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1 Executive summary

This report provides a comphnensive evaluation of technologgpecific potentials and costs

of electricity generation in Switzerland (and electricity imports from the neighborhood from
selected technologies). In addition, the environmental performance of these power
generation technadgies is quantified and discussed. Potentials, costs and environmental
performance indicators are provided for today, 2020, 2035 and 2050. The evaluation includes
the following technologies:

1 Large hydropower (LHP)

Small hydropower (SHP)

Wind power (onshorand offshore)
Solar photovoltaics (PV)
Electricity from biomass

Deep geothermal power

Wave and tidal power

Solar thermal power (concentrated solar power, CSP)
Nuclear power

Natural gas and coal power

Fuel cells

Novel technologies

=4 =2 =4 4 -4 -4 5 -5 2 2 -2

System aspects, i.e. theteraction of different power generation technologies as part of the
overall electricity supply system, have not not been addressed. Out of scope of this analysis
are also external costs

The analysis was carried out by researchers &wAtl support fom WSL, EPFL and ETHZ on

behalf of the Swiss Federal Office of Energy. The work is part of the activities of the two Swiss

/| 2YLISGSYOS /SyiSNA FT2N 9ySNHE WEFRI NOKR 28§ /SNG
0 . L h{ 2 9®ednralsis represents a cohution to the ongoing technology monitoring

program of the SFOE and the results will be used within the upcoming Swiss energy
perspectives.

This summary is structured in the following way:

First, it provides a brief overview of generation technologies éimeir expected future
development. Next, electricity generation and supply potentials are discussed, followed by
comparative overviews of electricity generation costs and associated environmental life cycle
burdens and potential impacts. All key infornmat and most important performance data are

AAAAA

summarized in technologit LISOAFA O a Tl OG aKSSGaédod CAylffex

1 External costs are costs that affects a party who did not choose to incur thatBustianan and Craig 1962)

i.e., often society has to bear these costs. External costs in the context of electricity generation can e.g. be due
to health impacts as a consequence of combustieiated air pollution or due to potential costs as
consequences of potential accidents not covered by insurances.

2 Laboratory for Energy Systems Analyistipé://www .psi.ch/lea)); Laboratory for Thermal Processes and
Combustion(http://crl.web.psi.ch/); Solar Technology Laboratohttfs://www.psi.ch/Ist/).

3 http://www.sccer-soe.ch/

4 http://www.sccer-biosweet.ch/
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studies, current research gaps are summarized and recommendations for further work are
provided.

1.1  Electricity generationdchnologies

1.1.1 Large hydropower (LHP)

Hydropower plants with capacities aboved® | NBX OF 6 S32NAT SR & af !
Two types can be distinguished: reservoir/storagianiming the water and creating a
reservoir lakg and runof-river (Only the waterin the rivers coming from upstream is available
for generatior) power plants. In addition, there are pumped storage power plants, which
produce electricity to supply high peak demands by moving water between reservoirs at
different elevations using pump®&ften, pumped storage and reservoirs are combined using
pumped water plus natural inflows to reservoirs for electricity generation. Hydropower plants
use water turbines for electricity generation. The application of different turbine technologies
mainly cepends on useable water head and flow rate; main turbine types, reaching
efficiencies of more than 90% today, dfeancis, Kaplan and Pelton turbinésglre6.7).
Hydropower plants are a mature technology and no major technology development can be
expected in the future.

1.1.2 Small hydropower (SHP)

Ly {6A0G1 SNIFYyRYS K@RNRLRGSNI LX Fyda NB OFGsS3az
10 MW. SHP phts can be categorized according to construction type-0iNRA @S NE- @G ! dza f
krafts SNJ ¢ K RAGSNBEA2Y S &aG2NIF 3IST a! YONET 6SN] Sk O
runoff medium (rivesF SR gl AGS6F GSNE RNAY(1AYy3 61 GSNE «a
plant). SHP technologies as such are similar to LHP technologies. However, technical
limitations for small plants for certain applications and circumstances exist, and current
research aims gtroviding alternative solutions for medium head and {bead, respectively,

low-runoff applications (see sections2.2and7.2.3.

1.1.3 Wind power

Horizontal axis wind turbines with three rotor blades represent the dominant wind power
technology today and are installed onshore and offshore. Vertical axis wind turBigey Q
play a role on the wind power mark&iday due to economic and technical reasons, which is
not expected to change until 2058odern wind turbines reach capacities of up tdvi8V

with rotor diameters as large as 164 and hub heights of up to 220. However, around 72%

of the worldwide instaltd turbines are in the range of3AMW, which is also the common size

in SwitzerlandTable8.10). Small wind turbines with capacities below W are and will be

a niche market. Current wind turbines are a relatively mature technology (especially onshore
installations); future technolgy development aims at further increasing turbine capacities
and improving reliability of offshore installations. Turbine capacities df120 seem to be
feasible. Increasing hub heights will allow for better exploitation of wind resources, since wind
speed increase with height above ground.

1.1.4 Photovoltaics (PV)

Photovoltaic cells directly convert solar irradiance into di@aotrent (DC) electricity. A
converter is used to convert DC into alternate current (AC) before gridifedd Switzerland,
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smallscak, rooftop PV installations are most common. About half of the installed capacity is
in units below 10&W, about half in units above 16W. In terms of numbers of installations,
more than half of the units are installed on sindggenily houses. Howevelin terms of
installed capacity, PV units on industrial and agricultural buildings are more important.

The most common way of PV technology categorization is based on the basic material used
for the PV cells. The PV market today is dominated by crystaillicen (eSi) cells (first PV
generation), mainly mukc Si Figure9.10); singlec Si cells have continuously lost market
share in recent years. Salled thinfilm technologies (second PV generation) are alternatives

to crystalline silicon; thifiilm technologies that have been commercially developed use
amorphous/microcrystalline silicon i), cadmium telluride (CdTe), or Copper Indium
Gallium (a)Selenide (CIGS or CIS). Other advancedfitmnPV technologies, concentrating

PV, dyesensitized PV and organic PV (third PV generation) are in research and development
and might be options in the future. Best commercial PV module efficiencies areadd%
21.5% for multic Si and single Si, respectively, and 17% for CdTe-filim modules Table

9.2 and Figure9.19). Future developments of PV technologies mainly focus on two aspects:
reduction of manufacturing costs and efficiency improvement. However, therdeoaetical
maximum efficiency fosinglejunction crystalline silicon PV cells of about 30%. Since due to
system losses (inverter, transformer, etc.) the module efficiency is a few percentage points
below the cell efficiency, a module efficiency of 27% is used as maximum in 2050 in this
analysis. Lifetime of current modules is in the order of/88rs and is assumed to increase to
35years from 2035 on.

1.1.5 Electricity from biomass

Biomass resources are a heterogeneous group, comprising feedstocks ranging from
wastewater and manure, to munpl and industrial waste products, to forest wodedure
10.16 andFigure10.18).

For the purposes of reporting costs and potentials for biorzesed electricity generation
systems, the following three broad categories are used:

a) Waste management sector: Installations which receive gate fees or atiseme for
providing a waste processing service. This category includes waste incineration systems
(KehrichtverbrennungsanlageKVVA), municipal and industrial wastewater treatment
plants, and industrial biogas plants.

b) Wood sector: Installations which useody biomass as a feedstock, but which are not
paid as a waste processor. These installations typically depend heavily on heat sales for
income. This category includes webdsed CHP units, including combustion and
gasification based systems.

c) Agricultual sector: Installations which mainly use agricultural substrates as a feedstock.
For this feedstock, the installations do not receive gate fees and they are only waste
processors to a minor extent. They also typically do not have very significant income f
heat sales.

Nonwoody biomass feedstocks with a high liquid content, such as wastewater or manure,
are first processed through an anaerobic digestion step in which biogas is produced. Then,
the biogas can be used in a combined heat and power (CHR)suoh as an engine, a gas
turbine or a fuel cell. Woody biomass feedstocks and-woody biomass feedstocks with a

5 CHP: Combined Heat and Power generation.
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low water content (such as municipal waste) can be combusted directly to drive steam cycles

at large scales or organic Rankine cycle (OR@pdium scales. At small scales, externally

fired gas turbines (EFGT) are also considered. Finally, the woody and dmyoadwy
feedstocks can be gasified, creating a syngas that can be burned in an engine or other CHP
unit to produce electricity. An alteative pathway for all feedstocks is the creation of
biomethane for injection into the natural gas grid and subsequent flexible use as energy
carrier for electricity generation, but also heating or mobility. Therefore, biomass represents

to some extent a0 A LISOA £ OFaSé¢ Ay (GKAA lylfearazr aa
FRRNBaAaaSRY aO02YLISGAGA2Y £-use SttdrsNSbalyZadzblieSricasé NB Y
of biomas<’

Ongoing research and technology development focus on the potential to maximize the
electricity that can be produced from the same amount of feedstock, either by improving
efficiencies of existing technologies (see specific numbefsabie10.3), or by developing

new ones such as hydrothermal gasification or manure digestion with phase separation of the
feedstock into a solid and liquid fraction.

1.1.6 Deep g@othermal power EGS

Energy from deep geothermal installations (>400 m depth, >120°C) can be harvested in two
ways: From hydrothermal systems and fromcadled Enhanced Geothermal Systems (EGS)

or petrothermal systems. Hydrothermal systems require higidarground temperatures

(>100°C), watebearing geological formations and adequate generation of hot water in these
formations. These preonditions seem to be present only at few places in Switzerland. Since

EGS are not dependent on hot water in the urgteund, but simply make use of the natural
GSYLISNI GdzNBE 3INFRASYG (G261 NRa GKS 91 NIKQa A
underground, only such EGS could substantially contribute to electricity supply in Switzerland

and are therefore evaluated in thianalysis.

By drilling two or more wells and connecting them, cold water can be injected to these high
temperature formations, warm up there and then be pumped up through one or two other
well(s). The resulting hot water drives a generator in a binarlecGS only need a high
temperature gradient from a geological point of view, but are more dependent on technical
issues such as the drilling and the stimulation phase, or adequate treatment of mineral scaling
during operation.

Typical well depths in Swzérland would be around Em. Geothermal gradients need to be
above 30°C/km for power generation in order to reach reservoir temperatures above 160°C.
Depending on geological conditions, net power plant capacities would be in the order of
1-5 MWe (Table 11.1). Electric efficiencies are comparatively low due to low working fluid
temperatures and large amounts of (waste) heat are available at such E@S, plhich
should be used as far as possible in order to improve the economic viability of EGS.

1.1.7 Wave and tidal power

Technologies to collect the wave power can be onshore or offshore. Energy from offshore
installations is usually delivered as electricitydubmarine cables. Wave power is generally

6 Other potentially competing interests such as the use of #topfarea for solarthermal heat geration and
O2y@SNEA2Y 2F St SOGNKOA o3 I Myl 21 SOKYWRK RQEMG 4F dzNBa Y@mli t @
analysis.
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less limited by site than current or tidal power. Several different wave power generator design

options exist, most important onshore types are Oscillating Water Column (OWC), Pendulum
and Tapered Channel desigmdinged Float designs, Float Pump devices, Floating OWC and
Floating Tapered Channel designs are the most important offshore technologies.

Compared to the other generation technologies evaluated in this report, wave and tidal
power technologies are at elatively early stage of development. Currently, there is no
clearly dominant design (or design family) that will benefit by the industry concentrating on
it and driving it down the learning curve over other designs. There does seem to be some
dominance fo electrical versus hydraulic power takeoff schemes, which seems likely to
continue.

1.1.8 Concentrated solar power (CSP)

Concentrating solar power plants use mirrors to concentrate sunlight onto a receiver, which
collects and transfers the solar energy to a hieansfer fluid that can be used to generate
electricity through conventional steam turbines. Due to lack of sufficient direct normal solar
irradiance, CSP cannot be considered as option for power generation in Switzerland, but
electricity from such plarst located in Southern Europe, Northern Africa or the Middle East
can be imported to Switzerland through high voltage direct current (HVDC) lines. Modern CSP
plants are equipped with a heat storage system to generate electricity also with cloudy skies
or after sunset. To some extent CSP can therefore be considered as dispatchable generation.

There are four main CSP technologies, namely Parabolic Trough Concentrator (PTC), Linear
Fresnel Reflector (LFR), Central Receiver System (CRS) and Parabolic Distatoo ie®c)
(Figurel3.2). The first three types are used mostly for power plants in centralized electricity
generation, with the parabolic trough ggsn being the most mature commercial technology.
Solar dishes are more suitable for distributed generation. PTC plants are now designed for 6
7.5hours of thermal energy storage (TES) and an annual capacity factordd®86Tower
plants (CRS), with theiigher temperatures, can charge and store molten salt used as thermal
storage medium more efficiently, and projects have been designed and constructed for up to
15 hours of storage, resulting in an annual capacity factor of 75%. Annualtsedtectricity
efficiencies of current CSP plants gdepending on the technologyin the order of 1625%.
Future technology development primarily aims at cost reduction and focuses on power
generation units and thermal storage systems in order to improve <dotafectricity
efficiencies, annual capacity factors and plant reliability.

1.1.9 Nuclear power

The Swiss nuclear power plants all belong to the second generation of nuclear reactors
(GENI), with extensive retrditting of the oldest plants in Beznau (KKB) und Mbkrg
(KKMYd ab! bha o1 éBeznau{l haf hobkieén operating for about two years now
due to technical issues. KKM and the plant in Leibstadt (KKL) are boiling water reactors (BWR),
the other ones (KKB and KKG in Gdsgen) are pressurized water ré RUtRS.

The present day, dominant LWR technology can be considered relatively mature (at least
marginal improvements are incremental), but the pressure to increase safety and remain
costcompetitive is driving evolutionary designs (Generation 3+). THisdes a recent trend

to smaller, modular reactors with a wider design range that hopes to trade the benefits of
standardized, factory construction for economies of scale. Beyond this, a broader spectrum
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of Generation 4 designs hopes to achieve more inhesafiety and higher temperatures to
increase efficiency and thermal applications.

A broad range of current and future reactor designs can also be fueled with thorium. Unlike
U235, thorium is not fissile, but rather fertile (like U238), so the thoriumnseded (or bred)

to U233 inside the reactor, and the fuel cycle must be initially driven by another fissile fuel or
a neutron accelerator. Thorium is more abundant, produces less waste with less transuranic
elements, and is more proliferation resistantain present nuclear fuels. However, the
breeding ratio limits the rate of fleet expansion, and there are still technical and economic
uncertainties.

1.1.10 Natural gas and coal power

Both large, centralized combined cycle (CC) power plants and relatively sncelhtiddized
combined heat and power (CHP) units in various sizes, operated in Switzerland, are
considered for electricity generation with natural gas (NG). Electricity from hard coal and
lignite power plants is taken into account as option for electriamyports. Both carbon
capture and storage (CCS) as well as carbon capture and utilization (CCU) can be considered
as future options and therefore, natural gas and coal power plants withca@ture are
included in the evaluation. However, due to many potehtechnology options for CCldnd

the large uncertainties associated with costs of future CCS and CCU in Switzerland, geological
storage and utilization of G@re out of scope of a detailed quantitative analysis.

Net electric capacities of current andtiire NGCC power plants are typically in the order of
400-500MW although there exist NGCC power plants with capacities up to the order of GW
(1000 MW); coal power plant capacities are usually in the order oflBOOMW. Natural gas

CHP units have eleatrcapacities in the range of a kW to a few MW; CHP unitsl6D0kWe,

are evaluated within this analysis. Average electricity generation efficiencies of current NGCC
power plants are 569%, those of coal power plants-46% (hard coal) and 3#1% (ligrte),
respectively. Current electric efficiencies of NG CHP unitg depending on the unit size
25-42%, overall CHP efficiencies around9®96. Future technology development will allow

for higher combustion temperatures and therefore increase thesgieficies to max. 65%

for NGCC and around 50% for coal power plants in 2050. Electric efficiencies of CHP units are
supposed to reach max. 307%, overall efficiencies values above 100% (based on low heating
value of fuel). Implementation of G@apture reluces power plant net efficiencies due to
energy demand for C@apture: in 2050, NGCC power plants with C&pture are supposed

to have efficiencies in the range of 56%, coal power plants with @@apture in the order

of 3345%. Detailed figures arerquvided inTable 15.9. Besides efficiency improvements,
technology development also aims at further reduction of combusteated emissions of

air pollutants.

"Captured COOlF Yy 06S dzaSR F2NJ YI yeé LIzN1J2 & Sl aS o 3idS G Ky 2H 2@ANTRS
can convert electricity via water electrolysis and methanation processes into synthetic fuels or chemicals for
industrial purposes.
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1.1.11 Fuel Cells

Within this report, fuel cells operating with natural gas and biomethane as fuels and acting as
combined heat and power (CHP) generation units are addre%3ée. types of fuel cells
analyzed and their current key characteristics listed inTablel.1.

Tablel.1: Types of fuel cells included in this analysis and their charactesstREFC: Polymer Electrolyte Fuel
Cells; PAFC: Phosphoric Acid Fuel Cells; MCFC: Molten Carbonate Fuel Cells; SOFC: Solid Oxide Fuel Cells.

Fuel Cell Type Temperature Operating Fuel Reformer Technology
Flexibility Maturity

PEFC <100 °C Excellent External Maturing

PAFC 150-220 °C Poor External Mature

MCFC 600-700 °C Poor Internal Mature

SOFC 600-1000 °C Poor Internal Maturing

Fuel cells, due to their high electrical efficiency and operational flexibility are well suited to
household applications as weals commercial installations in larger buildings. These systems
are typically heated so that the heating and hot water demands of the house are always met,
while the balance of electricity demand is met by the grid. Fuel cell CHP systems are scalable
andcan be built small enough to meet the heating needs of a single family home, which is a
market that other CHP systems, such as gas engines, cannot fill.

Electric efficiencies of current CHype fuel cells depend on technology and on size and vary
over alarge range of 354%. Overall CHP efficiencies are in the order e®(%. These
efficiencies are estimated to increase t0-82% and 8®5%, respectively, until 2050. Besides
increasing efficiencies, ongoing technology development mainly aims at imgrstaok and
system reliability and lifetime as well as reduction of manufacturing costs by e.g. reducing
platinum catalyst loads. Further details concerning technology specification are provided in
Tablel6.3.

1.1.12 Novel technologies

CKS F2ftft2gAy3 LI2gSNI ISYSNI A2y GSOKy2ft23ASa
YSUGKFYFGA2Y 2F 6S0G0 o0A2Ylaa ot{LQa OlFalrtedaano
technologies, nuclear fusion, and thermoelectrics for stationary waste heat recovery.

Ly GKS O2y(0SEG 2F (KAa lLylftearas GKS GSNY «a
technologies are still at an early stage of development and i@aof today ¢ not be judged

whether further development will be sufficient in order to contribute to Swiss electricity

supply in a meaningful way in the future. In addition, quantification of electricity generation

costs, potentials and environmental burdens isdigmpossible or speculative and associated

with large uncertainties based on the currently available information.

Hydrothermal methanation of wet biomass is a technology actively developed in Switzerland
and has been demonstrated at the laboratory scales Isupposed to allow for a (more)
efficient utilization of biomass with high water content (sludges) and can be used to convert
biomass resources such as algae, coffee grounds and sewage sludge into electricity. Based on

8 Fuel cells that operate onydrogen are assumed to be equipped with a fuel reformer to generate hydrogen on
site as opposed to hydrogen being delivered from an external source. Fuel cells for backup-gn mdfver

are considered to be a niche market and are unlikely to contributistantially to the Swiss electricity supply in
the future.
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the available, appropriate biomasresources in Switzerland, the estimate for additional
electricity generation is in the range of aboubZ'Wh/a.

Novel geothermal technologies covdeep geothermal energy extraction and conversion
technologies beyond secalled Enhanced (or Engineered@dBiermal Systems (EGS) (those
are covered in chaptetl). Two approaches are discussed: 1) Using a subsurface working fluid
other than water/brineto extract geothermal energy for power production; 2) Auxiliary
heating of geothermally preheated fluids. The first one is based on exchanging water or brine
with a different subsurface working fluid (g@nd/or nitrogen) which enables using lower
geothemal resource temperatures and lower permeabilities compared to whtsed heat
extraction. The second approach employs auxiliary heating (with some secondary energy
source) of geothermally preheated fluids (water/brine, XC&, etc.) produced from the
subsurface which makes use of very kswnperature geothermal resources for electricity
production that would otherwise be uneconomical.

Research in nuclear fusion is ongoing with ITER as most prominent infrastructure prdéect.

is a collaborative projeaf 35 nations to build the world's largest tokamak, a magnetic fusion
device that has been designed to prove the feasibility of fusion as a$agje and carbon

free source of energyTER will be the first fusion device where the fusion power subst&nti
exceeds (by a factor of 10) the necessary heating powéh the construction of ITER and

the design study of the step which will follow ITER, namely DEMO, nuclear fusion is moving
from only a science based field of study to a project oriented apgraghere technological
constraints linked to industrial operation and grid connection will dominate. The deployment
of fusion is expected for the second half of this century.

Thermoelectrics enables the direct conversion of heat flux into electrical endrggn be
regarded as alternative to conventional conversion of heat into electricity via water steam or
organic rankine cycles and as additional process in order to use waste heat for additional
electricity generation. Thermoelectric energy conversiatfifess from comparatively low
efficiencies and therefore, under many circumstances, thermoelectrics is not competitive
with water steam and organic rankine cycles. From the current point of view, it will remain a
niche product.

1.2  Electricity generation angupply potentials

Figurel.1shows curreSt SOGNA OAG& 3ISYSNI GAz2y Ay {6Aidl SN
lj dzABFE/SFOE 2016e, BFE/SFOE 20MNag)iral ga¥is currently only used in CHP units,

not in large combined cycle power plants. Today, generation of deep geothermal power and

from fuel cells is zero and negligible, respectively.

9Year 2015, latest year with consistent statistics available, when this report was compiled.
eKS OFGSTI2NE aFz2aaif FdzSfta¢e Ay GKS adl ddigimn@a Aa 02
amounts of electricity from diesélelled CHP units are included.
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Figurel.l: Electricity generation in Switzerland in year 20(BFE/SFOE 2016e, BFE/SFOE 20160)

Figurel2a K2 6a GKS S&adGAYLl (S Rfoseférlcity gehdiation &an8supg® G Sy G A
with different fuels and technologies in Switzerland and for electricity imports from
generation abroad in year 2050. Technical generation potentials are inofasmewable
options subject to economic, environmental, social and political constraints resulting in
reductions of the purely technical potentials. In case of fossil fuels, electricity generation is
technically only constrained by import capacitiesratural gas; economic and social/political
constraints are decisive in reality. Electricity imports will most likely be constrained by the
capacities of transmission lines and the ranges shown for wave and tidal power as well as
concentrating solar powerepresent only rough, first estimates. Figures for the expected
temporal development until 2050 (i.e. for 2020, 2035 and 2050) are provided in the
technology fact sheets in chaptérb.

Among renewables within Switzerland, PV exhibits the largest potential; the range reflecting
the associated uncertainties is broad. Uncertainties are even higher for deep geothermal
power generation, since power gendi@ with EGS still needs to be demonstrated. Potential
generation using natural gas in NGCC and CHP plants or fuel cells is not quantified, since it
depends on economic and political boundary conditions as indicatedyurel.2. Electricity
imports from CSP, wave and tidal, and coal power plants are going to be limited by the
availability of transmission lines as well as economic and political boyrudenditions and

are therefore also associated with large uncertainties.

I Terminology regarding electricity generation potentials is discussed in chajifdrased or{BFE/SFOE 2007a)

Exploitable potentials basically correspondtexhnical potentials reduced by environmental and economic
O2yaiNIAyliad ¢KS SljdzA @It Syd DSN¥YFy GSNY A& al dzaa OKI| LJF
taken into account as limiting factors.
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potential does not include generation by modules installed on building facaddke sustainable potential of
such facade PV stallations is in the range of-8.6 TWh/a.

These technologgpecific potentials are further discussed in the following sectibh@sl to

1.2.11

121

Large hydropower (LHP)

The range for additional electricity generation providedrigurel.2 is based on a few recent

estimates, which all roughly agree in their assessm@EE/SFOE 2012b, BFE/SFOE 2013c,

Filippini and Geissmann 2014y number of potential sites for new LHP plants is identified,;

however, building these (or increasing the generation of existing plants by e.g. increasing

heights of reservoir dams) is often impeded by social concerns. In addit@rcuhrent

situation on the electricity market reduces profitability of LHP. Future development of LHP
will mainly depend on the economic (and political) boundary conditions. New legislation,

considerably reducing the expected generation of existing andmglsopower plants, needs
to be taken into account.

1.2.2

opposition. In addition, electricity from SHP plants is usually expensive and cannot compete

Small hydropower (SHP)

The potential for new SHP plants is relatively small, but-megligible(BFE/SFOE 2012b)
However, similar to LHP, new projects are ofiempeded by social (and envirorental)

12See chapteb.1for a discussion of terminology.
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without governmental economic incentives. Thus, potential expansion of SHP mainly depends
on future design of feedh tariffs, subsidies and similar measaras well as acceptance.

1.2.3 Wind power (onshore and offshore)

Wind conditions in Switzerland are less beneficial for wind power than in other countries.
Nevertheless, the potential for additional generation from wind turbines in Switzerland is
substantial(BFE, BAFU et al. 2004/FE, BAFU et al. 2004b, BFE, BAFU et al. 2004c, Cattin,
Schaffner et al. 2012, ARE 2015b, ARE 2015a, BFE/SFOE 2017, Kruyt, Lehning et al. 2017)
However, similar to hydropower, expansion of wind power is frequently hampered by social
opposition, since wind turbines are often considered as visual disturbanug a
implementation of wind power projects seems to be a challenge in Switzerland. Due to less
favorable wind conditions, also economic constraints need to be taken into account. Overall,
realizing the existing wind power potential will depend on legislabeendary conditions as

well as governmental incentives.

1.2.4 Photovoltaics (PV)

The potential for additional electricity generation from PV in Switzerland is the largest among
all renewables, even if only rotdp PV modules are considered. The range showfigare

1.2 corresponds to a technical potential for additional electricity generation based on well
suited roof areg(Cattin, Schaffner et al. 2012, swisstopo 20Egjuced by technical, social
andeconomic factors, considering expected future development of PV technoBgge PV
faces much less opposition than other renewables in Switzerland, realizing this potential
seems to be more realistic. However, since electricity from PV in Switzerlasdll is
comparatively expensive, implementation within the next years will depend on governmental
incentives and appropriate regulation. In addition, substantial amounts of decentralized,
smallscale intermittent PV generation might be a challenge for thezteicity grid from a
system perspective, if large additional capacities are installed within a short period and
without adequate grid reinforcement/expansion, or electricity storage. Optimal ways of
integration considering the option of storage need toibeestigated.

1.2.5 Electricity from biomass

The largest potential for future additional biomalsased electricity generation is from the
mobilization of manure and woody biomass resources. The potential from manure comes
from mobilizing the large resource thiatcurrently not utilized energetically. Meanwhile, the
potential from woody biomass comes from a combination of utilizing unused resources and
redirecting wood from heabnly systems to CHP systems.

Realization of biomass potentials faces challengesrimg of logistics and, more important,
costs. As opposed to renewables like wind and PV power, generation costs for biomass
technologies are not expected to drop substantially, which is partially due to the relatively
high biomass feedstock costBigure10.21 and Figure10.22). In addition,competition for
biomass resources needs to be considered, since these can not only be used for electricity
generation, but also for heating and as transport fuels.

Potential imports of biomass or energy carriers made from biomass are not addressed in this
analysis.
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1.2.6 Deep geothermal power

The potential provided for deep geothermal power generationFigure 1.2 is the most
uncertain among domestic generati options: EGS still needs to demonstrate its technical,
economic and social viability. The potential shown corresponds to the politicatéomgEGS
goal, which can only be realizedcifrrently prevailing geological, technical, legal, social and
econamic barriers can be overconfelirschberg, Wiemer et al. 201%)ne central economic
challenge is the use of heat, which is generated in large amounts apradhyct. Sies, which
allow for utilization of this heat, need to be identified.

1.2.7 Wave and tidal power

Electricity from potential wave and tidal power plants could be imported from the coast of
the Atlantic Ocean in France, Spain and Portugal. However, technoldtjyinsresearch and
development and not (yet) commercially available. Therefore, the potential is quite uncertain.
In addition, it is comparatively small: the upper rangé&igurel.2 represents 10% of overall
potential wave and tidal power generation at the European west coast (onshore and offshore),
which could be; as first guessg be available for transmission to Switzerland.

1.2.8 Concentrated solar pogr

In comparison to wave and tidal power, the overall generation potential from CSP within a
useful distance to Switzerland (i.e. the EUMENAgion) seems to be much larger. Also
technology is further developed and has gained market share already inrceaiantries, e.g.
Spain. However, largecale employment especially in n@uropean countries seems to be
challenging and the availability of electricity generated in North Africa and the Middle East
for Switzerland is questionable. Therefore, the potahthown inFigurel.2 only represents

1% of the technical generation potential in the EUMENA region.

1.2.9 Nuclear power

The zero potential shown iRigurel.2 reflects the current Swiss policy, i.e. it is assumed that
no new nuclear power plants will be built in Switzerland.

1.2.10 Natural gas and coabwer

Power generation from fossil fuels both natural gas combined cycle power plants and
smaller CHP units in Switzerland as well as coal power plants afreaéchnically hardly
limited, but depends on economic and political boundary conditions, sscprice of CO
emissions, legislation concerning their compensation and the national and international
climate policy. These factors are out of scope of this technology evaluation and therefore,
specific numbers for generation potentials from natural gad coal power are not provided.
Limiting factors related to environmental concerns and climate policy could be mitigated with
carbon capture and subsequent geological storage or utilization ef id@vever, whether

and at which point in time CCS and C€&iuld be an option for Switzerland and other
European countries, is highly uncertain.

B EUMENA: Europe, Middle East and North Africa.
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1.2.11 Fuel Cells

Similar to natural gas power plants and CHP units, electricity generation from natural gas
fueled fuel cells is technically mostly limited by natural gas import capacities. The upper limit
in Figurel.2 represents the potential electricity production from gradnnected fuel cells, if
these were replacing all current fossil heating systems in Switzerland. In reality, economic
constraints need to be cordered.

1.3  Costs of electricity generation

Figurel.3 shows current electricity generation costs (levelised costs of electricity, LCOE) for
all technologes considered in this evaluation (for potential new plants to be built tétjay
except of novel technologies. Electricity import costs for ocean power, offshore wind power
and CSP with dedicated HVDC lines are in the order &f Rfa/kWh and would have be
accounted for in addition. Ranges reflect variability in terms oftaditions (e.g., annual

PV and wind power yields), technology characterization (e.g., power plant capacities and
efficiencies) and biomass feedstock costs. Costs efe@@ssionsare not included-> Heat

credits for natural gas and biomass CHP generation as well as fuel cells are taken into account;
these technologies are usually operated for heat supply with electricity -samtuct.

Overall, coal power, existing LHP and nucteawver as well as biomass technologies profiting
from gatefees'® show the lowest LCOE. Smsdhle natural gas CHP units and fuel cells
generate electricity at highest costs. The large range for ocean power indicates immature
technology and associated higincertainties. The ranges for PV, fuel cells and NG CHP units
basically indicate economy of scale (larger units being cheaper than small ones); the range of
system capacities included in the analysis is indicated in the figure and results for specific unit
capacities are provided in the technology fact sheets (chah&ras well as in the individual
technology chapters. In case of PV, the rangs® ahclude variation of annual yield in
Switzerland, which depends on the locatitithe large ranges for electricity from biomass
reflect large variations in both technology as well as feedstock costs: electricity from
municipal waste incineration and wasvater treatment plants is much cheaper than
electricity from smalkcale, agricultural biogas CHP units (manure digestion) and wood
gasification/combustion; details are provided in the technology fact sheets (chagieas

well as in the biomass technology chapter.

¥ For large hydropower and nuclear power, current costs of operating power plants, which include partially
amartized capital costs, are also shown for comparison, since these power plants will be part of the Swiss
generation mix for many more years. More details are provided in chaptBend14.6 respectively. In case of
ydzOt S NJ LI26SNE GaKe@LRGKSGAOKE yS¢ LIXIFydaég Oz2NFbalLlRyR
which the planning process would start today.

15 Costs of C@certificates for power generation at current price levels belowelR i  2afe néghgible.
Estimating potential future costs of @Certificates is out of scope of this analysithese wil primarily depend

on international and European climate policy.

18 Municipal waste incineration and wastewater treatment plants get paid for waste treatment, i.e. profit from
negative fuel costs.

17 Annual rooftop PV yields in Switzerland are in the ramg@50-1500kWh/kW. In this analysis, a reference

yield of 970kWh/kWp/a is used. Most buildings in Switzerland are in the densely populated area of the midland
north of the Alps with relatively low yields.
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Figure 1.3: Costs of current (year 2015/2016) electricity generation (LCOE) wifferdint technologies!#
Ranges reflect variability in terms of siteonditions, technology characterization and biomass feedstock costs.

Ranges foifuel cells, PV and NG CHP are mainly due to system capacities; LCOE for specific capacities are

provided in the technology fact sheets (chapté&r5) and the individual technology chapters. Electricity import
costs with dedicated HVDC lines are in the order of -@.Bp./kWh and would have to be accounted for in
addition. Costs of Cfemissiong® are not included. Heat credits for natural gas and biomass CHP as well as

fuel cells are considered. LCOE: Levelised costs of electricity; NG: natural gas; CC: combined cycle; CHP:

combined heat and power; LHP: large hydropower; SHP: small hydropower; CSP: concentrated solar power;

PV: photovoltaics; EGS: enhanced geothermal systems; MC: molten carbonate; SO: solid oxide; PE: polymer
St SOGNRERGST t!Y

Figurel.4 shows LCOE estimates for year 2050. Ranges reflect variability in terms-of site
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conditions, technology characterization, biomsafeedstock costs and due to uncertainties
concerning the expected future technology cost developments. Potential variations (i.e.
ranges) of fossil fuel costs have not been considered in this dfdflectricity import costs
with dedicated HVDC lines arethe order of 0.2 Rp./kWh and would have to be accounted
for in addition. Neither potential heat credits for E3Snor costs of COemissions are

included. However, heat credits for natural gas and biomass CHP generation as well as fuel

cells are takemnto account; these technologies do not generate as large amounts of heat as
EGS and are usually operated for heat supply with electricity -psachuct. Both technology

18 Costs of fuels and their estimated future @ééepment are provided iTable5.3.

19 The impact of heat credits on the economic viability of EGS wil be substantial, since the electric efficiencies of

EGS are compatively low and large amounts of heat are generated. However, from the current perspective

and due to riskelated social issues, it seems to be difficult to implement EGS at sites with large heat demand,

i.e. in areas with large residential heat demandialistrict heat networks.
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fact sheets (chaptel.5) as well as individual technology chapters provide LCOE with and
without heat credits.

Compared to today, most substantial LCOE reductions can be expected for electricity from

fuel cells as well as wave atidal power generation followed by PV and CSP. Hydropower

costs are likely to increase due to limited availability of remaining beneficial sites. Electricity
from biomass as well as large NGCC and coal power plants tends to get slightly more

expensive thartoday, since the reduction of technology costs does not compensate for the

expected increase in fuel cost§aple5.3). The same can be observed farge CHP units,
while technology cost reductions for small CHP units more than compensate increasing
natural gas prices. Electricity from EGS will be comparatively expensive, if heat credits cannot

be credited.

concentrated solar power (CSP) -
wave & tidal -
coal with CO2 capture -

coal -

import
import
import

import

fuel cells (natural gas)

geothermal EGS

wind, offshore, EU -

import

wind, CH

photovoltaics (PV), roof-top

biomass: agricultural

biomass: woody

biomass: waste management

natural gas CHP

natural gas CC with CO2 capture

natural gas CC

small hydro (SHP)

large hydropower (LHP)

nuclear*

1kW,

[
|
S0, MC, PA:300 kw,,  PE, SO: 1 kW,
[
>100kW <10kw
0.1-1 MW, 10 kW,
1
\
|
25 50

75 100 125

Rp./kWh

Figurel.4: Costs of electricity generation (LCOE) with different technologies and fuels in year 20%nges
reflect variability in terms of siteconditions, technology characterization, biomass feedstock costs and future
technology cost developmets. Ranges for fuel cells, PV and NG CHP are mainly due to system capacities; LCOE
for specific capacities are provided in the technology fact sheets (chafit& and the individual technology
chapters. Electricity import costs with dedicated HVDC lines are in the order cP(Rp./kWh and would have
to be accounted for in addition. Neither potential heat credits for E§Sor costs of C®emissions® are

included. Heat credits for nral gas and biomass CHP as well as fuel cells are considered. LCOE: Levelised

costs of electricity; NG: natural gas; CC: combined cycle; CHP: combined heat and power; LHP: large
hydropower; SHP: small hydropower; CSP: concentrated solar power; PV: pbtitoes, EGS: enhanced

geothermal systems; MC: molten carbonate; SO: solid oxide; PE: polymer electrolyte; PA: phosphoric acid;
Ay Of dzRS &
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reactor (SMR) desits, since reliable cost estimates for Generatidndesigns, which might be an option in

2050, are not available.

20Based on the available information, technolegpecific curves for generation potentials vs. generation costs

cannot be generated for all renewables. It is unclear which fractions of the potentials can be realized at which
levels of generation costs.
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Technologyspecific cost aspects and their sensitivities are further discussed in the following
sectionsl.31through1.3.11

1.3.1 Large hydropower (LHP)

Capital costs and amortization represent the largest contributors to LCEO in case of currently
operating LHP; therefore these LCOE are sensitive to interest rREitpe€6.17). However,

also O&M costs as well as water ratesre important cost factors. Electricity generation costs

of potential newbuilt LHP plantsoday and in the future tend to be higher than those of
existing LHP plants and very much depend ongecific factors. According {®@FE/SFOE
2013c) additional LHP generation off2Vh/year with costs below 18Bp.kWh is possible.

1.3.2 Small hydropower (SHP)

Investment costs are the most important cost factor for SHP as well; these vary over wide
ranges, depending on sigpecific conditions. Small SHP plants with capacities belghw1
show much higher costs than SHPnpéawith capacities of -0 MW. From the economic
point of view, integration into existing infrastructure provides substantial benefits. In general,
drinking water and rurof-river/diversion SHP plants are the cheapest SHP options.
Substantial cost reduans in the future are unlikely. Contrary, since wgellted locations

tend to be exploited first, SHP costs are expected to increase sligiglyr€7.12).

1.3.3 Wind power (onshore and offshore)

Calculation of LCOE for wind power in Switzerland shows that the generation costs are
dominated by capital costs. Therefore, LCOE are quite sensitive to technology costs and
interest rates. Also important is the sispecific annual yield={gure8.24). Compared to less
mature renewable technologies, wind power will only profit from comparatively minor
reduction of technology costs in the future; in addition project development costs are
supposed to drop due to more straightforward implementation and less ambiguous
environmental regulations. Increasing hub heights will increase annual generation and
therefore redice LCOE. Offshore wind power in general tends to be more expensive than
onshore wind power, also in the future.

1.3.4 Photovoltaics (PV)

Capital costs are the most important cost factor for LCOE of PV; within those PV module costs
exhibit the highest share (hower, slightly below 50% on average). The other important
capital cost factor is labor (installation costs). O&M costs contribute with about a third to
LCOE. PV installations show a clear economy of scale, i.e. small units are substantially more
expensive lhan larger units. In addition to capital costs, LCEO are most sensitive to annual
yields Figure9.33). LCOE of future PV are expected to drop substtyit mainly due to
reduction of module costs, which follogvcompared to other renewable technologiesa

steep learning curve.

1.3.5 Electricity from biomass

Biomass feedstock costs are the most important factor for LCOE of biomass conversion
technologies andhese feedstock costs show substantial variation depending on the type of

AINDSNXIFYY a2 8aSNI AyasSyéo
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feedstock Figure10.21 and Figure10.22). Least expensive is electricity generation from
waste biomass, i.e. municipal solid waste incineration and wastewater treatment plants.
These plants profit from gatkees, i.e. negater fuel costs. LCOE of wood
combustion/gasification systems as well as manure digestion systems are much higher. An
important factor for the economic operation of biomass based CHP units (e.g., wood
combustion/gasification, biogas engines) is crediting gotential heat sales. Without an
economically attractive way of using heat from such units, they are unlikely to be installed.
Future costs of electricity from biomass are not expected to drop, they seem to be rather
stable and will mainly depend on futubeomass feedstock costs.

1.3.6 Deep geothermal power

LCOE of deep geothermal EGS crucially depend on geology and potential hegpstdasal

ranges and associated uncertainties are high. The analysis shows that drilling the geothermal
wells is by far thenost important cost factorKigurell1.7). It seems to be unlikely that EGS
could be economically operated without being able to sell the large amoointeat in a
profitable way. Thus, sites with appropriate geologic conditions as well as heat demand in the
proximity of the generation plants and risklated social acceptance need to be identified.
Most sensitive cost factors are well depth (since costsease exponentially with depth) and
sub-surface temperature gradient. Compared to other technologies, LCOE are much less
sensitive to technology costBigure11.10).

1.3.7 Wave and tidal power

Depending on the design of wave power plants, LCOE show a wide variation; capital costs are
by far the most important cost factor. Investment costs show a clear dependence on plant
size with substantial economy s¢ale. In the future, substantial cost reductions are expected
(Figure12.18); however, these depend on technology learning which can only be redlized
substantial amounts of wave and tidal power generators will be installed worldwide.

1.3.8 Concentrated solar power

Cost estimates for CSP plants suffer from limited availability of data from most recent projects,
which are often not in the public domain oaged on inconsistent assumptions, which makes
their use impractical. Cost estimates in this evaluation can only be based on a few recent
publications from international organizations and are associated with comparatively high
uncertainties. Neverthelesg,¢an be stated that key elements for the LCOE of CSP plants are
investment and financing costs, capacity factors, lifetimes, local solar irradiation, discount
rates and O&M costs. Future LCOE of CSP are expected to drop substantially, mainly due to
three factors: reduction of technology costs, efficiency increases and economy of scale
(installation of more and larger plantgjigurel3.15).

1.3.9 Nuclear pover

Nuclear power plants are capital intensive generation technologies. Therefore, LCOE are most
sensitive concerning capital costs and interest ratégue 14.16). Also major delays in
construction projects can lead to substantially higher generation costs as initially aimed for.
Fuel costs are compared to other thermal power plants such as natural gas and coal power

¢ not a decisive factor for LCO®hile Generatior reactor designs might be an option in
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year 2050, LCOE for these plant types have not been quantified due to lack of reliable cost
estimates (see nuclear fact sheet, chapies).

1.3.10 Natural gas and coal power

LCOE of large NGCC power plants are dominated by fuel costs, i.e. the natural gas price. The
same pattern can be observed for CHP units with capacities in the order efQDODXWel.

The smaller the CHP unit, the higher the share of capital costs in total LCOE (which become
the most important contribution for the kXWe CHP unit). Due to comparatively lower electric
efficiencies, LCOE of small CHP units are more sensitive teregl#ts than those of larger

CHP plants. In case of electricity from coal power plants, all three factors capital, O&M, and
fuel costs are about equally important. Fuel costs are contributing less in case of lignite
compared to hard coal. Implementation &fQ capture increases LCOE of NGCC and coal
power plants by roughly 260%, depending on technology, £&pture rate, and fuel costs.
Sensitivity analysis shows that besides capital costs (mainly for NGCC), load factors of coal
power plants are importantthe lower the load factor, the higher LCOE (chajite’5.4.3.
Potential implementation of geological €Gtorage, i.e. a full CCS chain, wouldttar
increase the LCOE of coal and natural gas power plants; however, comparegldapG@e,
transport and geological storage of £&e minor additional cost components and would
increase LCOE of coal and natural gas power plants with CCS by fet0f&?5ZEP 2011)

1.3.11 Fuel Cells

Electricity generatiorcosts for current fuel cells are especially for sma#cale unitsg
dominated by capital costs. These are expected to drop substantially in the future. Sensitivity
analysis shows that the two main influential factors for LCOE are capital costs and system
lifetime (Figurel6.6). Cost results are relatively insensitive to system efficiency and fuel price
within the reasonable range of input parameters.

1.4  Environmental aspects

The comparative evaluation of environmental burdens and potential impacts of electricity
generation is based on Life Cycle Assessment (LCA) covering entire electricity generation
chains including supply of energy carriers, manufantuof infrastructure, etc(ISO 2006a,

ISO 2006b, EC 2010, Hellweg and Mila i Canals 2014, Astudillo, Treyer et al. 2015, Astudillo,
Treyer et al. 2016} ifecycle Greenhouse Gas (GHG) emissions with the associated impact on
climate change are used as main indicator for the environmental performance of current and
future generation technologies. Further enummental burdens and potential impacts are
provided and discussed in a less detailed way and only for current technologies. A consistent
set of inventory data for future technologies allowing for the evaluation of electricity
generation up to 2050 in the sge way as performed for current technologies is not available
and generating such inventory data is out of scope of this analysis.

22This range represents a rough estimate based on-8wissspecific references; Swiss specific numbers are

not available, but are not supposed to be much different. While costs eti@@sport are rather well known,

estimates forgeological Cg&storage are associated with large uncertainties and further research is required for

a more solid quantification taking into account Swiggcific boundary conditions. If captured £&0uld be sold

and utilized, e.g. for production of sytS G A O T @SBRI G &£ h O02dzf R 6S | 002dzy i SR
extended analysis is out of scope of this analysis.
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LCA methodology does not include impacts of potential accidents, but only takes into account
Gy 2 NXYIf 2 LISNI O xssagdéass@cimited Lfi@lcciiing. Fufthiery'the methodology
does not allow for evaluation and quantification of local, mostly-sfiecific issues, e.g. visual
impacts, noise, and effects on local ecosystems. Theseiaraddition to GHG emissions and
other environmental burdeng qualitatively discussed in the technoleggecific chapters of

this report.

1.4.1 Lifecycle Greenhouse Gas (GHG) emissions

Figure 1.5 shows life cycle greenhouse gas (GHG) emissions of current, representative
electricity generation technologies in Switzerland (and abroad for potential electricity
imports); GHG emissions are used as key indicator for their environmental perfor#fance.

Ranges are supposed to reflect variability in terms of-st@ditions (e.g., annual yields of PV

and wind power plants in Switzerland), technology specification (e.g., efficiencies, plant
technologies and capacities) and fuel characteristics. Combinedamebpower generation

in CHP units and fuel cells is allocated according to exergy content of heat and electricity. Data
availability for biomass is limited¢ KS NB adzZ Ga | NS LINPJARSR F2NJ
LI2 6 SNJ LI | yié s Aisudbdionishbt iakervintaadchudtySydteyh Bspdets such

as potentially required baelp technologies are also not considered, since these depend on

the actual layout and composition of the electricity supply system.

Overall, hydropower, nuclear and wipdwer exhibit the lowest GHG emissions. Coal power
generates the highest GHG emissions. The large ranges for coal power, natural gas fueled CHP
units and fuel cells are due to different technologies and power plant capacities. The ranges
for biomass reflet variability in feedstock and conversion technology. It is assumed that
woody biomass is harvested at a sustainable rate, meaning that biogepien@i€sions are

not accounted for as part of the natural carbon cycle. The relatively large range for ocean
power reflects the variety in terms of available design concepts and the comparatively
immature technology status.

By (KS O2yGSEG 2F SYGANRYYSYy(lt o6dNRSyas aOdNNByé
Differentiation between currentl2 LISNJ G Ay 3 L2 gSNI LX Fyda FyR LXFyda adG2
large hydropower, as performed for quantification of LCQEs not meaningful and thus not carried out.
2a0A2YFaayY | INROdz § dzNI f-sraleimanunddidttdBity Sygténs;RGHG émis§iahdiadiea & Y I f
mainly due to methane emissions (leakage) during anaerobic digestion of matheassociated uncertainties

and hence the provided range are large. Systems with reduced leakage might exhibit substantially lower GHG
emissions.
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Figurel.5: Life cycle GHG emissions of current electricity generation technologies (aptiver plant®) for

Swiss electricity supply. Ranges reflect variability in terms of sitanditions, technology specification and fuel
characteristics. Combined heat and power generation in CHP units and fuel cells is allocated according to

exergy contentof heat and electricity. Data availability for biomass is limited. NG: natural gas; CC: combined

cycle; CHP: combined heat and power; LHP: large hydropower; SHP: small hydropower; CSP: concentrated

solar power; PV: photovoltaics; EGS: enhanced geothermdalisi SYaT aO21 t é¢ Ay Of dzRSa KI NJF

Life cycle GHG emissions of electricity generation technologies for Swiss supply in year 2050
are shown irFigurel.6. Ranges are supposed to reflect variability in terms ofctaditions,
technology specification, fuel characteristics and expected technology development.
Combined heat and power generation in CHP units and fuel cells is allocated agdordin
exergy content of heat and electricity. Data availability for biomass is limited.

Life cycle GHG emissions are expected to be lower in 2050 than today for most of the
technologies. Exceptions are hydro and nuclear power with hardly any improvemeamitjaot
Contrary, reduced uranium grades could result in higher emissions associated with the
nuclear fuel supply, partially compensated by reduced emissions due to improvements of e.g.
enrichment processes and reactor technologies. Even if the factoeakdsing availability

of easily accessible resources could also play a role for fossil fuels, it could not be addressed
in a systematic way due to limited data within the scope of this analysis. Fossil fueled
technologies basically show a reduction of Gétfdssions corresponding to their expected
increases in efficiency. Implementation of carbon capture would substantially reduge CO
emissions of NGCC and coal power planttepending on the CQOcapture rate to levels

25 Electricity transmission and distribution is not accounted for.
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almost as low as the majority of renables?%2":28 Among renewables, most substantial
reduction of GHG emissions can be expected for PV due to expected efficiency increases both
in manufacturing processes as well as conversion of sunlight into electricity.

concentrated solar power (CSP) - import

wave & tidal - import

coal with CO2 capture - import
coal - import

fuel cells (natural gas)
geothermal EGS

wind, offshore, EU - import
wind, CH
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natural gas CHP

natural gas CC with CO2 capture
natural gas CC
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large hydro (LHP)
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Figurel.6: Life cycle GHG emissions of electricity generation technologies in year 2050 (at the powefPlant
Ranges reflect variability in terms of sieonditions, technology specification, fuel characteristics and
expected technabgy development. Combined heat and power generation in CHP units and fuel cells is
allocated according to exergy content of heat and electricity. Data availability for biomass is limited. NG:
natural gas; CC: combined cycle; CHP: combined heat and powéP: llarge hydropower; SHP: small
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includes hard coal and lignite.

1.4.2

Other lifecycle burdens and impacts
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Figurel.7 shows relativé® Life Cycle Impact Assessment (LCIA) indicator scores for current
electricity generation technologiésand ¢ for comparisong for the current Swiss electricity

26 potential implementation of the full CCS chain, i.e. permanently storing the capturednGf2ological
formations, would increase life cycle GHG emissions of the electricity from coal and natural gas power plants
with CCS only marginally, i.e. in the order of a few per{¢aotkart, Bauer et al. 2013)
27 Biomass technologies with CCS, which could exhibit negative GHG emissions, are not included in this graph,
since CCS requires large, cenpedi power plants and those are not the most likely options for biomass
utilization in Switzerland (Sdggurel0.45for further results).
21f captured C@could be futher used, substitution effects had to be taken into acco(i#itang, Bauer et al.
2017} discussion of such aspects is out of scope sfdhialysis.
29 Electricity transmission and distribution is not accounted for.
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31 Consistehinventory data for concentrated solar power, small hydropower, fuel cells and novel technologies
are not available. However, the technolegpecific chapters for small hydropower and fuel cells contain a
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consumption mixincluding imports¥. The indicators and underlying assessment methods
are selected based on the recommendations frétauschild, Goedkoop et al. (2013his
comparison is based on Swigsecific inventory data from thetst version of the ecoinvent

LCA databaséecoinvent 2016%. Most of the technologyspecific chapters provide similar
graphs with more extensive discussion of results and often a more comprehensive set of
generation technologie¥

The results show the comparatively worst overall environmental performance (with equal
weighting of single indicators) of lignite power plants and wood CHP units, mainly due to
emissions from fuel combustion and also the fuel supply chains. The best overall performance
show Swiss hydropower plants as a result of almost zero operational iengsand a low
material intensity per kWh electricity generated; also wind power plants and geothermal
power generation have comparatively very low impact scores. Natural gas CC plants, nuclear,
PV and wave power show slightly higher potential impactsh edi¢hem with peaks for one

or few indicators. Biogas and natural gas CHP as well as hard coal power plants show relatively
high potential impacts, similar to lignite power and wood CHP plants, but less pronounced.

guantification of selected LCA results in addittorGHG emissions. Results for small hydropower are supposed

to be similar to those of large hydropower.

32 CIA scores for the Swiss consumtion mix correspond to the LCIA results of the high voltage electricity market
in Switzerland according f@coinvent 2016)

BC2NI St SOGNRAOAGE FTNRY o0PD23B8¥> 6KSIARKGI 88H Odz0 fi 8201 NR DA &
version v2.2 of the ecoinvent databa@roinvent 2013jvas wsed as data source due to a potential data quality
issue with electricity from biogas {ecoinvent 2016)

34The purpose ofigurel.7 as part of this summary is a broader, but (compared to the technedpggific
chapters) less detailed comparative overview of the environmental performance of power generation
technologies. The results for some technologies might not exactly match shasen in the technologgpecific
chapters, sincéigurel.7 is supposed to represent average technologies, while the results in the techrology
specific chapters proved more detailed technology insights (e.g., in terms of plant capacities, technology
specification, etc.). Furthermore, the analysis in some technedpgyific chapters refers to more recent data
sources, for which the comprehensive and consistent seCbAlindicators shown igurel.7 is not available.
Nevertheless, deviations between the results in this graph and those in the techrspegific chapters are

minor and do not alter the technology ranking and conclusions concerning the environmental performance of
generation technologies in general.
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Figurel.7: LCIA indicator results for different current power generation technologies for Swiss power supply,
relative to the highest (=worst) result for each indicator (=1). All results for power plants operating in
Switzerland except of offsh@ wind power, natural gas, hard coal, lignite (all Germany) and wave power
(Atlantic ocean). Allocation according to exergy content of heat and electricity in case of natural gas, biogas
and wood CHP. CHP: combined heat and power; NG: natural gas; C®iraxrcycle; PTA: point absorber;
BWR: boiling water reactor; PWR: pressurized water reactor; LHP: large hydropower; EGS: enhanced
geothermal systent>% No consistent results for fuel cells, concentrated solar power and small hydro power

available. Data sorce: (ecoinvent 2016’

1.5 Facts sheets

Fact sheets provide at a glem the most important results of the present technology
evaluation on one or two pages per technology. These include exploitable potéhfals
electricity generation, electricity generation costs (LCOE), and life cycle greenhouse gas (GHG)

Syraarzya | a

AYRAOI 02N F2NJ 6KS SYyg@ANRYYSy Gl f

2015/2016), 2020, 2035 and 2050. In addition, selected technolognpeters and key data

are provided.

Numbers are mostly provided as ranges reflecting on a-bggmse basis potential variations

in terms of technology performance and expected future developments, annual yields (e.g.,
for PV and wind power), feedstockafuel properties, and technology specification. For each
technology the most driving factors are considered when generating the ranges. Comments
with further explanations are given in footnotes for each technology table. The techrology
specific chaptersnovide the complete background information.

35 Result for land use not available for wave power.
3¢ Results represent electricity at the busbars of the individualvgr plants without transmission and

distribution.
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version v2.2 of the ecoinvent databa@eoinvent 2013)vas used as data source due to a potential data quality
issue with electricity from biogas (ecoinvent 2016)
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Fact sheet; Large hydropower (LHP)

Technology Hydropower plants generate power
into electricity. Power plants with capacities abo

by converting kinetic or potential energy of water
veMW/ are categorizedasf | NES¢ Ay

{oAlld

Depending on the way the water is used, hydropower plants can be categorized as:

- Storage power plants: including a dam and a storage reservoir lake

- Runof-river power plants: without a dam; thieyd
- Pumped storage power plants: supplyipgak
different elevations using pumps.

rological regime remains unchanged
power by moving water between reservoirs at

LHP plants represent mature technology. Turbine efficiencies are not expected to increase

substantially in the future.

LHP New power pgants: 2020 2035 2050
current!
i 33.935.3 33.935.3
Potentiaf _ TWhia 32.7 ~32.7
(expected production) 32.7-34.0 32.7-34.0
Investment costs CHF/kW oQpann-MHXN  HQAMUQ S H QAMIINQ S H Q AMUTIQ J
ici i Runof-river®
Electricity generation - gy jkwh 7-30 7-30 7-30 7-30
costs Storagé
o Runof-river 5-10 ~510 ~510 ~510
GHG emissiofig g CQeq./kWh
Storage 5-15 ~515 ~515 ~515

¢ OdzNNB y ¢
electricity generation costs refer to new power plants t
expected electricity productio (actual production varie
2 Given the current lack of profitability of hydropow

NB F-©-Nadie inianatidrikaSd repeeserits naalidrn technology on the market; current

o be built today; current potential refers to current annual
s from year to year depending on rainfall, climate, etc.).
er in Switzerland, substantial expansion of the current

generation cannot be expected until 2020. Expansion and @sdpeyond 2020 will predominantly depend on

the economic boundary condition and social
renovations/extensions of existing power plants ar
generation. For 203%nd 2050, the upper row repre
fSaratlaazy
D2 Kkl 62@SNIff
generation) due to effects of new legislation.

3 Available data do not allow for differentiation betwe
represents a generation weighted average of pote

64DSHENEASNEOKdzGT 3S4aSGT ¢0T
NBRdzOGA2YY

acceptance of new LHP. New constructions and

e supposed to contribute about equally to increasing
sents the technical potential without considering new

0KS f26SN) NB ¢
M Qorsmatl hyBrépkwet infprogorign tolcdrank 3y SR
en storage and-ofiNA @S NJ LJ2 6 SNIHEKW y G a® o

nadlditional LHP generation (new constructions and

extensions of existing plants) excluding projects focusing on modification of hydropeaking.
4 Generation costs include investment, operation & maintenance and other costs. Ranges provided represent

variabilty due to sitespecific aspects. Details concern
5 Assuming that the economically more attractive

ing data used and sensitivities can be found in the report.
power plant sites would be exploited first, electricity

generation costs from new plants would ieese from the lower range of the interval provided for today to the
higher range in 2050. In total, additional T8/h/a (not considering the effect of new legislation

64DSHGNEASNAROKdzGT 3SaSGT 00

6 Greenhouse gas emissions are used as key indic
further indicators can be found in the report. All ind
methodology and thus represent the completeeficycl

Oly o&RpEBYSNI 0S8R 6AGK LINERC
ator for the environmental performance of technologies;

icators are quantified using Life Cycle Assessment (LCA)
elenergy chain. The ranges provided are supposed to

reflect potential variability of performance due to sigpecific conditions. For comparison: the current Swiss

electricity consumption mix (including imports) has a

GHG intensity of abagit®®-eq./kWh (high voltage).

"Environmental burdens are assumed to stay constant in the future, sincblw@éns of LHP are comparatively
minor and technology development with substantial impact on LCA results of LHP is unlikely.
8 LCOE of currently operatjrplants with partially amortized investments652-10) Rp./kwWh.

9 LCOE of currently operating plants with partially am
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ortized investments9% Rp./kWh.



Fact sheet; Small hydropower (SHP)

Technology Hydropower plants generate power by convertiigetic or potential energy of water

into electricity. Power plants with capacities belowd@ I N& OF §S32NAT SR & aavl
Power plants with capacities below 302 | NE 2FiSy NBFSNNBR (G2 Fa aYA
plants can also beniegrated in existing infrastructure, such as drinking water pipes. Depending on

the way the water is used, SHP plants can be categorized as:

- Storage power plants: including a dam and a storage reservoir lake
- Runof-river power plants: without a dam; thieydrological regime remains unchanged

Small hydropower plants represent mature technology. Current turbine efficiencies are not expected
to increase substantially in the future. However, current research aims at providing new and more
efficient solutions ér medium head and lovmead respectively lowunoff applications in order to
make more sites exploitable.

SHP New power plants: current 2020 2035 2050
Potentiaf TWh/a 3.5 ~3.5 ~4.355 ~4.35.5
Investment CHF/kW Diversion/ cQwm
costs Runof-river OpOMO AT dcQn qT Qn aTQrn
- MM QN

Drinking water éd)QB[l)lﬁMqMMQ d9Mm0Q d9Y9mo Q
Electr|C|_ty Rp./kWh DIVE‘I’SIO_I’I/ 1208 ~1228 ~1433 1434
generation Runof-river
costs"® Drinking water 17-42 ~1742  ~2049  ~2050
GH_G e g CQeq./kWh D|verS|qn/ ~510 ~510 ~510 ~510
emission$ Runof-river

Drinking water ~2-5 ~2-5 ~2-5 ~2-5

1§ OdzZNNB y (1 ¢ NB F-B-Naie infonatidrkaSd répgeserits naalldrn technology on the market; current
electricity generation costs refer to new power plants to be built today; current potential refers to current annual
expected electricity productio (actual production varies from year to year depending on rainfall, climate, etc.).

2 The range for future potentials reflects the variety of estimates in literature. The SFOE estimates additional
potential of 1.31.6 TWh/a (other sources slightly more l@ss). These numbers are supposed to be reduced by
~140D2 Kkl & +ty ST¥FSOG 2F yS¢ tS3IAatliAz2y 60aDSoNaaSNEOK
will depend on funding schemes.

3 Estimates for current investment costs are based on SHP &ata (i K-$ A & ¥ &avaiirtd 2eedn
remuneration). The analyzed sample of new SHP constructions covers 1049 SHP projects. Future investment
costs are supposed to increase due to exhaustion of favorable SHP sites and tightening of environmental
regulaions.

4 Generation costs include investment, operation & maintenance and other costs. Electricity generation costs of
SHP strongly depend on sipecific boundary conditions and have to be evaluated on a-bgsase basis.

5 Assuming that the economicglimore attractive sites would be exploited first, future electricity generation
costs would increase from the lower range of the interval provided in 2020 to the higher range in 2050.

5 Greenhouse gas emissions are used as key indicator for the enviroahmaformance of technologies;
further indicators can be found in the report. All indicators are quantified using Life Cycle Assessment (LCA)
methodology and thus represent the complete fuel cycle/energy chain. The ranges provided reflect potential
variaflity of performance due to sitspecific conditions and variations in power plant lifetime. For comparison:

the current Swiss electricity consumption mix (including imports) has a GHG intensity of abgut @@@./kWh

(low voltage).

" Environmental burdns are assumed to stay about constant in the future, since burdens of SHP are minor and
major technology development with substantial impact on the environmental performance of SHP is unlikely.
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