mzuriCh ETH Library

CROSS Scenarios and Drivers

Definition
Version: CROSS-v2022-09

Report

Author(s):
Marcucci, Adriana (2); Dujardin, Jérdbme; Heinisch, Verena; Panos, Evangelos; Yilmaz, Selin

Publication date:
2023-07-19

Permanent link:
https://doi.org/https://doi.org/10.3929/ethz-b-000677193

Rights / license:
Creative Commons Attribution 4.0 International

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.



https://orcid.org/0000-0002-0427-9120
https://doi.org/https://doi.org/10.3929/ethz-b-000677193
http://creativecommons.org/licenses/by/4.0/
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use

Swe et swiss energy research
for the energy transition

CROSS —

—
—

—

CROSS Scenarios and Drivers Definition

Version: CROSS-v2022-09

Adriana Marcucci®

Jerome Dujardin”

Verena Heinisch®

Evangelos Panos?
Selin Yilmaz*

@ ETH Zurich
b EPFL
¢ University of Geneva
4 paul Scherrer Institute

The research published in this report was
carried out with the support of the Swiss
Federal Office of Energy SFOE as part of
the SWEET project CROSS



© SWEET-CROSS
July 19, 2023

Cite as:
Marcucci, A., J. Dujardin, V. Heinisch, E. Panos, S. Yilmaz (2022). CROSS Scenarios
and Drivers Definition, Scenario version: CROSS-v2022-09. SWEET-CROSS.



Contents

Contents
List of Tables
List of Figures

Abbreviations

Introduction

Scenarios definition

2.1 Climate policydimension . . . . . .. ... ... .. e
2.1.1 National emissions . . . . . . . . . . e e e e
2.1.2 Emissions difficulttoavoid . ... ... ... ... ... .. ... . . ... . . .. ..
2.1.3 Carbondioxideremoval . . . ... ... .. ... .. .. .. ...

2.2 Energy market integration dimension . . . . .. ... ... .. oL L L L L.
2.2.1 Electricity . . . . . . . o e e
2.2.2 Biomass, biofuels and synthetice-fuels . . . . .. ... ...... ... .. ... ..
2.23 Hydrogen . . . . . ... . . e e

Macro-economic drivers
3.1 Population . . . . . . ..
3.2 Grossdomesticproduct . . . . . . . . .. e e

Climate change
4.1 Effectonheatingand coolingdemand .. ................ ... ... .....
4.2 Effectoninflowto hydropower . . . . . .. .. ... .. .. .. ..

Energy service demands

5.1 Spaceheatingend-usedemand. . . . .. ... .. ... .. ... oo
5.1.1 Buildingstock . . . . . . . . . .
5.1.2 Space heating end-use demand - before energy efficiency measures . . . . . . . .

52 Warmwaterend-usedemand . . . . .. ... ... .. L o o

5.3 Processheatend-usedemand . ........... ... ... ... ... .. ...

5.4 Electricity demand from electric appliances . . ... ... ... ... ... ... .. ...,

55 Transportdemand . .. .. .. .. .. ... ...

iii

X 0 NN oY g W

©

10

11
12
12



6 Resources 21

6.1 Hydropower . . . . . . . . . . e e e e e 21
6.1.1 Effectofclimatechange .. ... ... ... ... ... .. ... . . .. ... 22

6.2 Solarphotovoltaics . . . . . . . . . . . . e 23
6.3 WInd . . . . . .. 24
6.4 Biomassandwastepotentials . . . . . . . .. .. ... . e 25
6.4.1 Waste incineration plants (IPCC category 1.A.1l.aiv) .. ... ... ... ...... 26

6.5 Importsand eXports . . . . . . . . i e e e e e e e e e e e 27
6.5.1 Oil, gas, biofuelsandhydrogen . . . . .. ... ... ... ... ... .. ... .. 27
6.5.2 Electricity imports . . . . . . . . . . . e e 28
6.5.3 Carbonsequestration . .. ... ... .. ... .. 28
Bibliography 29

iv



List of Tables

2.1

2.2
2.3

3.1

4.1

5.1
5.2

5.3
5.4
5.5
5.6
5.7
5.8

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8

6.9

GHG inventory for 1990, 2000, 2010 and 2019 by category from BAFU (2021b,c) and
projected emissions in 2050 from BFE (2020c) . . . . ... ... ... ... .. ... ... 6
Emissions reduction target in 2050 in the energy sector . .. ... .. ... ........

Energy market integration dimension variants in CROSS scenarios. . . . . .. ... ... 8
Macro-economic drivers . . . . . . . . ... e e 9
Heatingdegreedays . .. . . . .. .. . @ . i i 13
Energy Reference Areabysector (Mm2) . . . . . . .. .. ... i 15
Residential ERA (Mmz2) and specific useful energy demand (kWh/mz2/year) by building

type and construction period . . . . .. ... e 15
Space heating end-usedemand (TWh) . .. ... ..... ... ... ... .. ..... 16
Warm water end-use demand (TWh) . .. ... .. ... .. ... .. .. .. ...... 17
Process heatend-usedemand (TWh) . . ... .. ... ... .. .. .. ... .. .... 18
Electricity demand from electric appliances (TWh) . . . .. ... .............. 19
Passenger transport demand (Billion passenger-kilometer) . .. ... ... ........ 20
Freight transport demand (Billion ton-kilometer) . . . . ... .. ... ... .. ... ... 20
2050 Hydropower potential from Boesetal. (2021) . .. .. ... .. ..... ... .... 21
2050 Hydropower potential: CROSSvariants . . . .. ... .. ... .. ... ........ 21
2050 solar photovoltaic potentials estimates from different studies . . . . . ... ... .. 23
2050 solar photovoltaics potential: CROSSvariants . . . ... ... ... .. ........ 24
2050 wind potentials estimates from differentstudies . ... ... ... ... ... .. .. 24
2050 Wind potential: CROSS variants . . . . . ... ... ... . ... 25
Energy potential of biomass and waste categories in the reference variant (P]) . . . . . . 25

Import price of energy carriers (CHF/GJ). Prices are based on the WEO 2021 (IEA, 2021)
and are adjusted using recent developments. The table also includes the prices in the
WEO 2021 and the BAU ans Zero basis scenarios in the EP2050+ . . .. .. ... ... .. 27
Annual net transfer capacities (GW) from ENTSO-E (2022a,b) . . . . ... ... ... ... 28






List of Figures

2.1

4.1

4.2

6.1
6.2

CROSS-v2022-09 SCENAriOS OVEIVIEW . . . . . v v v e e e e e e e e e e e e e e e e 4

Temperature increase in three variants for global climate change. Based on CH2018

(2018), Berger and Worlitschek (2019) . . . . . .. ... .. ... ... .. .. 11
Population weighted cooling and heating degree days in RCP 8.5, RCP 4.5 and RCP 2.6
(Berger and Worlitschek, 2019) . . . . . . .. .. . . 12

Inflows to run-of-river hydropower and dams under different RCPs and climatic periods 22
Hydropower monthly profile for the three RCP scenarios. . . . . ... ........... 23

vii



viii



Abbreviations

BAU ............ Business as usual

BCHF217 ....... Billion Swiss Franc 2017

CCS......oiiiil Carbon capture and storage
CDD............ Cooling degree day

CH4 ............ Methane

CHF ............ Swiss Franc

ENTSO-E ....... European Network of Transmission System Operators for Electricity
EP2050+ ........ Energy Perspectives 2050+

ERA ............. Energy reference area

EUD ............ End-use demand

FEC ............. Final energy consumption

GDP ............ Gross Domestic Product

GHG ............ Greenhouse gas

GIS ............. Geographic information system
HDD............ Heating degree day

ITMO ........... Internationally transferred mitigation outcomes
LHV ............ Low heating value

LULUCF ........ Land Use, Land-Use Change and Forestry
MFH ............ Multi family house

N20O ............ Nitrous oxide

NDC ............ National Determine Contribution

NET ............ Negative Emission Technology

NTC ............ Net transfer capacities

PV ... Photovoltaics

RCP............. Representative concentration pathway
RoR ............. Run of river

SFH............. Single family house

TYNDP ......... Ten Year Network Development Plan
WEO ............ World Energy Outlook

ix






Chapter 1

Introduction

The CROSS scenarios and drivers report is a document from the SWEET-CROSS activity. In this report,
we define a set of scenarios, collect and calculate various relevant input parameters for the SWEET
consortia with an aim to improve the consistency across the research projects. These scenarios and
input parameters are intended to be a reference point from which all consortia can further develop
their own scenario analyses.

It is important to note that the CROSS scenarios are not static in time. They co-evolve as the SWEET
consortia produce new outputs and insights and as the energy market and policy landscape evolve
in Switzerland and in key world regions. Hence, the scenario dimensions and key assumptions can
be updated by the SWEET consortia (e.g., resource potentials) whenever new insights are available
from their analyses performed or with new developments of the energy market and policy context.
For this reason, we have established a scenario versioning scheme for the CROSS scenarios. This is
necessary to keep track of the changes in the main assumptions over time. The versioning refers to
the updates to the scenario narratives, underlying data, or key assumptions. When referring to the
scenarios dimensions and values contained in this report, you should refer to the version CROSS-
v2022-09.

The procedure for the definition of CROSS scenarios consists of the following steps:

1. Definition of the CROSS narratives: CROSS-V2022-09 scenarios are defined along two policy
dimensions: i) the ambition of the Swiss climate change mitigation policy, based on the Swiss
Long-Term Climate Strategy (Swiss Federal Council, 2021); and ii) the developments in the in-
ternational energy markets and trade. These dimensions have an important influence on the
future configuration of the Swiss energy system during the energy transition (Chapter 2).

2. Quantification of key input assumptions: Besides the two policy dimensions, we quantify ref-
erence values and ranges for other variables that are relevant for the development of the future
Swiss energy system, including:

» population, gross domestic product (GDP), and energy reference area (ERA)(Chapter 3);

« global climate change development, including its effect on heating and cooling demand
and hydropower (Chapter 4);

 energy services demand (Chapter 5);

« availability of domestic resources, including hydropower, solar photovoltaics, wind, and
biomass (Chapter 6); and

« prices of imported fuels (i.e., gas, oil, biofuels and hydrogen) (Section 6.5).

This specification aims to provide a set of harmonised "reference" values and ranges for the
different models within the SWEET consortia.
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3. Further elaboration and implementation of the CROSS scenarios by the models of the SWEET
consortia: In this step, the SWEET consortia describe how they implement the CROSS scenar-
ios within their modelling toolbox, describing in detail each scenario’s assumptions relevant for
each model. This last step foresees possible deviations of key CROSS assumptions from their
reference values. When such a deviation occurs, it must be documented (and justified!). Fur-
thermore, any additional scenario assumption needed by particular models within the different
SWEET consortia needs to be documented.

IFor example, suppose economic growth or energy demand is an output from a model within a SWEET consortium. In
that case, it could make sense that this output is used for the SWEET consortium instead of the "reference" value of CROSS.



Chapter 2

Scenarios definition

The CROSS scenarios are defined along two dimensions: climate policy and energy market integra-
tion. We selected these dimensions because firstly each directly influences energy-use or energy gen-
eration and secondly each dimension is one of the levers on which citizens and policymakers can
exert influence to achieve net-zero emissions in Switzerland.

In the climate policy dimension, we consider the goal of the Swiss Federal Council to reduce the
greenhouse gas (GHG) emissions to net-zero by 2050 (Swiss Federal Council, 2019). The Swiss Fed-
eral Council (2021) does not determine specific domestic and international shares for emission re-
ductions. Moreover, the Swiss National Determined Contribution (NDC) states (BAFU, 2021d):

[...] In the long-term Switzerland aims to reduce its greenhouse gas emissions to net-
zero by 2050. [...] Switzerland will realise its NDC mainly domestically and will partly use
internationally transferred mitigation outcomes (ITMOs) from cooperation under Article
61...1.

Therefore, in the CROSS scenarios, we consider the following two developments concerning the use
of ITMOs to reduce greenhouse gas emissions in Switzerland:

o Netzero GHG - domestic: We assume that the net-zero emissions target by 2050 is to be achieved
solely with domestic measures., i.e. the target is achieved using carbon capture and storage
(CCS) and Negative Emission Technologies (NETs) in Switzerland but the captured CO, can be
stored abroad.

¢ Net zero GHG - carbon removal abroad: In this variant, the net-zero emissions target in 2050
can also be achieved with the use of ITMOs.

In the energy market integration dimension, we assume different developments concerning the inte-
gration of Swiss and international energy markets. This dimension becomes increasingly important
for the Swiss energy transition as Switzerland needs access to quantities of low-carbon fuels and en-
ergy carriers, such as electricity, biofuels or synthetic fuels. Therefore, this dimension plays an im-
portant role in the future configuration of the Swiss energy system and in the technical feasibility
and affordability of the Swiss energy transition. We consider two distinct narratives concerning the
integration and access of Switzerland to European and global energy markets':

1. High integration: The world gradually shifts to a sustainable and integrated global low-carbon
energy system. Governments are aware of the need to use new energy sources, develop clean
technologies further, and foster international collaboration to achieve the Paris Agreement tar-
gets. As a result, Switzerland is well integrated into the European and global energy markets.

I These narratives are inspired and transferred from the SWEET SURE project
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Imports of electricity and low-carbon or carbon-free energy carriers and fuels are secured via
agreements between Switzerland and the EU and bilateral agreements between Switzerland
and other countries. The imported fuels and energy carriers are available for Switzerland in
good quantities.

2. Low integration: The globally connected energy sector diversifies with investments in both
carbon-intensive and low-carbon energy sources, depending on the best available local solu-
tions and (the rather limited in some geographies) renewable resource potentials. The global
energy system becomes very fractured, and investors do not get clear and strong signals for
clean energy sources and technologies. This investing behaviour limits the quantities of clean
energy sources available for cross-border trade are reduced, as countries need these resources
to meet their own demands. As a result, signing agreements between Switzerland and the EU
or other countries regarding imports of electricity and other low-carbon or carbon-free en-
ergy carriers is a formidable task due to limited exports from other countries. In such a world,
Switzerland opts for a "reduced dependency on energy imports”.

The resulting four CROSS scenarios are summarised in Figure 2.1. The labels for each dimension
in the table refer to the storylines described above. Section 2.1 describes the climate dimension in
detail, including the corresponding carbon targets for the energy sector. Section 2.2 translates the two
variants concerning energy market integration into assumptions concerning imports of electricity
and low-carbon energy carriers.

Climate policy Energy market integration

High integration domestic-together

Net zero GHG -

domestic

Low integration domestic-alone
High integration abroad-together

Net zero GHG -

carbon removal abroad

Low integration abroad-alone

Figure 2.1: CROSS-v2022-09 scenarios overview

2.1 Climate policy dimension

In the climate dimension, we analyse scenarios that aim at reaching net-zero GHG emissions by 2050.
Following the Long-Term Climate Strategy (Swiss Federal Council, 2021), the net-zero target:

1. means achieving a balance between GHG emissions and carbon dioxide removal;
2. covers the emissions within Swiss national borders (Section 2.1.1);

3. covers all GHGs (not just CO7) and includes all sectors in the GHG inventory (energy, industrial
processes and product usage, agriculture, land use, land use changes and forestry (LULUCF),
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waste and others). This is of particular importance because some methane (CH4) and nitrous
oxide (N20) emissions outside the energy sector are difficult to avoid (Section 2.1.2);

4. does not determine specific domestic and international shares for emission reductions (Sec-
tion 2.1.3);

5. also includes the emissions from international aviation and shipping attributable to Switzer-
land?.

2.1.1 National emissions

The net-zero target refers to national GHG emissions (Swiss Federal Council, 2021), which means that
the territorial or point of sale principle (for transport fuels) applies. The territorial principle implies
that emissions that Switzerland generates abroad are not included in the Swiss GHG emissions, this
is of particular importance for imported electricity. For transport fuels, the point of sale principle
implies that the emissions are attributed to the country where the fuel is used, this is the case of
gas, gasoline, diesel, or hydrogen. For our net-zero target, we therefore consider that: (1) the use of
imported electricity, hydrogen and biofuels produces zero CO; emissions; and (2) imported goods
have zero embodied emissions.

2.1.2 Emissions difficult to avoid

GHG emissions in some processes outside the energy sector are technologically difficult to avoid.
These emissions include:

¢ Industry:

— Chemical and pharma industries (IPCC inventory category 1.A.2): BFE (2020c) projects
1.2 MtCOze by 2050, of which 0.8 MtCOze can be removed with CCS, which results in
0.4 MtCOe remaining emissions difficult to avoid.

- Cement and chemical industry (IPCC inventory category 2): BFE (2020c) projects 2.4 MtCOze
by 2050 that cannot be prevented with measures to increase efficiency or through the re-
placement of fossil fuels. Most of them are geogenic emissions generated during manu-
facturing processes of cement, i.e. during the burning of raw materials (limestone). These
emissions can be largely reduced with CCS. If we assume a capture rate of 90 percent, the
remaining emissions difficult to avoid are 0.2 MtCO-e by 2050.

¢ Agriculture and food production (IPCC inventory category 3): According to the BFE (2020c), the
emissions difficult to avoid from agriculture and food production will be 4.6 MtCO.e by 2050,
in an optimal scenario with changes in consumption and production patterns and technical
optimizations. None of the emissions from agriculture can be captured with CCS, resulting in
4.6 MtCOze of remaining emissions difficult to avoid.

+ Waste water treatment and solid waste disposal (IPCC inventory category 5): BFE (2020c) projects
around 0.5 MtCO»e emissions difficult to avoid by 2050 from solid waste disposal and waste wa-
ter treatment.

2 Although, in 2018, GHG emissions from international aviation were 5.7 MtCO»e BAFU (2021c), we do not include them
in the CROSS-v2022-09 scenario definition.
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Adding over the categories, we obtain a total of remaining emissions difficult to avoid outside the
energy sector of 5.7 MtCO,e. The remaining emissions difficult to mitigate from the Swiss Climate
Strategy (Swiss Federal Council, 2021) correspond to 7 MtCO,e. The differences is that the Energy
Perspectives 2050+ (EP2050+) (BFE, 2020c) also includes some emissions difficult to avoid in the en-
ergy sector. However, since the modeling in CROSS focuses on energy, we calculate our target includ-
ing only those emissions difficult to avoid outside the energy sector (see Section 6.4.1 for the details
about emissions from waste incineration). For reference, Table 2.1 presents historical emissions and
emissions difficult to avoid in all sectors.

Table 2.1: GHG inventory for 1990, 2000, 2010 and 2019 by category from BAFU (2021b,c) and pro-
jected emissions in 2050 from BFE (2020c)

GHG Emissions (MtCO> equivalent)

2050 emissions

Historical
difficult to avoid
Category 1990 2000 2010 2019 Total CCS Remaining
1. Energy 419 423 432 351 42 -49 -0.7
1.A. Fuel combustion 415 419 429 349 42 -49 -0.7
1.A.1. Energy industries 25 32 38 34 26 -41 -1.5
waste incineration plant - fossil (1.A.1.a.iv) 15 2 23 25 26 -23 0.3
waste incineration plant - biological part 1.3 16 21 23 15 -14 0.2
waste incineration plant - compensated biomass growth-1.3 -1.6 -2.1 -23 -15 0 -1.5
1.A.2. Manufacturing industries and construction 66 60 59 47 12 -0.8 0.4
1.A.3. Transport 14.7 16 16.3 149 003 0 0.03
1.A.4. Other sectors 175 165 167 11.8 04 O 0.4
1.A.4.a. Commercial 49 50 49 35 02 0 0.2
1.A.4.b. Residential 11.8 10.8 11.1 7.7 0.1 0 0.1
1.A.4.c. Agriculture 0.83 081 071 06 0.05 O 0.05
1.A.5. Other 022 015 0.14 0.12 0 0 0
1.B. Fugitive emissions 0.44 041 031 025 004 O 0.04
2. Industrial processes 43 39 46 45 24 =22 0.2
thereof: Cement (2.A.1) 26 1.7 20 17
thereof: Chemical industry (2.B) 06 079 0.74 0.81
3. Agriculture 67 60 61 59 46 0 4.6
5. Waste 1.1 0.89 086 0.76 050 0 0.51
thereof: Solid waste disposal (5.A) 0.77 053 044 029 0.08 0 0.08
thereof: Waste water treatment and discharge (5.D) 021 0.23 026 030 035 0 0.35
6. Others 0.01 0.01 0.01 0.01 001 O 0.01
Total 54.0 53.1 549 46.2 11.7 -7.1 4.6

2.1.3 Carbon dioxide removal

Reaching the net-zero GHG emissions target requires compensation of the emissions difficult to avoid
through carbon dioxide removal within Switzerland or abroad.

Carbon dioxide removal abroad is a long-term option to compensate the GHG emissions difficult to
avoid (Swiss Federal Council, 2021). Switzerland has already signed bilateral agreements with Peru,

3These emissions are not included in the total emissions from Fuel Combustion, because of their biogenic origin. They
can be found in Table 1.A(a)s4.
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Ghana, Senegal, Georgia, Vanuatu, Dominica, Thailand, Morocco, and Chile under Article 6 of the
Paris Agreement. At the same time, Switzerland has established agreements regarding international
CCS and NETs with Iceland (joint declaration of intent, BAFU (2021a)) and the Netherlands (memo-
randum of understanding, BAFU (2022)).

We consider the following two variants regarding the use carbon ITMOs to reduce GHG emissions in
Switzerland:

¢ Netzero GHG-domestic: We assume that the net-zero emissions target by 2050 is to be achieved
solely with domestic measures, therefore the total emissions difficult to avoid are to be removed
in Switzerland, using CCS or NETs. However, the captured CO» can be stored abroad.

* Net zero GHG - carbon removal abroad: In this variant, the net-zero emissions target in 2050
can also be achieved with partial use of ITMOs. For the cost of using ITMOs, the carbon price
calculated by global models in achieving the net-zero target can be used: an interquartile range
of 200-900 US$,010 and an average of 500 US$201¢ (Riahi et al., 2021).

Table 2.2 presents the two variants considered in the CROSS scenarios. In both variants, we assume
that Switzerland has access to carbon storage abroad (Section 6.5.3).

Table 2.2: Emissions reduction target in 2050 in the energy sector

. Carbon removal (MtCO>)
Variant
Domestic Abroad Total
Net zero GHG - domestic -5.7MtCO2 0MtCO2 -5.7MtCO2

Net zero GHG - carbon removal abroad 0MtCOzto -5.7MtCO2 Up to -5.7MtCO2 -5.7MtCO2

2.2 Energy market integration dimension

In CROSS, we assess two distinct developments concerning the integration and access of Switzerland
to European and global energy markets: low and high integration. The variants consider access to
international markets for electricity, biofuels, synthetic e-fuels, and hydrogen. Table 2.3 summarizes
the variants for each of the energy markets. All values are starting points that will be updated in the
future (e.g. from SWEET studies, BFE system-adequacy study;, etc.).

2.2.1 Electricity

Switzerland has historically relied on electricity imports to cover times when domestic electricity pro-
duction was insufficient to cover demand. The import prices largely determine whether it is more
advantageous for Switzerland to produce more domestically, and thus invest in additional capacity,
or continue to (partially) rely on its neighbors. The key parameters that determine how much elec-
tricity Switzerland will import are both the electricity prices of neighboring countries (henceforth
called electricity import prices) and the net transfer capacities (NTCs, i.e., the part of the capacity of
cross-border electricity transmission lines that is effectively available for imports).

We, therefore, model market integration by changing the NTCs and import prices of electricity. We
use the NTC estimations for the TYNDP22 (ENTSO-E, 2022b) in Table 6.9. We assume that in the low
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Table 2.3: Energy market integration dimension variants in CROSS scenarios

Commodity Variant Quantification

Electricity Low 30% of the NTC can be utilized
High 100% of the NTC can be utilized

Biofuels and biomass Low No imports at all

High Upper limit on annual imports in 2050 of 56 PJ (7 biomass/pellets, 5
biofuels and 44 PJ biomethane) (BFE, 2020a, Tabelle 4)
Synthethic e-fuels Low No imports at all
High Upper limit on annual imports in 2050 of 64 PJ, Scenario Zero-C(BFE,
2020c)
Hydrogen Low No imports at all
High Upper limit on annual imports in 2050 of 40 PJ

variant, 30% of the NTC can be utilized. The High electricity market integration assumes that there
is an electricity agreement between Switzerland and the EU and, as a result, the NTC can be fully
utilized.

2.2.2 Biomass, biofuels and synthetic e-fuels

Regarding solid, liquid and gaseous biomass, biofuels and synthetic e-fuels, we consider two market
integration variants. In the low variant, we assume zero imports. In the High variant, we consider
imports of biomass and biofuels, limited to 56 PJ (7 PJ of biomass/pellets, 5 P] of biofuels and 44 PJ
of biomethane) following the assumptions of the EP2050+ (BFE, 2020a). And for synthetic e-fuels
we consider 64 PJ following the assumptions of the Zero-C scenario of the EP2050+ (BFE, 2020c).
Table 6.8 presents the import prices.

2.2.3 Hydrogen

Unlike the electricity market, the hydrogen market does not exist and the infrastructure required for
the trade of hydrogen needs to be developed. For that reason, we consider two variants that differ
on the development of the hydrogen infrastructure. In the low variant, we assume that the hydrogen
infrastructure is not developed, hence zero imports of hydrogen are allowed. In the high variant,
we assume that Switzerland has access to an international market of hydrogen with an upper limit on
the maximum trade volumes of 40 PJ (estimated as the sum of end-use consumption of hydrogen and
synthetic diesel in the EP2050+ Zero-Basis scenario (BFE, 2020e, Tabelle 10.01)). Table 6.8 presents
the import prices.
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Macro-economic drivers

Population and economic growth are uncertain drivers that affect energy demand. In this chapter, we
present reference values and ranges for these variables which are based on official projections. We
also include the assumptions of the EP2050+ (BFE, 2020c).

Table 3.1: Macro-economic drivers

2010 2020 2030 2040 2050 2010-2050“ Reference

Population (Million)
Reference 7.9 8.7 9.4 10.0 104 0.70% p.a. A-00-2020 (BFS, 2022a, 2020a)

High 7.9 8.7 9.6 10.5 11.3  0.91% p.a. B-00-2020 (BFS, 2022a, 2020a)
Low 7.9 8.7 9.2 9.5 9.5 0.48%p.a. C-00-2020 (BFS, 2022a, 2020a)
EP2050+ 7.8 8.7 9.5 10.0 10.3 0.68% p.a. EP2050+ (BFE, 2020c, Tabelle 1)
Number of households (Million households)
Reference 35 3.9 4.2 4.5 4.8 0.82% p.a. AM-00-2020 (BFS, 2021b,a)
High 3.5 3.9 4.3 4.7 51 1.01%p.a. BM-00-2020 (BFS, 2021b,a)
Low 3.5 3.9 4.2 4.3 44 0.61%p.a. CM-00-2020(BFS, 2021b,a)
EP2050+ 3.5 3.8 4.2 4.5 46 0.76% p.a. EP2050+ (BFE, 2020¢€)

Working population (full-time equivalent)
Reference 3.7 4.3 4.4 4.6 4.7 0.59% p.a. A-00-2020 (BFS, 2022b, 2020b)

High 3.7 4.3 4.6 4.9 52 0.83%p.a. B-00-2020 (BFS, 2022b, 2020b)

Low 3.7 4.2 4.3 4.3 43 0.35%p.a. C-00-2020 (BFS, 2022b, 2020b)

EP2050+ 3.8 4.1 4.3 4.4 4.4 0.40%p.a. EP2050+ (BFE, 2020c, Tabelle 1)
GDP (BCHF2p17)

Reference 603.0 695.6 846.4 981.6 1125.1 1.57%p.a. BIP-A (BFS, 2022c, SECO, 2022)

High 603.0 695.6 860.0 1031.0 1220.9 1.78% p.a. BIP-B (BFS, 2022c, SECO, 2022)

Low 603.0 695.6 836.2 938.0 1036.0 1.36%p.a. BIP-C (BFS, 2022c, SECO, 2022)

EP2050+ 603.0 713.0 805.0 893.0 968.0 1.19%p.a. EP2050+ (BFE, 2020c, Tabelle 1)

“%Average yearly growth rate between 2010 and 2050

I Data available at https://sweet- cross.ch/data/macroeconomic-drivers- cross/2022-09-30/

3.1 Population

The CROSS population assumptions are based on the estimations from the BFS (2020a): a reference
estimation (A-00-2020) and the 2 variants (B-00-2020 and C-00-2020). We use historical data until
2020 from the BFS (2022a), and projections after 2020 from BFS (2020a). The reference population


https://sweet-cross.ch/data/macroeconomic-drivers-cross/2022-09-30/
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projection reaches 10.4 million people in 2050 and has an average annual growth rate between 2010
and 2050 of 0.7% p.a. Table 3.1 presents the population projections for the three variants (reference,
low and high). The number of households is based on the projections of the BFS (2021a), we take
the historical data from BFS (2021b) and update with the growth rates in BFS (2021a). To calculate
the working population, we use the historical data from BFS (2022b) and the projections from BFS
(2020Db).

3.2 Gross domestic product

The CROSS GDP assumptions (Table 3.1) are based on the projections from the State Secretariat for
Economic Affairs (SECO, 2022), which are linked to the BFS (2020a) population projections. We use
the historical data from BFS (2022c) for 2010-2021.



Chapter 4

Climate change

We consider three variants for temperature change in Switzerland based on the CH2018 scenarios
(CH2018, 2018): No climate change mitigation (RCP 8.5), concerned climate change mitigation ef-
forts (RCP 2.6), and a mid of the way variant (RCP 4.5). In the RCP8.5, climate-influencing emissions
increase and hence global warming continues. The RCP 2.6 assumes immediate mitigation action
so that the Paris Agreement target of limiting temperature increase to 2 °C is achieved and the in-
crease of greenhouse gas emissions is halted within the next 20 years. The implications of these global
CO, pathways for temperature increase in Switzerland were estimated by CH2018 (2018). Figure 4.1
presents the yearly average temperature increase for the three RCPs including the range and median
of the 68 simulations available for each RCP.
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Figure 4.1: Temperature increase in three variants for global climate change. Based on CH2018 (2018),
Berger and Worlitschek (2019)

I Data available at https://sweet-cross.ch/data/climate-data-ch-2018/

We consider the effect of global climate change developments on heating and cooling demand and
hydropower.

11
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4.1 Effect on heating and cooling demand

Heating and cooling demands are directly affected by outside temperatures. We estimate the changes
in heating degree days (HDD)! and cooling degree days (CDD)? due to climate change. Berger and
Worlitschek (2019) calculated future HDDs and CDDs of the three RCP variants for the temperature
increase in all models in CH2018 (2018). They used a GIS-based approach combining the spatial
distribution of temperature (and therefore HDDs) and population. Figure 4.2 presents the median
and the first and third quartiles of the HDDs and CDDs calculated by Berger and Worlitschek (2019).
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RCP4.5
—— RCP8.5
3500 200
a a
g
= S
100
3000 —— RCP2.6 "
RCP4.5
—— RCP8.5
2500 0
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Year Year
(a) Heating degree days (b) Cooling degree days

Figure 4.2: Population weighted cooling and heating degree days in RCP 8.5, RCP 4.5 and RCP 2.6
(Berger and Worlitschek, 2019)

I Data available at https://sweet-cross.ch/data/climate-data-ch-2018/

In CROSS, we estimate HDDs by taking the historical measured data from Berger and Worlitschek
(2019) and applying the growth rates of the median values for each RCP variant. The resulting HDDs
are shown in Table 4.1, we also compare to the HDDs in the EP2050+ scenarios BAU (Business as
Usual) (BFE, 2020d) and Zero Basis (BFE, 2020e). Using these HDDs, we provide estimations for resi-
dential heating demand in Section 5.1.

4.2 Effect on inflow to hydropower

Climate change also has an effect on water availability, which affects hydropower monthly and annual
potentials. We describe the effect of the three RCP variants in Section 6.1.1.

1We use the most common definition of HDD 20/12. For every day at which the average temperature is below the heating
limit T; = 12 °C we compute the difference of that temperature to an assumed building interior temperature T; = 20 °C.

2Cooling degree days are the number of degrees that a day’s average temperature is above a certain threshold (Tyax =
18.3°C).
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Table 4.1: Heating degree days

Variant 2010 2020 2030 2040 2050 2010-2050
RCP2.6 3770 3351 3296 3248 3219 -0.39% p.a
RCP4.5 3770 3350 3255 3166 3080 —0.50% p.a
RCP8.5 3770 3353 3254 3141 2993 -0.57% p.a
EP2050+, Zero Basis (BFE, 2020e) 3586 3191 3105 3054 3030 -0.42% p.a.
EP2050+, BAU (BFE, 2020d) 3586 3182 3089 2997 2928 -0.51% p.a.

I Data available at https://sweet-cross.ch/data/heating-degree-days-cross/2022-09-30/


https://sweet-cross.ch/data/heating-degree-days-cross/2022-09-30/

Chapter 5

Energy service demands

From the harmonized drivers in Chapter 3, we calculate the future energy service demands in the
different end-use sectors with a reduced-form econometric model based ((Panos et al., 2021) and
Marcucci et al. (2021a)). We determine:

» space heating demand in the residential and commercial sectors from the future energy refer-
ence area (ERA), specific heating demand and climate change. We use population as explana-
tory variable to calculate the ERA in the residential and commercial sectors and GDP for indus-
try;

¢ process heat demand using its relationship with economic development (GDP);

« warm water and electricity demand (appliances, motors, etc., without heat pumps or electric
vehicles) follows population in the residential sector and GDP for the industrial and commercial
sectors;

« transport based on the Transport Outlook 2050 (ARE, 2021).

All the demands estimated in this section correspond to end-use energy demand (EUD). These de-
mands should not be confused with final energy consumption (FEC). FEC is defined as "the energy
which reaches the final consumer’s door". In other words, the FEC is the amount of input fuel needed
to satisfy the (EUD) in energy services. As an example, in the case heat production with a gas boiler,
the FEC is the amount of gas consumed by the boiler; the EUD is the amount of heat produced by the
boiler, i.e. the heating service needed by the final user.

5.1 Space heating end-use demand

To estimate the space heating demand in the building sector, we require development of the building
stock, energy efficiency improvements and climate change. In this section, we calculate the space
heating demand and possible changes due to climate change. However, we do not account for energy
efficiency improvements which are normally modelled as investment decisions in the energy system
models.

5.1.1 Building stock

The ERA is the effective heated surface of a building. In CROSS, we use the historical data from BFE
(2021, Tables 11 and 19). We substract the ERA of second homes and holiday houses from the resi-
dential sector and added them to the commercial sector!. To extrapolate the residential ERA to the

1All second homes are treated as holiday houses.

14
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future, we assume an increasing ERA with population with a logarithmic function for both residential
and commercial sectors. For the industrial sector, we use the GDP as the explanatory variable. The
resulting ERAs are shown in Table 5.1.

Table 5.1: Energy Reference Area by sector (Mm2)

2010 2020 2030 2040 2050 2010-2050

Residential (Mmz2)

Reference 423.6 487.2 535.5 573.9 600.5 0.88% p.a.
High 423.6 487.2 548.4 605.2 652.5 1.09% p.a.
Low 423.6 4872 5223 541.1 544.7 0.63% p.a.

EP2050+ (BFE, 2020e) 423.8 4849 537.9 573.8 594.1 0.85% p.a.
Commercial (Mm2)

Reference 206.1 230.4 2443 2573 266.2 0.64% p.a.
High 206.1 230.4 248.7 267.8 283.8 0.80% p.a.
Low 206.1 230.4 239.9 246.2 2474 0.46% p.a.
EP2050+ (BFE, 2020e) 205.9 230.9 243.7 2509 251.6 0.50% p.a.
Industry (Mm2)
Reference 87.4 945 985 104.1 109.2 0.56% p.a.
High 874 945 99.1 106.0 1123 0.63% p.a.
Low 874 945 981 1024 106.1 0.49% p.a.

EP2050+ (BFE, 2020e) 75.7 659 654 65.0 64.3 —0.41% p.a.

I Data available at https://sweet-cross.ch/data/era-cross/2022-09-30/

Since the heating demand depends on the age of the buildings, we distribute the total ERA in Table 5.1
across building types and ages. For this, we use use historical values from Schluck et al. (2019), in the
residential sector; and Wiiest Partner (2019), Jakob et al. (2019), in the commercial sector. Following
Miiller (2006), Sandberg et al. (2016) and Sartori et al. (2016), we assume that the survival rate of
the buildings follows a Weibull distribution (See Marcucci et al. (2021b) for details on the estimation).
The projected building stock for the residential sector including single family houses (SFHs) and multi
family houses (MFHs) and the different construction periods are shown in Table 5.2. Since the current
building stock is same for all variants, the only difference between them is for the buildings built after
2017. Each building type has a specific demand. We use the specific demand for the existing stock
from Schluck et al. (2019) and Streicher et al. (2020). For the future building stock, we assume that
the buildings will comply with current minenergie standards? with a specific energy demand that
decreases with time as shown in last column in Table 5.2.

Table 5.2: Residential ERA (Mmz2) and specific useful energy demand (kWh/m2/year) by building type
and construction period

Energy reference area (Mm2) Specific demand
Construction period 2016 2020 2030 2040 2050 2020-2050 (kWh/m2/year)

Single family houses
<1920 420 414 396 373 34.6 -0.60% p.a. 92.9
1920-1945 222 218 206 19.0 17.0 -0.82% p.a. 104.3

2Norm SIA 380/1
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Table 5.2: Residential ERA (MmZ2) and specific useful energy demand (kWh/m2/year) by building type
and construction period (continued)

Energy reference area (Mm2) Specific demand
Construction period 2016 2020 2030 2040 2050 2020-2050 (kWh/m2/year)

1946-1960 21.0 206 199 188 17.3 -0.59% p.a. 110.1
1961-1970 189 18.7 182 173 16.2 -0.48% p.a. 109.1
1971-1980 25.0 249 243 235 222 -0.38%p.a. 89.7
1981-1990 277 276 272 265 254 -0.28%p.a. 76.1
1991-2000 245 245 242 237 227 -0.25%p.a. 75.2
2001-2010 238 237 235 231 221 -0.23%p.a. 65.2
2011-2017 10.8 136 13.6 134 13.1 -0.13%p.a. 44.4
>2017 40 in 2020, 25 in 2050

Reference 0.0 05 14.1 26.2 37.0 15.09%p.a.

High 0.0 0.5 173 34.0 50.0 16.25% p.a.

Low 00 05 109 18.0 231 13.29%p.a.

Multi family houses

<1920 375 377 375 372 36.6 —-0.10% p.a. 77.3
1920-1945 21.8 218 21.7 216 214 -0.06% p.a. 81.3
1946-1960 280 279 278 273 255 -0.30%p.a. 73.0
1961-1970 376 378 378 375 363 -0.14%p.a. 78.4
1971-1980 33.8 34.1 341 34.0 33.5 -0.06% p.a. 72.9
1981-1990 273 276 276 276 274 -0.02% p.a. 72.4
1991-2000 25,5 257 25.7 257 25.6 —-0.01% p.a. 60.2
2001-2010 30.2 303 303 303 303 0.00%p.a. 473
2011-2017 244 253 253 253 253 0.00%p.a. 29.4
>2017 35in 2020, 20 in 2050

Reference 0.0 1.6 424 786 111.1 15.09% p.a.

High 0.0 1.6 52.0 102.0 150.1 16.25% p.a.

Low 0.0 16 326 541 693 13.29%p.a.

I Data available at https://sweet-cross.ch/data/era-cross/2022-09-30/

5.1.2 Space heating end-use demand - before energy efficiency measures

The specific demands is the last column in Table 5.2 assume a theoretical constant climate. To esti-
mate the heating demand in the different climate scenarios, we assume a linear relationship between
the HDD (Table 4.1) and the heating demand. Table 5.3 presents the end-use demand? for space
heating for the constant climate cases and the three RCP scenarios. We also include an estimation of
the end-use demand from the final energy consumption in the BAU and Zero Basis scenarios of the
EP2050+ (BFE, 2020d,e), assuming an efficiency of 86%.

Table 5.3: Space heating end-use demand (TWh)

Climate 2010 2019 2025 2030 2040 2050 2010-2050

Residential (TWh)
Reference Constant 46.0 35.7 37.3 379 383 378 —-0.49%p.a.

3We calculate end-use demand from the final energy statistics (BFE, 2021), assuming an efficiency of 86%.
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Table 5.3: Space heating end-use demand (TWh) (continued)

Climate 2010 2019 2025 2030 2040 2050 2010-2050

RCP 2.6 46.0 357 369 36.8 36.7 359 -0.62% p.a.
RCP 4.5 46.0 357 36,5 36,5 359 345 -0.72%p.a.
RCP 8.5 46.0 357 363 36.4 355 334 -0.80%p.a.

High Constant 46.0 35.7 37.5 383 39.2 39.2 —0.40% p.a.

Low Constant 46.0 35.7 37.1 375 374 364 -0.59%p.a.

EP2050+, BAU 458 360 373 36.0 333 31.0 —-0.97%p.a.

EP2050+, Zero Basis 458 36.1 373 357 320 293 -1.11%p.a.
Commercial (TWh)

Reference Constant 21.7 16.7 16.0 16.2 16.5 16.4 —0.69% p.a.

RCP 2.6 217 167 158 158 158 156 —0.82% p.a.
RCP 4.5 217 167 156 156 154 15.0 —0.92% p.a.
RCP 8.5 217 167 156 156 152 14.5 —1.00% p.a.

High Constant 21.7 16.7 16.0 164 168 17.0 —-0.61% p.a.

Low Constant 21.7 16.7 159 16.1 16.1 159 -0.78% p.a.

EP2050+, BAU 194 160 141 129 11.2 10.1 -1.62%p.a.

EP2050+, Zero Basis 194 161 134 11.8 9.5 8.2 —-2.13%p.a.
Industry (TWh)

Reference Constant 5.6 3.1 3.2 3.1 2.9 2.8 -1.72% p.a.

RCP 2.6 5.6 3.1 3.2 3.0 2.8 2.6 —1.85% p.a.
RCP 4.5 5.6 3.1 3.1 3.0 2.7 2.5 -1.95% p.a.
RCP 8.5 5.6 3.1 3.1 3.0 2.7 2.5 -2.03% p.a.

High Constant 5.6 3.1 3.2 3.1 3.0 2.9 —-1.65% p.a.
Low Constant 5.6 3.1 32 30 28 27 -1.80%p.a.
EP2050+, BAU 5.2 3.3 2.8 2.5 2.0 1.6 —-2.90% p.a.
EP2050+, Zero Basis 5.2 3.3 2.7 2.3 1.7 1.3 -3.41%p.a.

I Data available at https://sweet-cross.ch/data/end-use-energy-demand- cross/2022-09-30/

5.2 Warm water end-use demand

The drivers for the projection of warm water demand are population for the residential and commer-
cial sectors and GDP for the industrial sector. We use the historical final energy statistics (BFE, 2021)
to calibrate the model and we calculate useful energy demand assuming an efficiency of 80%. Table
5.4 presents the resulting demand. We also include an estimation of the end-use demand from the
BAU and Zero Basis scenarios of the EP2050+ (BFE, 2020d,e), assuming an efficiency of 80%.

Table 5.4: Warm water end-use demand (TWh)

2010 2019 2025 2030 2040 2050 2010-2050

Residential (TWh)
Reference 6.9 7.1 7.1 7.0 6.9 6.8 —0.04% p.a.
High 6.9 7.1 7.3 7.4 7.5 7.6 0.24% p.a.
Low 6.9 7.0 6.8 6.7 6.3 6.0 -0.36% p.a.
EP2050+, BAU 6.7 7.1 7.2 7.3 7.3 7.3 0.21% p.a.

EP2050+, Zero Basis 6.7 7.1 7.0 6.8 6.6 6.4 -0.11%p.a.
Commercial (TWh)
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Table 5.4: Warm water end-use demand (TWh) (continued)

2010 2019 2025 2030 2040 2050 2010-2050

Reference 27 26 24 23 22 21 -067%p.a.
High 27 26 25 25 24 23 -039%p.a.
Low 27 25 23 22 20 1.8 —-0.98% p.a.
EP2050+, BAU 2.5 2.2 1.9 1.8 1.8 1.9 -0.68% p.a.
EP2050+, Zero Basis 2.5 2.2 1.8 1.8 1.9 1.9 -0.68% p.a.
Industrial (TWh)
Reference 0.65 044 040 039 037 037 -144%p.a.
High 0.65 045 042 041 041 041 -1.13%p.a.
Low 065 043 038 036 034 032 -1.76%p.a.
EP2050+, BAU 081 052 045 039 031 0.25 —-2.90% p.a.

EP2050+, Zero Basis 0.81 0.53 043 0.36 0.26 0.20 —3.44% p.a.

I Data available at https://sweet-cross.ch/data/end-use-energy-demand- cross/2022-09-30/

5.3 Process heat end-use demand

Process heat is thermal energy supplied at a level higher than space heating of warm water. It is
mostly used in specific industrial sectors with a small contribution in the commercial sector. We re-
late process heat demand to GDP. We use the historical final energy statistics (BFE, 2021) to calibrate
the model. We assume that industrial process heat corresponds to the categories Prozesswdirme, Son-
stige and Antriebe, Prozesse in BFE (2021, Table 28) and we calculate useful energy demand assuming
an efficiency of 70%. Table 5.5 presents the resulting demand.

Table 5.5: Process heat end-use demand (TWh)

2010 2019 2025 2030 2040 2050 2010-2050

Commercial (TWh)

Reference 0.47 052 055 058 065 0.73 1.13%p.a.
High 047 052 056 0.6 0.70 0.81 1.36% p.a.
Low 047 052 054 056 061 067 0.89%p.a.
EP2050+ 0 0 0 0 0 0 -
Industrial (TWh)

Reference 17.7 167 16.1 165 17.0 179 0.03% p.a.
High 177 167 161 170 181 19.6 0.26% p.a.
Low 177 167 161 16.0 16.0 163 -0.21%p.a.
EP2050+, BAU 176 169 167 16,5 164 162 -0.21%p.a.

EP2050+, Zero Basis 17.6 16.9 16.0 15.2 14.0 13.0 -0.75% p.a.

I Data available at https://sweet-cross.ch/data/end-use-energy-demand- cross/2022-09-30/
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5.4 Electricity demand from electric appliances

In the electricity demand from electric appliances we include cooking, lighting, ICT, cooling, pro-
cesses (refrigerators, dishwashers, etc), electric motors, air conditioning and other appliances *. It is
important to note that this electricity demand does not include electricity use to produce the end-use
demand of space heating, industrial heat or transport, it only accounts for appliances.

The drivers used for the projections are population in the residential and commercial sectors and
GDP in the commercial and industrial sectors. Table 5.6 presents the resulting demand.

Table 5.6: Electricity demand from electric appliances (TWh)

2010 2019 2025 2030 2040 2050 2010-2050

Residential (TWh)
Reference 127 12.0 11.7 11,5 11.2 10.9 -0.38% p.a.
High 127 120 11.8 11.8 11.8 119 -0.17% p.a.
Low 12,7 120 11.6 11.3 10.6 10.0 —0.59% p.a.
EP2050+, BAU 122 121 114 11.6 123 12.7 0.10% p.a.

EP2050+, Zero Basis 12.2 121 11.3 11.3 11.6 11.6 -0.13% p.a.
Commercial (TWh)

Reference 16.3 16.7 16.1 158 15.1 14.1 -0.35% p.a.
High 16.3 16.7 164 164 16.1 155 -0.12%p.a.
Low 16.3 16.7 159 153 142 129 -0.58% p.a.
EP2050+, BAU 16.7 16.0 169 17.0 16.6 15.1 —0.25% p.a.
EP2050+, Zero Basis 16.6 159 159 151 132 11.5 —-0.91%p.a.
Industrial (TWh)
Reference 154 147 139 135 129 123 -0.55% p.a.
High 154 14.7 141 14.0 13.8 135 -0.32% p.a.
Low 154 147 13.7 131 122 11.2 -0.78% p.a.
EP2050+, BAU 15,5 139 138 13.7 134 129 -0.46% p.a.

EP2050+, Zero Basis 155 13.8 129 121 10.8 9.7 -1.16% p.a.

I Data available at https://sweet-cross.ch/data/end-use-energy-demand- cross/2022-09-30/

5.5 Transportdemand

The transport demand is based on the Transport Outlook 2050 (ARE, 2021). To calculate the three
variants of the transport demand, we use the historical data from the BFS (2021d,c) and the ARE
growth rates in the reference, high and low variants. Tables 5.7 and 5.8 present the passenger and
freight transport projections from the different scenarios. Motorized personal transport corresponds
to the categories personal cars, motorcycles, mopeds and fast e-bikes and other private.; Passenger
rail corresponds to trams, trolleybuses and trains; and Road freight corresponds to trucks and light
duty vehicles.

4From the Analyse des schweizerischen Energieverbrauchs 2000 — 2020 nach Verwendungszwecken (BFE, 2021) we include
the following categories by sector. Residential: Klima , Liiftung, HT; Unterhaltung, I&K; Kochen / Geschirrspiilen; Beleuch-
tung; Waschen & Trocknen,Kiihlen & Gefrieren; and sonstige Elektrogerdite. Commercial: Beleuchtung; Klima, Liiftung, HT;
I&K , Unterhaltung; Antriebe, Prozesse; and sonstige. Industrial: Beleuchtung; Klima, Liiftung, HT; I&K, Unterhaltung;
Antriebe, Prozesse; and sonstige
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Table 5.7: Passenger transport demand (Billion passenger-kilometer)

2010 2019 2025 2030 2040 2050 2010-2050

Motorized personal transport
Reference 90.9 103.1 105.6 107.4 107.7 104.8 0.36% p.a.

High 90.9 103.1 106.5 109.6 113.1 113.7 0.56% p.a.

Low 909 103.1 104.8 1053 1023 96.1 0.14% p.a.

EP2050+ 90.9 101.8 106.0 109.3 113.5 1152 0.59% p.a.
Buses

Reference 2.5 3.0 3.1 3.2 3.6 3.9 1.10% p.a.

High 2.5 3.0 3.1 3.3 3.8 42 131%p.a.

Low 2.5 3.0 3.1 3.2 34 3.5 0.88%p.a.

EP2050+ 3.0 3.4 3.7 3.9 4.2 4.3 0.90% p.a.
Passenger rail

Reference 21.1 239 245 256 285 30.7 0.94%p.a.

High 211 239 247 261 299 333 1.15%p.a.

Low 21.1 239 243 251 271 281 0.72%p.a.

EP2050+ 20.2 229 252 267 288 30.1 1.00% p.a.

I Data available at https://sweet-cross.ch/data/end-use-energy-demand- cross/2022-09-30/

Table 5.8: Freight transport demand (Billion ton-kilometer)

2010 2019 2025 2030 2040 2050 2010-2050

Road
Reference 169 17.1 173 180 19.6 21.2 0.57%p.a.
High 169 171 176 186 209 23.2 0.80%p.a.
Low 169 171 171 174 184 193 0.33%p.a.
EP2050+ 169 176 186 195 21.2 225 0.72%p.a.
Freight rail
Reference 9.8 101 109 11.7 125 13,5 0.80% p.a.
High 9.8 101 11.1 121 134 148 1.04%p.a.
Low 9.8 101 10.7 11.3 11.8 123 0.57%p.a.

EP2050+ 9.9 109 128 13.7 14.1 14.7 0.99% p.a.

I Data available at https://sweet-cross.ch/data/end-use-energy-demand- cross/2022-09-30/
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Chapter 6

Resources

6.1 Hydropower

Hydropower is the backbone of the Swiss electricity system, supplying approximately 60% of today’s
electricity. Roughly half of it is produced with run-of-river (RoR) power stations and the other half
with storage lakes.

Boes et al. (2021) estimated a long term hydropower production in 2050 of 36 TWh/a. This amount
considers already that the production during the last years was higher due to an absolute reduction
of glacier volume. The analysis by Boes et al. (2021) also studied the effect of different factors on the
hydropower potential, including increased residual flows, protection to fish migration, refurbishment
of existing plants, construction of new plants, and climate change. Table 6.1 shows the impact of these
factors for three different scenarios in Boes et al. (2021).

Table 6.1: 2050 Hydropower potential from Boes et al. (2021)

Long term potential (Boes et al., 2021) 36 TWh/a

Change in TWh/a
Pessimistic Medium Optimistic
Increased residual flows -3.6 -2.3 -1.9
Measures to protect fish migration -1.0 -0.4 -0.2
Refurbishment of existing plants 0.4 0.8 2.0
New plants 1.1 2.3 3.1
Climate change -2.0 -1.0 0.0

In CROSS (Table 6.2), we assume three variants that differ in the level of social acceptance, reflected
on the refurbishment of existing plants and the construction of new plants.

Table 6.2: 2050 Hydropower potential: CROSS variants

Long term potential (Boes et al., 2021) 36 TWh/a

Change in TWh/a
Low Reference High
Increased residual flows -2.3 -2.3 -2.3
Measures to protect fish migration -0.4 -0.4 -0.4
Refurbishment of existing plants 0.4 0.8 2.0
New plants 1.1 2.3 3.1
2050 potential 34.8 36.4 38.4

21
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6.1.1 Effect of climate change

The potential of hydropower (both RoR plants and storage plants) depends on the availability of wa-
ter inflows. Climate conditions and weather patterns dictate precipitation and melting, that is, water
inflows. Climate change has two effects on hydropower production. First effect is on the total yearly
potential. Boes et al. (2021) estimated the effect of climate change on the yearly potential for three
scenarios: optimistic, medium and pessimistic. We map these scenarios to our climate change vari-
ants: RCP 2.6, RCP 4.5 and RCP 8.5, respectively.

Second, climate change affects the monthly water availability. Marcucci et al. (2021b) modelled the
impact of climate change on the monthly hydropower production for the three RCP climate scenarios
in CH2018 (2018). They used the Swissmod model based on input hydro discharge data from Brunner
et al. (2019). The resulting inflow patterns are visualized in Figure 6.1. Especially in the RCP 8.5
scenario, clear trends can be observed, with a decline of total inflow to hydropower, but higher winter
and lower summer inflows. The RCP 2.6 and 4.5 scenarios show similar changes, yet to a smaller

extent.
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Figure 6.1: Inflows to run-of-river hydropower and dams under different RCPs and climatic periods

I Data available at https://data.sccer-jasm.ch/climate_hydro_inflows/

The changes due to climate change in Figure 6.1 are estimated for inflows and not production. To
make use of the inflow dataset for the RCPs, Marcucci et al. (2021a) calibrated the inflow dataset to
the production dataset based on the joint historical climate periods and used the obtained calibration
factors for future years (Figure 6.2). The results show an important decrease in the inflow in the sum-
mer months (July, August and September) and an increase in winter (January, February and March)


https://data.sccer-jasm.ch/climate_hydro_inflows/
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Figure 6.2: Hydropower monthly profile for the three RCP scenarios

I Data available at https://sweet- cross.ethz.ch/data/hydropower-climate/

6.2 Solar photovoltaics

Different studies have estimated the solar photovoltaics (PV) potential for Switzerland. Table 6.3
presents a summary of different studies for rooftop, facades and mountain potentials. Based on those

studies, in CROSS we consider three variants for solar photovoltaics as shown in Table 6.4.

Table 6.3: 2050 solar photovoltaic potentials estimates from different studies

Rooftop Facades Mountains
Study
Roof Capacity  Potential Potential Potential
coverage (%) factor (%) (TWh) (TWh) (TWh)
Dujardin et al. (2021) 30 (above
800 m, notin
urban areas)
Walch et al. (2020) 56.4% 13.8 25
Remund et al. (2019) Roofs 23.3 8.2 33
Roads 2.5
Parking lots 3.9
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Table 6.3: 2050 solar photovoltaic potentials estimates from different studies (continued)
Rooftop Facades Mountains
Study
Roof Capacity  Potential Potential Potential
coverage (%) factor (%) (TWh) (TWh) (TWh)
Highways 3.9
BFE (2019) 70% of roofs of more than 10 m2 with 50 17
atleast “good” annual solar radiation
Bauer et al. (2019) All roofs 63
72%: Roofs with solar irradiance 50
>1000 kWh/m2/year
40%: Roofs with solar irradiance 30
>2000 kWh/m2/year
Assouline et al. (2018) 60.5% 13.6 16.3
Buffat et al. (2018) 70.1% 10.3 41.3
Assouline et al. (2017) 60.5% 13.6 17.9
Klauser (2016) 72.2% 13.6 53.1
1EA (2002) 55.0% 10 15.0
Table 6.4: 2050 solar photovoltaics potential:
CROSS variants
. 2050 potential (TWh/a)
Variant
Rooftop Facades Mountains Total
Reference 40 4 3 47
High 50 8 30 88
Low 30 0 0 30
6.3 Wind

Table 6.5 summarizes the potentials calculated in different studies. Based on these studies, in CROSS,
we consider three variants for wind potential (Table 6.6): a low variant of 1.7 TWh/a, a reference

variant of 4.3 TWh/a and a high variant 15 TWh/a.

Table 6.5: 2050 wind potentials estimates from different studies

Study

BFE (2022)
Mitteland
Jura and Alpine valleys
Alps

Dujardin et al. (2021)

Suisse Eole (2020)
Sustainable for locations with wind average of > 4.5m/s
Sustainable for locations with wind average of > 5m/s
Realistic

BFE (2020c¢)

Potential (TWh)

17.5
7.8
4.2

15

30
20
9
4.3
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Table 6.5: 2050 wind potentials estimates from different studies (continued)

Study Potential (TWh)
ARE (2017) 4.3
Bauer et al. (2017) 4.3
VSE (2012) 2-4
Cattin et al. (2012, p. 21)
Variants 1A and 2A (with noise restrictions) 2.7-4.5
Variants 1B and 2B (with restrictions of noise and public acceptance) 1.7-2.2

Table 6.6: 2050 Wind potential:
CROSS variants

Variant 2050 potential (TWh/a)

Reference
High

Low

4.3
15.0
1.7

6.4 Biomass and waste potentials

Biomass and waste are important resources for the future Swiss energy system. ETH and Biosweet
estimated the potentials of different biomass resources and waste for the use in the energy system
(Guidati et al., 2021). We updated these potentials with the CROSS assumptions on GDP and popu-
lation described in Chapter 3 (Table 6.7 depicts the reference variant). The potentials estimated in

Guidati et al. (2021) include three different wood potential scenarios depending on economic restric-

tions and the management policy. Total potentials of biomass excluding mixed waste for the reference
population and GDP growth are in the range of 100-113 PJ in 2050 (depending on the wood scenario).
Waste potentials are projected to be 74 PJ by 2050.

Table 6.7: Energy potential of biomass and waste categories in the reference variant (PJ])

Energy Potential (PJ)

Category Feedstock 2015 2020 2025 2030 2035 2040 2045 2050 2055 2060
(A) Wood Forest wood

Continued stock increase 17.1 20.1 23.0 26.0 26.0 26.0 26.0 26.0 26.0 26.0

Moderate stock reduction 17.1 22.2 27.2 323 323 323 323 323 323 323

Large stock reduction 171 245 319 394 394 394 394 394 394 394

Wood from landscape 23 32 40 48 48 48 48 48 48 48

Wood residues 74 75 76 77 rvoo7Y 17 0w 1T 17

Waste wood 9.1 11.1 132 153 158 163 16.6 17.0 173 17.5

(B) Manure Animal manure (dry) 25 105 184 263 263 263 263 263 263 26.3

(C) Green waste  Collected organic waste 33 39 46 54 62 71 81 91 101 11.2

Agricultural byproducts 01 09 18 26 26 26 26 26 26 26

(D) Sewage sludge Fresh sewage sludge (dry) 49 51 53 55 57 58 60 61 62 63

(E) Mixed fossil/  Imports 42 28 14 00 00 00 00 00 00 0.0
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Table 6.7: Energy potential of biomass and waste categories in the reference variant (PJ) (continued)

Energy Potential (PJ)
Category Feedstock 2015 2020 2025 2030 2035 2040 2045 2050 2055 2060
organic waste Export 59 33 1.7 00 00 00 00 00 00 0.0
Other waste fraction 228 244 284 316 34.1 36.7 39.4 421 449 479
Municipal waste 314 308 314 31.8 321 321 319 31.7 313 309

I Data available at https://sweet-cross.ch/data/biomass- potentials-cross/2022-04-05/

6.4.1 Waste incineration plants (IPCC category 1.A.1.a.iv)

Waste incineration plants are a special category where we need special considerations.

Waste composition in 2050: Around 37 per cent of total waste is of biogenic origin by 2050 and the
remaining is fossil-based (BFE, 2020c).

Emissions from waste in 2050: 4 MtCO, are emitted by waste incinerators, 1.5 MtCO» (37%) of
biogenic origin and the remaining 2.5 MtCO is fossil-based (BFE, 2020c). Since carbon capture
and storage can be used in waste incinerators, assuming 90% capture rate, 3.6 MtCO, can be cap-
tured. Given that the biogenic portion is captured by the biomass while growing, the net emissions
(when using CCS) are the fossil fraction minus the total CO, captured: -1.1 MtCO,.

Lower heating value (LHV): According to the VBSA (2020) the LHV for waste is between 11 and
12 MJ/kg. We assume a LHV of 11.5 MJ/kg.

Amount of waste in 2050: The CO, content of waste (VBSA, 2020, Eq. 1) is calculated following:
Ciotal [g/kgl = 264 + (LHV[M]/kg] — 10) x 98/5,

we can, therefore, estimate the total amount of waste that goes to the waste incinerators (from the
4 MtCO, in BFE (2020c)) to 3.7 Mt (or 42.8 PJ).


https://sweet-cross.ch/data/biomass-potentials-cross/2022-04-05/
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6.5 Imports and exports

6.5.1 Oil, gas, biofuels and hydrogen

Table 6.8 presents the assumptions for import prices of oil, gas, biofuels and hydrogen. The import
price of oil and gas are based on the 2021 World Energy Outlook (WE02021) (IEA, 2021). These prices
are adjusted accounting for recent developments. Biofuels and hydrogen prices are from the JASM
project (Marcucci et al., 2021b), where the price of biofuels were projected until 2030 following FAO
(2019) and WEC (2019). The hydrogen prices in JASM were calculated as a mix of production cost of
fossil and renewable hydrogen based on IEA (2019).

Table 6.8: Import price of energy carriers (CHF/G]J). Prices are based on the WEO 2021 (IEA, 2021) and
are adjusted using recent developments. The table also includes the prices in the WEO 2021 and the
BAU ans Zero basis scenarios in the EP2050+

2017 2020 2030 2040 2050 2020-2050 Reference
0il
Stated policies 6.9 12.6 144 2.5 %p.a. 1IEA (2021)
Reference 6.9 9.6 9.0 8.3 0.64%p.a. CROSS
High 69 133 143 14.7 2.56% p.a. CROSS
Low 6.9 6.1 4.9 4.1 -1.71%p.a. CROSS
Net zero 6.9 5.9 3.9 -1.85%p.a. IEA (2021)
Sustainable development 69 9.2 8.2 0.58% p.a. IEA (2021)
Announced pledges 6.9 11.0 10.5 1.41% p.a. IEA (2021)
EP2050+, BAU 8.2 11.7 15.0 175 219 2.10%p.a. BFE (2020d)
EP2050+, Zero Basis 8.2 114 11.3 10.1 7.0 -1.60% p.a. BFE (2020e)
Gas
Reference 4.0 5.0 4.9 49 0.7 %p.a. CROSS
High 4.0 9.2 9.0 9.3 2.86%p.a. CROSS
Low 4.0 4.6 4.2 3.9 -0.08% p.a. CROSS
Net zero 4.0 3.7 3.4 -0.51% p.a. IEA (2021)
Sustainable development 40 4.0 43 0.23% p.a. IEA (2021)
Announced pledges 40 6.2 6.2 1.47%p.a. IEA (2021)
Stated policies 4.0 7.3 79 23 %p.a. IEA (2021)
EP2050+, BAU 5.5 6.8 7.8 8.5 9.6 1.20% p.a. BFE (2020d)
EP2050+, Zero Basis 5.5 6.7 7.2 7.3 5.1 -0.92% p.a. BFE (2020e)
Biodiesel
Reference 43.4 427 49.7 524 55 0.85% p.a. Marcucci et al. (2021b)
High 434 427 564 657 70.8 1.7 %p.a. Marcuccietal. (2021b)
Low 43.4 427 414 40.1 40.1 -0.22% p.a. Marcucci et al. (2021b)
Ethanol
Reference 29.7 304 394 419 443 1.27%p.a. Marcuccietal. (2021b)
High 29.7 304 482 59.2 64.1 252%p.a. Marcuccietal. (2021b)
Low 29.7 304 30.6 24.6 24.6 -0.7 %p.a. Marcuccietal. (2021b)
Hydrogen
Reference 0 26.9 40.1 42.7 447 1.7 %p.a. Marcuccietal. (2021b)
High 0 269 41.6 444 521 2.23%p.a. Marcuccietal. (2021b)
Low 0 26.9 385 41.1 373 1.09%p.a. Marcuccietal. (2021b)

I Data available at https://sweet-cross.ch/data/import-prices-cross/2022-09-30/
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6.5.2 Electricity imports

Net transfer capacities (NTCs) indicate how much physical line capacity is available to transfer elec-
tricity across the interconnector tie lines between two countries after taking security aspects into
account; thus, NTCs are less than the built capacity.

Table 6.9 depicts the net transfer capacities between Switzerland and its neighboring countries from
the European Network of Transmission System Operators for Electricity (ENTSO-E). 2020 values from
the 2022 European Resource Adequacy Assessment (ENTSO-E, 2022a, Target year 2024) and the 2030-
2050 projections from the Ten Year Network Development Plan (TYNDP), 2022 edition (ENTSO-E,
2022b).

Table 6.9: Annual net transfer capacities (GW) from ENTSO-E (2022a,b)

TYNDP22 scenario

Distributed Energy Global Ambition

From-to 2020 2030 2040 2050 2030 2040 2050
Switzerland-Germnay 4.0 4.3 4.3 4.3 4.9 4.9 4.9
Switzerland-France 1.4 1.9 1.9 2.9 1.9 2.9 2.9
Switzerland-Italy 3.9 4.0 4.0 4.0 3.8 5.0 5.0
Switzerland-Austria 1.2 1.2 1.2 1.2 1.2 1.2 1.2
Germany-Switzerland 2.7 36 36 3.6 39 39 39
France-Switzerland 3.7 5.2 5.2 6.2 5.2 6.2 6.2
Italy-Switzerland 1.9 1.9 1.9 1.9 1.7 2.9 2.9
Austria—Switzerland 1.2 1.2 1.2 1.2 1.2 1.2 1.2

I Data available at https://sweet-cross.ch/data/net-transfer- capacities/2022-12-13/

6.5.3 Carbon sequestration

Recent studies found that CO, storage potentials in Switzerland are low (Diamond et al., 2019) and
to achieve net zero emissions, storage alternatives must be found abroad. Estimates for the storage
potential in the North Sea amount to more than 100 GtCO, (IOGP - International association of oil
& gas producers, 2019). In CROSS, we assume that Switzerland has access to the storage potential in
the North Sea. This potential is unlimited and has a prices of transport and storage of 100 CHF/tCO,
for transport (BFE, 2020b, Abbildung 15).


https://sweet-cross.ch/data/net-transfer-capacities/2022-12-13/
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