As Usual (BAU) scenario
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Introduction to scenarios

2012 Reference
2020 Reference
2050 Basic (Maximum TA&m biomass)
100 % RE
Low Nuclear (1GW)
Medium Nuclear (ZBN)
New NucleadGW)
2050Low Biomass (Maximum I\ biomass)
1 100 % RE
I LowNuclear(1.6GW)
]
]

MediumNuclear (2.6W)
NewNuclear4{ GW)
2050 Reference Business As Usual (BAU)
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Test scenarios

A Target of essentially
zero carbon
emissions from

=  energy sector

A Target of complete
energy
independencé
Finland as an island
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Introduction to scenarios

Installed CapacigW

2050 | 2050 2050 Lo

2050| 2050 | 2050 2050
2050 Lov Low Low Biomass 2050

Technolo ' ' ' '
9y 2012 2020 SSICINEasIc Bas_lc Be5IC BiomassBiomassBiomas
100% Low Mediun New ) New BAU
100% RI Low |Mediun
RE ' Nuclear NucleaNuclea Nuclear
Nuclear Nucleal
Wind onshore |0.17% 1.6 30 22.5 16 10.5 38 32 34.9 21 3

5 5 6 6 6 6 1.5

Wind offshore 0 0.9 5 5
35 1

0.01 0.1 30 30 30 30 35 35 35

Solar PV
Hydro- Run of rive 2.595 3.111 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5
CHP-DH 349/ 35| 9 8 7.5 7 8.5 7.5 7 6 4
Condensing |2.045 1.5 0 0 0 0 0 0 0 0 3
Nuclear 275 43 0 1.6 2.8 4 0 1.6 2.8 4 6
PtG- CHt 0 0 23.5 19.6 17.6 | 17.6 29.4 27.4 | 254 23.5 1.0
PtG- HF 0 0.142 057 057 057 057 057 057 057 | 057 057
Key insights:
A Getting the least cost mix of technologies is a manual balancing a&nesiggPLAN
A EnergyPLANeparates electrolysers for different end prodiictseality integrated
~ NEO
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Primary energy

450
400
m Nuclear
350
m Hydrogen
= 300 ® Hydro
=
Solar PV
% 250
()
G Wind offshore
> 200
g m Wind onshore
T
150 H Biomass
100 ® Natural Gas
m Oil
50
m Coal and Peat
0
2012 2020 2050 Basic 2050 Basic 2050 Basic 2050 Basic 2050 Low 2050 Low 2050 Low 2050 Low 2050 BAU
100% RE Low Nuclear Medium New Nuclear Biomass Biomass Biomass Biomass
. . . Nuclear 100% RE Low Nuclear Medium New Nuclear
Key insights: Nuclear
A Strong roles for renewables in test scenarios 2
. . M PRR
A Domestic hydrogen becomes major element of TPED MR LY NEO
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Electricity production

240 ® Nuclear

® Condensing

190

® CHP-Industry

m CHP-District Heating
14

<
)
e
=
=
c
© 140
°
>
3 = Hydro - Run of river
o
Pan)
§ 90 Solar PV
(6]
@
W]
® \Wind onshore
40
Wind offshore
| |
= — e — — — — — — — m Net import/export or
-10 2012 2020 2050 Basic2050 Basic2050 Basic2050 Basic 2050 Low 2050 Low 2050 Low 2050 Low 2050 BAU curtailment
100% RE  Low Medium New Biomass Biomass Biomass Biomass
Nuclear Nuclear Nuclear 100% RE Low Medium New
. . Nuclear Nuclear Nuclear
Key insights:

A Electricity has increased role in energy system due to its flexibility
A Electricity from wind and solar PV become backbone of system=:.. NEO
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Electricity consumption

240
mV2G losses
mPtG ()
190
uPtG (CH
Transport

140

District cooling

90 m [ndividual heating

Electricity Consumption (TWhe/a)

® Heat pumps - CHP

40
Total consumption
(households and industry)

Flexible demand
-10 2012 2020 2050 Basi2050 Basi2050 Basi2050 Basic2050 Low 2050 Low 2050 Low 2050 Low 2050 BAU

100% RE  Low Medium New Biomass Biomass Biomass Biomass
Nuclear Nuclear Nuclear 100% RE Low Medium New
Key |nS|ghtS Nuclear Nuclear Nuclear
A Closer relation of end user consumption to total production in reference scenarios
A Large demand for electricityAtGprocesses S NEO
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Total annual costs

30000
f— ||
25000 — = N N | * 0
WACC/I% ¢ 15%
BAU: + 3
— [ ] A
g 20000 NewNuclear+ 2 I
0
‘g [ |
o m Variable costs - other
g 15000
= Variable costsCCR
©
= .
Y] Variable costs - fuel
— 10000
Fixed operation costs
5000 Annualized investment costs
) **CQ,price753 150 U/t
2012 2020 2050 2050 2050 2050 2050 Low2050 Lov2050 Lov2050 Lowe050 BAU BAU + lgﬂ)
Basic Basic Basic Basic BiomassBiomassBiomassBiomass
100% RE Low Medium New 100% RE Low Medium New rather"kelyaccording:o LudereG. et al.,
Nuclear Nuclear Nuclear Nuclear Nuclear Nuclear X
.. . Environ.Res.LetB, 0340332013
Key insights:

A Stranded investments in nuclear/ coal power stations not accounted (higher WACC
A Test scenarios have high level of investment

A Reference scenarios have high level of fuel aRd&®® (risk of high C@rice**)

Recarbonise&innish Energy System
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Levelizedost of electricity
For 2050
Basic | Wind- | Wind- 508" Plggia, pyHYAropowe oy clear Pt
Medium Units - ground - Run of the
onshore offshore rooftop : plants | plants | Methane
Nuclear mountec river
Scenario
Capex kW& 900 1800 300 400 3060 820 6500 870
Opex_fixe( % of capex 451 % 4.55% 2.00% 1.00% 4.00% & 3.66% 3.50% 3.30%
Opexvar MWHR 0 0 0 0 0 2.7 0 0
Fuel MWHR 0 0 0 0 0 27.288| 5.4 40
Efficiency % - - - - - 90%* 37% | 51 %
Lifetime Years 30 30 40 40 50 25 40 30
Egﬂr'gad Hours 2816 | 4280 982 @ 982 | 6123 | 1124 7963 = 2667
WACC % 7% 7% 7% 7% 7% 7% 7% 7 %
crf %year% 8.06 % 8.06% 7.50% 7.50% 7.25% | 8.58%  7.50% 8.06 %
LCOE 0 centskWh 4.0 5.3 2.9 3.5 5.6 12.2** | 10.4 | 11.5*
* Includes 40% electrical efficiency + 50% thermal efficiency; ** finalexadlizascost ofenergy(incl. heat)
Key insights:
A Despite higher LCOE, offshore wind distribution favourable to energy system and may lead to overall cost
reduction in new simulations NEO

A Low full load hours in thermal plants lead to high LCOE Ly
P J ", CARBON
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Carbon emissions

2050| 2050/ 2050 | 2050| 2050 | 2050 Low 205 2080

i i i i . Low Low
Scenario paramete 2012 | 2020 Eeele) Besie) Beslt  ZeEie) Low  BlomEss Biomas¢Biomas: 2t
P 100% Low  Mediun New Biomas¢ Low ] ' BAU

Mediuni New
Nucleal Nuclear

CQrequivalent | 0.2 43970020 021 022 026 017 @ 025 | 024 027 2510
emissions Mt

Cost of CB-
equivalent 289 1224/ 15 16 17 19 13 19 18 20 1882

emissions (MEUR)

Renewables share
primary energy (%)

RE |Nuclea NucleatNucleal00% R Nuclear

33 34 | 100 @ 89 81 74 100 89 82 75 43

Key insight:
A Future aim should be virtually zero emissions from energy sector

A Denmark has goal of zero emissions from power sector by 2035 and zero emissions fro

energy sectors by 2050 NEO
A Small amounts shown in table from-bmyenic component of waste ,':" CARBON
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Interpretation of results

U A 100% renewable energy system seems possible for Finland, given the assumptions made
this study

U The 100% RE scenarios are highly cost competitive
U High level of energy independence seems achievable

U Prominent roles of renewable energy and energy storage solutions should be considered in :
future modelling

U  Opportunities exist for increased domestic investment ahd$®H employment
U Flexibility should be a defining feature of future energy systems
U 100% RE should be an equal partner in all future discourse regarding the Finnish energy sys

U Further study is needed related to how people will choose to live, how they will perceive risk
the role of energy in their lives (Futures Research) in order to hone the technical requiremen
the energy system used in modelling
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