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Swiss Energy Strategy requires drastic increase in renewable

electricity until 2035
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Source: Swiss Federal Office of Energy (SFOE) 2018; Swissolar market analysis 2012-2017; PSI — Paul Scherrer Institut (2017)
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What are the regional distributional impacts of allocating UNIGE
decentralized renewable electricity generators (DREG)? RES

Higher el. generation efficiency c Lower balancing power needed

Higher profits for investors 9 Higher whole-system efficiency

Fewer installations needed 0 Higher public acceptance

Clustering of installations Cost-optimal Regionally equitable Q Lower el. generation efficiency
Higher risk of disturbances Q More installations needed
(e.g. from wind turbine noise) Goal:

Assess tradeoffs between cost-optimal and
regionally equitable allocation of DREG

Q00 OO0

Lower public acceptance

Based on: Grunewald (2017); Drechsler et. al. (2017); Langer et. al. (2016); Tsoutsos et. al. (2005); Knoblauch et. al. (2018); Fell et. al. (2019);
Budischak et. al. (2013); Fuchs et. al. (2017); Wiistenhagen et. al. (2007); Klagge et. al. (2012); Dobbins et. al. (2019)
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Method: EXPANSE spatially-explicit bottom-up power system model UNIGE
with Modeling to Generate Alternatives (MGA) approach RES

Year 2035 7
Annual resolution |
2’258 regions

Resource assessment Power plant data Electricity demand
(e.g. solar potential) (e.g. LCOE, capacity) (per municipality)

Modelled Technologies

Optimization run (on HPC cluster) ii ,: 2:‘ & \_a

. . Regional equit Hydro SolarPV Wind Gas Geo-Thermal
Cost-optimal Near-optimal g ) quity Y
. . Generation costs =
scenario scenarios (MGA) =
(1 scenario) (2’000 scenarios) investment i
Installed capacity Woody Biogas Waste Imports Efficiency

biomass incineration

Model references: Trutnevyte, E. (2013); Berntsen, P. B., et. al. (2017); Trutnevyte, E. (2012)
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Measuring regional equity: Gini index uNIGE

RES

100%
== LOrenz curve
Cini A
Cumulative share of tnt = A+ B
DREG electricity
generation Equity = 100 — Gini [%]
Municipality 1
'S
0% Cumulative share of 100%

population or el. demand

Reference: Drechsler et. al. (2017); Gini (1912)
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Results: Regional equity and cost trade-offs UNIGE

RES
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Results: Share of decentralized renewables in electricity mix
80

B 0ther generation & import
MEGS

IWind

B Small hydro

[1Solar PV

M Biomass

- Decentralized
renewables

Electricity generation [TWh]

Cost-optimal Current trend Max. regional equity Max. regional equity
(by population) (by demand)
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Results: Spatial distribution of installed capacity UNIGE

RES

Additional cumulative installed capacity in
decentralized renewables (2016-2035)

Installed capacity (total) Per capita (kW/cap) Generator type

[ <o7s [ Biomass
O [] 0.75-1.00 [ small hydro
[ 100-1.25 [] solarpv
] 1.25-150 [] wind
25GW 15GW 0.5GW [ 150-1.75 B tGs

s

Cost-optimal scenario Current trends scenario *Cost = Electricity generation cost
(Cost* = 8.54Rp./kWh, Equity = 28.5%) (Cost* =9.17Rp./kWh, Equity = 28.7%)

Max. regional equity (by population) Max. regional equity (by demand)
(Cost* = 10.1Rp./kWh, Equity = 43.1%) (Cost* = 10.03Rp./kWh, Equity = 43.0%)



Results: Spatial distribution of investments unIeE

RES

Additional cumulative investments in
decentralised renewables (2016-2035)

Investment in renewables  Investment share

(Billion CHF) (%)

a [de<s%

3 []5-10%

2 P 10-15%

o Em>%
Cost-optimal scenario Current trends scenario *Investments = Capital expenditures (CAPEX)

(Investments = CHF 11.5 bn, @ CHF 605m/year) (Investments = CHF 13 bn, @ CHF 684m/year)

Max. regional equity (by population) Max. regional equity (by demand)
(Investments = CHF 31.1 bn, @ CHF 1’636m/year) (Investments = CHF 31.5 bn, @ CHF 1’657m/year)



Conclusions UNIGE
RES

Key findings:
* Significant cost-equity trade-off in Switzerland:
* +50% regional equity -> +18% total electricity generation cost
e Current trend is neither on cost-optimal or regionally equitable path
* Observed trend risks fortifying regional disparities that are not cost-optimal
* Increasing share of solar PV with increasing regional equity:
* Possible key technology for equitable and cost-efficient energy transition
* Focus on cost-optimality leads to spatial concentration of investments:
» Spatial concentration of renewables to few locations (such as canton Vaud)

Implications for Energy Strategy 2050:

e Spatial allocation of renewables has significant impact on costs and regional equity

* Reallocation of renewables is difficult, therefore it is important to start thinking
about spatial allocation impacts in advance
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Future work: European model to assess equitable low-carbon UNIGE
transitions for various equity indicators and “effort-sharing” approaches RES

* Models: PyEXPANSE + PyPSA
* Area:
* EU-28 + Switzerland (CH)
+ Norway (N)
* 1’369 regions (NUTS 3)
* Technologies:
* Conventional electricity

Input data

Input data

=

Fuel costs & Electricity Generator &
availability demand storage data

PYEXPANSE

Long-term capacity expansion

Reserve RES resource Transmission

optimisation & MGA scenarios requirements potentials system data

PyPSA Results

Short-term economic dispatch,

storage and transmission simulation Generation Spatial vRES Total system

generation portfolio distribution costs
. . Regional Storage Transmission
° Renewable elect”Clty equity score requirements requirements
generat.lorm Study regions Overview of methodology
* Transmission
* Storage

* Data: Aim for open-source data
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UNIGE
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Regional equity (by demand) and cost trade-offs UNIGE

RES
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Electricity Demand Model unice

Approach
* NOGA # of employees as a proxy for el. demand from 19 Industry & Commerce sectors
* Number of inhabitants as proxy for demand from Households and Transport

Electricity Demand 2 L d

Wl <2500 MWh 4 egen

Bl 2500 - 5000 MWh y Municipality Demand

= 5000 - 10000 MWh = ; ] <10GWh
10000 - 30000 MWh \

[ > 30000 MWH

Demand Shares

B Food

Textile / Leather

Paper / Printing

Chemistry / Pharma
Cement / Concrete

Other non-ferrous minerals
Metal / Iron

Mon-ferrous metals

Metals / Devices
Machinery

Other industries
Construction

Trade

Hotels / restaurants
Insurance / banking
Administration

Education

Healthcare / Social services 8
Other services
Residential
Agriculture
Transport
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UNIGE

Electricity generated by decentralised renewables
RES

Electricity generated from decentralised renewables

[] 0-250 MWh
[] 250- 1000 MWh

2 1000 - 5'000 MWh
B 5000 - 10'000 MWh
H > 10000 MWh
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UNIGE

EXPANSE power system model with Modeling-to-generate-alternatives
method (MGA) RES

resource x;

(resource ¥, Approach:
* Define technically feasible domain X'
T reeowtex, (with demand and supply potentials)
’ i « Define cost-effective domain Xt by

resource x;

adding a varying cost constraint

)  Modeling-to-generate-alternatives
Technically ]
| feasible method: Sample large defined number of
Cost- domain solutions within the technically feasible,
effective XTF . .
domain cost-effective domain X¢ETF
XCE -

|:| Technically feasible, cost-
effective domain XCE-TF

E. Trutnevyte (2013), EXPANSE methodology for evaluating the economic potential of renewable energy
from an energy mix perspective, Applied Energy, ISSN: 0306-2619, Vol: 111, Page: 593-601
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Estimation of Solar Rooftop PV potentials and cost UNIGE

RES

Solar Power Database (Existing & Remaining Potential)

* Existing solar panels (capacity, el. gen. and location (Source: KEV List))

*  Performance parameters (Costs, el. efficiency (source: PSI report Bauer et. al.)

* Remaining potential: BFE “Sonnendach” study (60%) + modelling (40%) (Source: 3D Building Data, BFE study)

Capacity Factor
M <10%

Bl 10.0- 10.5%
B 10.5- 11.0%
1 -11.5%
C>11.5%

+

Solar Irradiation

[kWh/year]

+

Reduction Factor
by Building Type
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http://www.bfe.admin.ch/themen/00612/02073/index.html?dossier_id=02166&lang=de
https://www.psi.ch/lea/HomeEN/Final-Report-BFE-Project.pdf
https://shop.swisstopo.admin.ch/en/products/landscape/build3D2
https://shop.swisstopo.admin.ch/en/products/landscape/build3D2
https://www.uvek-gis.admin.ch/BFE/sonnendach/?lang=de

Energy Resource & Powerplant Database uNIGE

RES

Hydro Power Database (Dams, RoR and Small Hydro)
* Type, capacity, annual production and location (Source: BFE)
* Costs, electrical efficiency and technical constraints (source: PSI report Bauer et. al.)

Hydro Plants in Construction Installed Hydro Power Capacity
h gemass BFE [ no Hydro Power B
5 Koblenz - s 2,
; ~ 300 — :o\.m & Installed Capacity [MW] =
9 -mmx e | (] 0.00-10.00
e [ 10.00 - 50.00

Produktionserwartung | +30 GWh/a
2" socwan v B 50.00 - 100.00
\ i:i::’f. B 100.00 - 1677.00 R

P

Total ~2'000 GWh/a

d
oy Ttiftsee

% g b
>% t g Q > o
15 GWh/a { 4 A2 Az
o0 G/ 3 { +130 Gwh/y A
555 GWh/a s P 5 / Y Y= /
> \ 7 q g3
P LA i\

Uberleitung Lugne:
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https://data.geo.admin.ch/ch.bfe.statistik-wasserkraftanlagen/
https://www.psi.ch/lea/HomeEN/Final-Report-BFE-Project.pdf
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Energy Resource & Powerplant Database

Nuclear Power Database

* Capacity, annual production and location (Source: BFE)

* Costs, electrical efficiency and technical constraints (source: PSI report Bauer et. al.)
e Assumption: no Nuclear power after 2034 (Grants will not be extended)

* Therefore: Modelled available capacity is ZERO for year 2035

Expected Decommissioning

* Beznaul & II: 2030 (Source: NZZ)

*  Mihleberg: 2019 (Source: BKW)

* GOsgen: 2029 (not confirmed yet)

* Leibstadt: 2034 (not confirmed yet)

RENEWABLE ENERGY SYSTEMS éﬁj\g UNIVERSITE

DE GENEVE



https://data.geo.admin.ch/ch.bfe.statistik-wasserkraftanlagen/
https://www.psi.ch/lea/HomeEN/Final-Report-BFE-Project.pdf
https://www.nzz.ch/schweiz/aktuelle-themen/atomkraft-axpo-startet-projekt-zum-rueckbau-von-beznau-ld.92462
https://www.bkw.ch/en/about-us/unsere-infrastruktur/kernkraftwerk-muehleberg/auf-einen-blick/
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Energy Resource & Powerplant Database
RES

Wind Power Database
* Type, capacity, annual electricity production and location (Source: BFE)
* Costs, electrical efficiency and technical constraints (source: PSI report Bauer et. al.)

Wind Resource Assessment Wind Farm Spatial Restrictions

@ Existing Wind Turbines
Wind Power Restrictions
Built-Up Areas with Buffer Zones
Environmental Protecion Zones
Projects not Possible
Projects Maybe Possible
Unrestricted

@ Existing Wind Turbines
Capacity Factor
I 0.031-0.050
[ 0.050-0.100
[ 0.100-0.150
" 0.150 - 0.200
0.200 - 0.250
[ 0.250-0.300
[ 0.300-0.350
[ 0.350-0.375
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https://data.geo.admin.ch/ch.bfe.windenergieanlagen/
https://www.psi.ch/lea/HomeEN/Final-Report-BFE-Project.pdf

Energy Resource & Powerplant Database UNIGE

Wind Power Database
*  Modelling of Turbine Performance and LCOE with Wind Data (BFE, MeteoSchweiz)

Levelized Cost of Electricity

B < 140 CHF/MWh Modelled LCOE

] 140 - 155 CHF/MWh
(] 155 - 180 CHF/MWh
[ 180 - 220 CHF/MWh
B > 220 CHF/MWh

Wind Data

@® WindTurbines
® Wind Data Points

Turbine Data Wind Speed Distribution

Power (MW)
Probability (-)

=
=]

20 5

10 15

10 15
Wind Speed (m/s) Wind Speed (m/s)
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Energy Resource & Powerplant Database
RES

Enhanced Geothermal Power Database

UNIGE

* Status: Currently no operational EGS power plants in Switzerland
* Potential areas for EGS construction from reports (Geoenergie Suisse)
* LCOE, electrical efficiency and technical constraints (source: PS| report Bauer et. al.)

——  Prospektive Gebiete im Kristallin

——— Grenze Sedimente - Grundgebirge
auf 5000 Meter Tiefe (approx.)

I Hoch
i
=

Seismic Risk
[
=
[ Niedrig

LCOE [CHF/MWhe] -,

N 177
B 380

RENEWABLE ENERGY SYSTEMS

Approach to select EGS sites

* Areas with Crystalline Layer @5000m depth

* Areas with industrial zones (easy building rights)

* Exclude areas with high seismic risk

* Assume 5MW plants. 30GWh yearly production

* Cost model based on TA Swiss Base cost model

*  Two LCOE cost levels which includes or excludes
heat credits from heat sold through district
heating grid

* District heating data obtained from GWR data
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https://www.psi.ch/lea/HomeEN/Final-Report-BFE-Project.pdf

Energy Resource & Powerplant Database uNiGE

Gas Power Database

RES

* Costs, electrical efficiency and technical constraints (source: PSI report Bauer et. al.)

Legend

I Reconstructed Gas Grid £
Swiss Municipalities i ¥

RENEWABLE ENERGY SYSTEMS

Approach to select potential Gas power plant sites
* Reconstruct gas grid from two data sources:
* Register of buildings and dwellings (identify
buildings with gas heaters)
* Verband der Schweizerischen Gasindustrie
(VSG) list of postal codes with available gas grid

Existing and Planned power plants (Source: VSE report)

MW GWh
Total (Existing) 132 608
Total (Planned) 1'652 9'528
Total (Potential 2035) 3'000 20'000
Total (Potential 2035) 5'250 35'000
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https://www.psi.ch/lea/HomeEN/Final-Report-BFE-Project.pdf
https://www.strom.ch/fileadmin/user_upload/Dokumente_Bilder_neu/010_Downloads/Basiswissen-Dokumente/08_GuD.pdf
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Energy Resource & Powerplant Database
RES

Wood CHP Database
* Capacity, annual electricity production and location (Source: KEV List)

* Costs, electrical efficiency and technical constraints (source: PSI report Bauer et. al.)
* Modelling Approach: Limit resources to 30km radius around each site

Wallisellen Wood CHP Plant (11MWe! NS, §
l . ) \.FN‘“E A Legend
Wood CHP Emax GWh

@ Wood CHP Plant
Mean Sourcing Radws (21km) ~ \}_) \
Sustanabiy Available Wood Resources (Primary Energy) {‘E,\\ A [J 0-50Gwh
] 0-50Gwn 2 : > [ 50- 100 GWh
[ 50- 100 GWh \? 5 B 100 - 150 GWh
Bl 150 - 174 GWh
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http://www.bfe.admin.ch/themen/00612/02073/index.html?dossier_id=02166&lang=de
https://www.psi.ch/lea/HomeEN/Final-Report-BFE-Project.pdf

Energy Resource & Powerplant Database
RES

Biogas Database

UNIGE

* Capacity, annual electricity production and location (Source: KEV List)
* Costs, electrical efficiency and technical constraints (source: PSI report Bauer et. al.)

Sustainable Biogas Potential

Areas are scaled to PJ/year of Theoretical potential: total quantity of biomass

energy resources in Switzerland. : - s : -
Sustainable potential: theoretical potential minus a range of

technical, political, economic, legal and environmental constraints

Remaining sustainable potential (primary energy): sustainable

49P) potential minus the already energetically used potential

Remaining sustainable potential (biogas): remaining primary
energy potential, after conversion to biogas

14.9P) 4P

5.8P)
- o 3 49p)
2.7 24 . 49P)

s

Animal manure Agricultural Industrialand  Organicpart Green  Sewage
crop by- commercial of household  waste sludge

products biowaste garbage collection

RENEWABLE ENERGY SYSTEMS

Potential no. of 25kW power plants

Legende
Anzahl Anlagen pro Gemeinde
[ keine Aniagen

[ 1 Aniage

[ 2-5 Anlagen

B 5-10 Anlagen

W mehr als 10 Anlagen
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http://www.bfe.admin.ch/themen/00612/02073/index.html?dossier_id=02166&lang=de
https://www.psi.ch/lea/HomeEN/Final-Report-BFE-Project.pdf

Energy Resource & Powerplant Database RE’;
Waste Incineration Plant Database
* Type, capacity, annual electricity production and location (Source: VBSA)
* Costs, electrical efficiency and technical constraints (source: PSI report Bauer et. al.)

Existing Waste Incineration Plants

Assumptions (For years up to 2035)

b . s * No new Waste Incineration plants will be built
2 s . s * Current Waste incineration plants will have
5 o | N o maximum added electricity production of 197GWh
. : . Y * This is mainly due to efficiency gains from more
. . efficient steam generation

* Based on current supply of 1065, this equals max.
18% increase in power production
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