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1 Executive summary 

This report provides a comprehensive evaluation of technology-specific 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 technologies is quantified and discussed. Potentials, costs and environmental 
performance indicators are provided for today, 2020, 2035 and 2050. The evaluation includes 
the following technologies: 

¶ Large hydropower (LHP) 

¶ Small hydropower (SHP) 

¶ Wind power (onshore and 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 

System aspects, i.e. the interaction 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 costs1. 

The analysis was carried out by researchers at PSI2 with support from WSL, EPFL and ETHZ on 
behalf of the Swiss Federal Office of Energy. The work is part of the activities of the two Swiss 
/ƻƳǇŜǘŜƴŎŜ /ŜƴǘŜǊǎ ŦƻǊ 9ƴŜǊƎȅ wŜǎŜŀǊŎƘ ό{//9wύ ά{ǳǇǇƭȅ ƻŦ 9ƴŜǊƎȅ ό{ƻ9ύέ3 ŀƴŘ ά.ƛƻŜƴŜǊƎȅ 
ό.Lh{²99¢ύέ4. The analysis represents a contribution 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 and their 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 information and most important performance data are 
summarized in technology-ǎǇŜŎƛŦƛŎ άŦŀŎǘ ǎƘŜŜǘǎέΦ CƛƴŀƭƭȅΣ ǊŜǎǳƭǘǎ ŀǊŜ ŎƻƳǇŀǊŜŘ ǘƻ ǇǊŜǾƛƻǳǎ 

                                                      
1 External costs are costs that affects a party who did not choose to incur that cost (Buchanan 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 combustion-related air pollution or due to potential costs as 
consequences of potential accidents not covered by insurances. 
2 Laboratory for Energy Systems Analysis (https://www.psi.ch/lea/); Laboratory for Thermal Processes and 
Combustion (http://crl.web.psi.ch/); Solar Technology Laboratory (https://www.psi.ch/lst/). 
3 http://www.sccer-soe.ch/ 
4 http://www.sccer-biosweet.ch/ 

https://www.psi.ch/lea/
http://crl.web.psi.ch/
https://www.psi.ch/lst/
http://www.sccer-soe.ch/
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 generation technologies 

1.1.1 Large hydropower (LHP) 

Hydropower plants with capacities above 10 a² ŀǊŜ ŎŀǘŜƎƻǊƛȊŜŘ ŀǎ άƭŀǊƎŜέ ƛƴ {ǿƛǘȊŜǊƭŀƴŘΦ 
Two types can be distinguished: reservoir/storage (damming the water and creating a 
reservoir lake) and run-of-river (only the water in the rivers coming from upstream is available 
for generation) 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 pumps. Often, 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 depends on useable water head and flow rate; main turbine types, reaching 
efficiencies of more than 90% today, are Francis, Kaplan and Pelton turbines (Figure 6.7). 
Hydropower plants are a mature technology and no major technology development can be 
expected in the future.  

1.1.2 Small hydropower (SHP) 

Lƴ {ǿƛǘȊŜǊƭŀƴŘΣ ƘȅŘǊƻǇƻǿŜǊ Ǉƭŀƴǘǎ ŀǊŜ ŎŀǘŜƎƻǊƛȊŜŘ ŀǎ αǎƳŀƭƭάΣ ƛŦ ǘƘŜ ƛƴǎǘŀƭƭŜŘ ŎŀǇŀŎƛǘȅ ƛǎ ōŜƭƻǿ 
10 MW. SHP plants can be categorized according to construction type (run-of-ǊƛǾŜǊΣ ά!ǳǎƭŜƛǘ-
kraftǿŜǊƪέκŘƛǾŜǊǎƛƻƴΣ ǎǘƻǊŀƎŜΣ ά¦ƳǿŅƭȊǿŜǊƪŜέκŎƛǊŎǳƭŀǘƛƻƴ ǇƻǿŜǊ Ǉƭŀƴǘǎύ ƻǊ ŀŎŎƻǊŘƛƴƎ ǘƻ 
runoff medium (river-ŦŜŘΣ ǿŀǎǘŜǿŀǘŜǊΣ ŘǊƛƴƪƛƴƎ ǿŀǘŜǊΣ ά5ƻǘƛŜǊƪǊŀŦǘǿŜǊƪέκŘƛǎŎƘŀǊƎŜ ǇƻǿŜǊ 
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 at providing alternative solutions for medium head and low-head, respectively, 
low-runoff applications (see sections 7.2.2 and 7.2.3). 

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 turbines ŘƻƴΩǘ 
play a role on the wind power market today due to economic and technical reasons, which is 
not expected to change until 2050. Modern wind turbines reach capacities of up to 8 MW 
with rotor diameters as large as 164 m and hub heights of up to 220 m. However, around 72% 
of the worldwide installed turbines are in the range of 1-3 MW, which is also the common size 
in Switzerland (Table 8.10). Small wind turbines with capacities below 100 kW are and will be 
a niche market. Current wind turbines are a relatively mature technology (especially onshore 
installations); future technology development aims at further increasing turbine capacities 
and improving reliability of offshore installations. Turbine capacities of 20 MW seem to be 
feasible. Increasing hub heights will allow for better exploitation of wind resources, since wind 
speeds increase with height above ground. 

1.1.4 Photovoltaics (PV) 

Photovoltaic cells directly convert solar irradiance into direct-current (DC) electricity. A 
converter is used to convert DC into alternate current (AC) before grid feed-in. In Switzerland, 
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small-scale, roof-top PV installations are most common. About half of the installed capacity is 
in units below 100 kW, about half in units above 100 kW. In terms of numbers of installations, 
more than half of the units are installed on single-family houses. However, in 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 crystalline silicon (c-Si) cells (first PV 
generation), mainly multi-c Si (Figure 9.10); single-c Si cells have continuously lost market 
share in recent years. So-called thin-film technologies (second PV generation) are alternatives 
to crystalline silicon; thin-film technologies that have been commercially developed use 
amorphous/microcrystalline silicon (a-Si), cadmium telluride (CdTe), or Copper Indium 
Gallium (di)Selenide (CIGS or CIS). Other advanced thin-film PV technologies, concentrating 
PV, dye-sensitized PV and organic PV (third PV generation) are in research and development 
and might be options in the future. Best commercial PV module efficiencies are 17% and 
21.5% for multi-c Si and single-c Si, respectively, and 17% for CdTe thin-film modules (Table 
9.2 and Figure 9.19). Future developments of PV technologies mainly focus on two aspects: 
reduction of manufacturing costs and efficiency improvement. However, there is a theoretical 
maximum efficiency of single-junction 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 30 years and is assumed to increase to 
35 years from 2035 on. 

1.1.5 Electricity from biomass 

Biomass resources are a heterogeneous group, comprising feedstocks ranging from 
wastewater and manure, to municipal and industrial waste products, to forest wood (Figure 
10.16 and Figure 10.18). 

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

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

b) Wood sector: Installations which use woody 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 wood-based CHP5  units, including combustion and 
gasification based systems. 

c) Agricultural 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 from 
heat sales. 

Non-woody 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 (CHP) unit, such as an engine, a gas 
turbine or a fuel cell. Woody biomass feedstocks and non-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 (ORC) at medium scales. At small scales, externally-
fired gas turbines (EFGT) are also considered. Finally, the woody and dry non-woody 
feedstocks can be gasified, creating a syngas that can be burned in an engine or other CHP 
unit to produce electricity. An alternative 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 a άǎǇŜŎƛŀƭ ŎŀǎŜέ ƛƴ ǘƘƛǎ ŀƴŀƭȅǎƛǎΣ ǎƛƴŎŜ ŀƳƻƴƎ ŀƭƭ ǘŜŎƘƴƻƭƻƎƛŜǎ ŀƴŘ ŦǳŜƭǎ 
ŀŘŘǊŜǎǎŜŘΣ άŎƻƳǇŜǘƛǘƛƻƴέ ŦƻǊ ǊŜǎƻǳǊŎŜǎ ŦǊƻƳ ŘƛŦŦŜǊŜƴǘ ŜƴŘ-use sectors is only an issue in case 
of biomass.6 

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 numbers in Table 10.3), 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 geothermal power - EGS 

Energy from deep geothermal installations (>400 m depth, >120°C) can be harvested in two 
ways: From hydrothermal systems and from so-called Enhanced Geothermal Systems (EGS) 
or petrothermal systems. Hydrothermal systems require high underground temperatures 
(>100°C), water-bearing geological formations and adequate generation of hot water in these 
formations. These pre-conditions seem to be present only at few places in Switzerland. Since 
EGS are not dependent on hot water in the underground, but simply make use of the natural 
ǘŜƳǇŜǊŀǘǳǊŜ ƎǊŀŘƛŜƴǘ ǘƻǿŀǊŘǎ ǘƘŜ 9ŀǊǘƘΩǎ ƛƴǘŜǊƛƻǊ ŀƴŘ ǘƘŜ ǊŜǎǳƭǘƛƴƎ Ƙƻǘ ǊƻŎƪ ƛƴ ǘƘŜ 
underground, only such EGS could substantially contribute to electricity supply in Switzerland 
and are therefore evaluated in this analysis. 

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 binary cycle. EGS 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 Switzerland would be around 5 km. 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 MWel (Table 11.1). Electric efficiencies are comparatively low due to low working fluid 
temperatures and large amounts of (waste) heat are available at such EGS plants, which 
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 electricity by submarine cables. Wave power is generally 

                                                      
6 Other potentially competing interests such as the use of roof-top area for solarthermal heat generation and 
ŎƻƴǾŜǊǎƛƻƴ ƻŦ ŜƭŜŎǘǊƛŎƛǘȅ ƛƴǘƻ ǎȅƴǘƘŜǘƛŎ ŦǳŜƭǎ Ǿƛŀ άǇƻǿŜǊ-to-Ǝŀǎέ ǘŜŎƘƴƻƭƻƎƛŜǎ ŀǊŜ Ƴƻǎǘƭȅ ƻǳǘ ƻŦ ǎŎƻǇŜ ƻŦ ǘƘƛǎ 
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 designs. Hinged 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 a relatively 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 for 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 heat transfer 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 plants 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 Dish Concentrator (PDC) 
(Figure 13.2). The first three types are used mostly for power plants in centralized electricity 
generation, with the parabolic trough system being the most mature commercial technology. 
Solar dishes are more suitable for distributed generation. PTC plants are now designed for 6-
7.5 hours of thermal energy storage (TES) and an annual capacity factor of 36-41%. Tower 
plants (CRS), with their higher 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%. Annual solar-to-electricity 
efficiencies of current CSP plants are ς depending on the technology ς in the order of 10-25%. 
Future technology development primarily aims at cost reduction and focuses on power 
generation units and thermal storage systems in order to improve solar-to-electricity 
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 
(GEN II), with extensive retro-fitting of the oldest plants in Beznau (KKB) und Mühleberg 
(KKM) όαb!bhά ōȊǿΦ α{¦{!bάύ. Beznau I has not been 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 Gösgen) are pressurized water reactors (PWR). 

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 
cost-competitive is driving evolutionary designs (Generation 3+). This includes 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 inherent safety 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 thorium is converted (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 resistant than 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 small, decentralized 
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 electricity imports. 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 with CO2 capture are 
included in the evaluation. However, due to many potential technology options for CCU7 and 
the large uncertainties associated with costs of future CCS and CCU in Switzerland, geological 
storage and utilization of CO2 are out of scope of a detailed quantitative analysis. 

Net electric capacities of current and future NGCC power plants are typically in the order of 
400-500 MW 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 of 500-1000 MW. Natural gas 
CHP units have electric capacities in the range of a kW to a few MW; CHP units of 1-1000 kWel 
are evaluated within this analysis. Average electricity generation efficiencies of current NGCC 
power plants are 57-59%, those of coal power plants 44-46% (hard coal) and 39-44% (lignite), 
respectively. Current electric efficiencies of NG CHP units are ς depending on the unit size ς 
25-42%, overall CHP efficiencies around 80-90%. Future technology development will allow 
for higher combustion temperatures and therefore increase these efficiencies to max. 65% 
for NGCC and around 50% for coal power plants in 2050. Electric efficiencies of CHP units are 
supposed to reach max. 30-47%, overall efficiencies values above 100% (based on low heating 
value of fuel). Implementation of CO2 capture reduces power plant net efficiencies due to 
energy demand for CO2 capture: in 2050, NGCC power plants with CO2 capture are supposed 
to have efficiencies in the range of 54-56%, coal power plants with CO2 capture in the order 
of 33-45%. Detailed figures are provided in Table 15.9. Besides efficiency improvements, 
technology development also aims at further reduction of combustion-related emissions of 
air pollutants. 

                                                      
7 Captured CO2 Ŏŀƴ ōŜ ǳǎŜŘ ŦƻǊ Ƴŀƴȅ ǇǳǊǇƻǎŜǎΣ ŜΦƎΦ ŀǎ ŀ ŎŀǊōƻƴ ǎƻǳǊŎŜ ƛƴ άǇƻǿŜǊ-to-Ǝŀǎέ ǘŜŎƘƴƻƭƻƎƛŜǎΣ ǿƘƛŎƘ 
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 addressed.8 The types of fuel cells 
analyzed and their current key characteristics are listed in Table 1.1. 

Table 1.1: Types of fuel cells included in this analysis and their characteristics. PEFC: Polymer Electrolyte Fuel 
Cells; PAFC: Phosphoric Acid Fuel Cells; MCFC: Molten Carbonate Fuel Cells; SOFC: Solid Oxide Fuel Cells. 

Fuel Cell Type  Temperature  Operating 

Flexibility  

Fuel Reformer  Technology 

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 well as commercial installations in larger buildings. These systems 
are typically heat-led 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 
and can 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 CHP-type fuel cells depend on technology and on size and vary 
over a large range of 32-54%. Overall CHP efficiencies are in the order of 70-90%. These 
efficiencies are estimated to increase to 42-68% and 80-95%, respectively, until 2050. Besides 
increasing efficiencies, ongoing technology development mainly aims at improving stack 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 
Table 16.3. 

1.1.12 Novel technologies 

¢ƘŜ ŦƻƭƭƻǿƛƴƎ ǇƻǿŜǊ ƎŜƴŜǊŀǘƛƻƴ ǘŜŎƘƴƻƭƻƎƛŜǎ ŀǊŜ ŎŀǘŜƎƻǊƛȊŜŘ ŀǎ άƴƻǾŜƭέΥ IȅŘǊƻǘƘŜǊƳŀƭ 
ƳŜǘƘŀƴŀǘƛƻƴ ƻŦ ǿŜǘ ōƛƻƳŀǎǎ όt{LΩǎ ŎŀǘŀƭȅǘƛŎ ǎǳǇŜǊŎǊƛǘƛŎŀƭ ǿŀǘŜǊ ǇǊƻŎŜǎǎύΣ ƴƻǾŜƭ ƎŜƻǘƘŜǊƳŀƭ 
technologies, nuclear fusion, and thermoelectrics for stationary waste heat recovery. 

Lƴ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ ǘƘƛǎ ŀƴŀƭȅǎƛǎΣ ǘƘŜ ǘŜǊƳ άƴƻǾŜƭ ǘŜŎƘƴƻƭƻƎƛŜǎέ ǊŜŦŜǊǎ ǘƻ ǘƘŜ ŦŀŎǘ ǘƘŀǘ ǘƘŜǎŜ 
technologies are still at an early stage of development and it can ς as of today ς 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 is hardly possible 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 scale. It is supposed 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 on hydrogen 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 and off-grid power 
are considered to be a niche market and are unlikely to contribute substantially to the Swiss electricity supply in 
the future. 



Potentials, costs and environmental assessment of electricity generation technologies 

 
28 

 

 

the available, appropriate biomass resources in Switzerland, the estimate for additional 
electricity generation is in the range of about 2-5 TWh/a. 

Novel geothermal technologies cover deep geothermal energy extraction and conversion 
technologies beyond so-called Enhanced (or Engineered) Geothermal Systems (EGS) (those 
are covered in chapter 11). Two approaches are discussed: 1) Using a subsurface working fluid 
other than water/brine to 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 (CO2, and/or nitrogen) which enables using lower 
geothermal resource temperatures and lower permeabilities compared to water-based heat 
extraction. The second approach employs auxiliary heating (with some secondary energy 
source) of geothermally preheated fluids (water/brine, CO2, N2, etc.) produced from the 
subsurface which makes use of very low-temperature geothermal resources for electricity 
production that would otherwise be uneconomical. 

Research in nuclear fusion is ongoing with ITER as most prominent infrastructure project. ITER 
is a collaborative project of 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 large-scale and carbon-
free source of energy. ITER will be the first fusion device where the fusion power substantially 
exceeds (by a factor of 10) the necessary heating power. With 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 approach where 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 energy. It can 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 conversion suffers 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 and supply potentials 

Figure 1.1 shows current9 ŜƭŜŎǘǊƛŎƛǘȅ ƎŜƴŜǊŀǘƛƻƴ ƛƴ {ǿƛǘȊŜǊƭŀƴŘ ōȅ ǘŜŎƘƴƻƭƻƎȅΣ ƛΦŜΦ ǘƘŜ άǎǘŀǘǳǎ 
ǉǳƻέ (BFE/SFOE 2016e, BFE/SFOE 2016g). Natural gas10 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. 

                                                      
9 Year 2015, latest year with consistent statistics available, when this report was compiled. 
10 ¢ƘŜ ŎŀǘŜƎƻǊȅ άŦƻǎǎƛƭ ŦǳŜƭǎέ ƛƴ ǘƘŜ ǎǘŀǘƛǎǘƛŎǎ ƛǎ ŎƻƳǇƭŜǘŜƭȅ ŀƭƭƻŎŀǘŜŘ ǘƻ άƴŀǘǳǊŀƭ Ǝŀǎέ ƘŜǊŜΦ Lƴ ǊŜality, minor 
amounts of electricity from diesel-fuelled CHP units are included. 
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Figure 1.1: Electricity generation in Switzerland in year 2015 (BFE/SFOE 2016e, BFE/SFOE 2016g). 

Figure 1.2 ǎƘƻǿǎ ǘƘŜ ŜǎǘƛƳŀǘŜŘ άŜȄǇƭƻƛǘŀōƭŜ ǇƻǘŜƴǘƛŀƭǎέ11 for electricity generation and supply 
with different fuels and technologies in Switzerland and for electricity imports from 
generation abroad in year 2050. Technical generation potentials are in case of renewable 
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 capacities for natural 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 power represent 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 chapter 1.5. 

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 generation 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 indicated in Figure 1.2. 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 boundary conditions and 
are therefore also associated with large uncertainties. 

                                                      
11 Terminology regarding electricity generation potentials is discussed in chapter 5.1, based on (BFE/SFOE 2007a). 
Exploitable potentials basically correspond to technical potentials reduced by environmental and economic 
ŎƻƴǎǘǊŀƛƴǘǎΦ ¢ƘŜ ŜǉǳƛǾŀƭŜƴǘ DŜǊƳŀƴ ǘŜǊƳ ƛǎ άŀǳǎǎŎƘǀǇŦōŀǊŜ tƻǘŜƴȊƛŀƭŜέΦ ¢ƻ ǎƻƳŜ ŜȄǘŜƴǘΣ ŀƭǎƻ ǎƻŎƛŀƭ ŀǎǇŜŎǘǎ ŀǊŜ 
taken into account as limiting factors. 
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Figure 1.2Υ 9ǎǘƛƳŀǘŜŘ άŜȄǇƭƻƛǘŀōƭŜ ǇƻǘŜƴǘƛŀƭǎά12 for additional electricity generation (compared to 2015) with 
different fuels and technologies in Switzerland and for electricity imports from generation abroad, 
respectively, in 2050. 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 
ƎŜƻǘƘŜǊƳŀƭ ǎȅǎǘŜƳǎΤ 9¦a9b!Υ 9ǳǊƻǇŜΣ aƛŘŘƭŜ 9ŀǎǘΣ bƻǊǘƘ !ŦǊƛŎŀΤ άŎƻŀƭέ ƛƴŎƭǳŘŜǎ ƘŀǊŘ Ŏƻŀƭ ŀƴŘ ƭƛƎƴƛǘŜΦ ϝ t± 
potential does not include generation by modules installed on building facades ς the sustainable potential of 
such facade PV installations is in the range of 3-5.6 TWh/a. 

These technology-specific potentials are further discussed in the following sections 1.2.1 to 
1.2.11. 

1.2.1 Large hydropower (LHP) 

The range for additional electricity generation provided in Figure 1.2 is based on a few recent 
estimates, which all roughly agree in their assessments (BFE/SFOE 2012b, BFE/SFOE 2013c, 
Filippini and Geissmann 2014). A 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 addition the current 
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 and new hydropower plants, needs 
to be taken into account. 

1.2.2 Small hydropower (SHP) 

The potential for new SHP plants is relatively small, but non-negligible (BFE/SFOE 2012b). 
However, similar to LHP, new projects are often impeded by social (and environmental) 
opposition. In addition, electricity from SHP plants is usually expensive and cannot compete 

                                                      
12 See chapter 5.1 for a discussion of terminology. 
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without governmental economic incentives. Thus, potential expansion of SHP mainly depends 
on future design of feed-in tariffs, subsidies and similar measures as 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. 2004a, BFE, 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 disturbance and 
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 legislative boundary 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 roof-top PV modules are considered. The range shown in Figure 
1.2 corresponds to a technical potential for additional electricity generation based on well-
suited roof area (Cattin, Schaffner et al. 2012, swisstopo 2012) reduced by technical, social 
and economic factors, considering expected future development of PV technology. Since PV 
faces much less opposition than other renewables in Switzerland, realizing this potential 
seems to be more realistic. However, since electricity from PV in Switzerland is still 
comparatively expensive, implementation within the next years will depend on governmental 
incentives and appropriate regulation. In addition, substantial amounts of decentralized, 
small-scale intermittent PV generation might be a challenge for the electricity 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 to be investigated. 

1.2.5 Electricity from biomass 

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

Realization of biomass potentials faces challenges in terms 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 costs (Figure 10.21 and Figure 10.22). 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 generation in Figure 1.2 is the most 
uncertain among domestic generation options: EGS still needs to demonstrate its technical, 
economic and social viability. The potential shown corresponds to the political long-term EGS 
goal, which can only be realized, if currently prevailing geological, technical, legal, social and 
economic barriers can be overcome (Hirschberg, Wiemer et al. 2015). One central economic 
challenge is the use of heat, which is generated in large amounts as a by-product. Sites, 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, technology is still in research and 
development and not (yet) commercially available. Therefore, the potential is quite uncertain. 
In addition, it is comparatively small: the upper range in Figure 1.2 represents 10% of overall 
potential wave and tidal power generation at the European west coast (onshore and offshore), 
which could be ς as first guess ς be available for transmission to Switzerland. 

1.2.8 Concentrated solar power 

In comparison to wave and tidal power, the overall generation potential from CSP within a 
useful distance to Switzerland (i.e. the EUMENA13 region) seems to be much larger. Also 
technology is further developed and has gained market share already in certain countries, e.g. 
Spain. However, large-scale employment especially in non-European countries seems to be 
challenging and the availability of electricity generated in North Africa and the Middle East 
for Switzerland is questionable. Therefore, the potential shown in Figure 1.2 only represents 
1% of the technical generation potential in the EUMENA region. 

1.2.9 Nuclear power 

The zero potential shown in Figure 1.2 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 coal power 

Power generation from fossil fuels ς both natural gas combined cycle power plants and 
smaller CHP units in Switzerland as well as coal power plants abroad ς is technically hardly 
limited, but depends on economic and political boundary conditions, such as price of CO2 

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 gas and 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 of CO2. However, whether 
and at which point in time CCS and CCU could be an option for Switzerland and other 
European countries, is highly uncertain. 

                                                      
13 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 Figure 1.2 represents the potential electricity production from grid-connected fuel cells, if 
these were replacing all current fossil heating systems in Switzerland. In reality, economic 
constraints need to be considered. 

 

1.3 Costs of electricity generation 

Figure 1.3 shows current electricity generation costs (levelised costs of electricity, LCOE) for 
all technologies considered in this evaluation (for potential new plants to be built today14), 
except of novel technologies. Electricity import costs for ocean power, offshore wind power 
and CSP with dedicated HVDC lines are in the order of 0.5-2 Rp./kWh and would have to be 
accounted for in addition. Ranges reflect variability in terms of site-conditions (e.g., annual 
PV and wind power yields), technology characterization (e.g., power plant capacities and 
efficiencies) and biomass feedstock costs. Costs of CO2 emissions are not included.15 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 as co-product. 

Overall, coal power, existing LHP and nuclear power as well as biomass technologies profiting 
from gate-fees16 show the lowest LCOE. Small-scale natural gas CHP units and fuel cells 
generate electricity at highest costs. The large range for ocean power indicates immature 
technology and associated high uncertainties. 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 (chapter 1.5) as well as in the individual 
technology chapters. In case of PV, the ranges also include variation of annual yield in 
Switzerland, which depends on the location.17 The large ranges for electricity from biomass 
reflect large variations in both technology as well as feedstock costs: electricity from 
municipal waste incineration and wastewater treatment plants is much cheaper than 
electricity from small-scale, agricultural biogas CHP units (manure digestion) and wood 
gasification/combustion; details are provided in the technology fact sheets (chapter 1.5) as 
well as in the biomass technology chapter. 

 

                                                      
14 For large hydropower and nuclear power, current costs of operating power plants, which include partially 
amortized 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 chapters 6.5 and 14.6, respectively. In case of 
ƴǳŎƭŜŀǊ ǇƻǿŜǊΣ άƘȅǇƻǘƘŜǘƛŎŀƭ ƴŜǿ Ǉƭŀƴǘǎέ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ƘȅǇƻǘƘŜǘƛŎŀƭ ǊŜŀŎǘƻǊǎ ƻŦ ƭŀǘŜǎǘ ǘŜŎƘƴƻƭƻƎȅ όDŜƴ III), for 
which the planning process would start today. 
15 Costs of CO2 certificates for power generation at current price levels below 10 ϵκǘ ƻŦ /h2 are negligible. 
Estimating potential future costs of CO2 certificates is out of scope of this analysis ς these will primarily depend 
on international and European climate policy. 
16 Municipal waste incineration and wastewater treatment plants get paid for waste treatment, i.e. profit from 
negative fuel costs. 
17 Annual roof-top PV yields in Switzerland are in the range of 850-1500 kWh/kWp. In this analysis, a reference 
yield of 970 kWh/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) with different technologies.14 

Ranges reflect variability in terms of site-conditions, technology characterization and biomass feedstock costs. 
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 (chapter 1.5) and the individual technology chapters. Electricity import 
costs with dedicated HVDC lines are in the order of 0.5-2 Rp./kWh and would have to be accounted for in 
addition. Costs of CO2 emissions15 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 
ŜƭŜŎǘǊƻƭȅǘŜΤ t!Υ ǇƘƻǎǇƘƻǊƛŎ ŀŎƛŘΤ άŎƻŀƭέ ƛƴŎƭǳŘŜǎ ƘŀǊŘ Ŏƻŀƭ and lignite. 

Figure 1.4 shows LCOE estimates for year 2050. Ranges reflect variability in terms of site-
conditions, technology characterization, biomass feedstock 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 graph.18 Electricity import costs 
with dedicated HVDC lines are in the order of 0.5-2 Rp./kWh and would have to be accounted 
for in addition. Neither potential heat credits for EGS19, nor costs of CO2 emissions are 
included. However, heat credits for natural gas and biomass CHP generation as well as fuel 
cells are taken into account; these technologies do not generate as large amounts of heat as 
EGS and are usually operated for heat supply with electricity as co-product. Both technology 

                                                      
18 Costs of fuels and their estimated future development are provided in Table 5.3. 
19 The impact of heat credits on the economic viability of EGS wil be substantial, since the electric efficiencies of 
EGS are comparatively low and large amounts of heat are generated. However, from the current perspective 
and due to risk-related social issues, it seems to be difficult to implement EGS at sites with large heat demand, 
i.e. in areas with large residential heat demand and district heat networks. 
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fact sheets (chapter 1.5) 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 and tidal 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 than today, since the reduction of technology costs does not compensate for the 
expected increase in fuel costs (Table 5.3). The same can be observed for large 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. 

 

Figure 1.4: Costs of electricity generation (LCOE) with different technologies and fuels in year 2050.20 Ranges 
reflect variability in terms of site-conditions, technology characterization, biomass feedstock costs and future 
technology cost developments. 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 (chapter 1.5) and the individual technology 
chapters. Electricity import costs with dedicated HVDC lines are in the order of 0.5-2 Rp./kWh and would have 
to be accounted for in addition. Neither potential heat credits for EGS19, nor costs of CO2 emissions15 are 
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 electrolyte; PA: phosphoric acid; 
άŎƻŀƭέ ƛƴŎƭǳŘŜǎ ƘŀǊŘ Ŏƻŀƭ ŀƴŘ ƭƛƎƴƛǘŜΦ ϝ¢ƘŜ [/h9 ǊŀƴƎŜ ŦƻǊ ƴǳŎƭŜŀǊ ǊŜǇǊŜǎŜƴǘ DŜƴŜǊŀǘƛƻƴ 3+ and small modular 
reactor (SMR) designs, since reliable cost estimates for Generation 4 designs, which might be an option in 
2050, are not available. 

                                                      
20 Based on the available information, technology-specific 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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Technology-specific cost aspects and their sensitivities are further discussed in the following 
sections 1.3.1 through 1.3.11. 

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 rates (Figure 6.17). However, 
also O&M costs as well as water rates21 are important cost factors. Electricity generation costs 
of potential new-built LHP plants today and in the future tend to be higher than those of 
existing LHP plants and very much depend on site-specific factors. According to (BFE/SFOE 
2013c), additional LHP generation of 2 TWh/year with costs below 15 Rp./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 site-specific conditions. Small SHP plants with capacities below 1 MW 
show much higher costs than SHP plants with capacities of 1-10 MW. From the economic 
point of view, integration into existing infrastructure provides substantial benefits. In general, 
drinking water and run-of-river/diversion SHP plants are the cheapest SHP options. 
Substantial cost reductions in the future are unlikely. Contrary, since well-suited locations 
tend to be exploited first, SHP costs are expected to increase slightly (Figure 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 site-specific annual yield (Figure 8.24). 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 reduce 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 (however, 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 than larger units. In addition to capital costs, LCEO are most sensitive to annual 
yields (Figure 9.33). LCOE of future PV are expected to drop substantially; mainly due to 
reduction of module costs, which follow ς compared to other renewable technologies ς a 
steep learning curve. 

1.3.5 Electricity from biomass 

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

                                                      
21 In DŜǊƳŀƴΥ ά²ŀǎǎŜǊȊƛƴǎŜƴέΦ 
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feedstock (Figure 10.21 and Figure 10.22). Least expensive is electricity generation from 
waste biomass, i.e. municipal solid waste incineration and wastewater treatment plants. 
These plants profit from gate-fees, i.e. negative 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 for potential 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 future biomass feedstock costs. 

1.3.6 Deep geothermal power 

LCOE of deep geothermal EGS crucially depend on geology and potential heat sales ς potential 
ranges and associated uncertainties are high. The analysis shows that drilling the geothermal 
wells is by far the most important cost factor (Figure 11.7). It seems to be unlikely that EGS 
could be economically operated without being able to sell the large amounts of heat in a 
profitable way. Thus, sites with appropriate geologic conditions as well as heat demand in the 
proximity of the generation plants and risk-related social acceptance need to be identified. 
Most sensitive cost factors are well depth (since costs increase exponentially with depth) and 
sub-surface temperature gradient. Compared to other technologies, LCOE are much less 
sensitive to technology costs (Figure 11.10). 

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 of scale. In the future, substantial cost reductions are expected 
(Figure 12.18); however, these depend on technology learning which can only be realized if 
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 or based 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. Nevertheless, it can 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 plants) (Figure 13.15). 

1.3.9 Nuclear power 

Nuclear power plants are capital intensive generation technologies. Therefore, LCOE are most 
sensitive concerning capital costs and interest rates (Figure 14.16). Also major delays in 
construction projects can lead to substantially higher generation costs as initially aimed for. 
Fuel costs are ς compared to other thermal power plants such as natural gas and coal power 
ς not a decisive factor for LCOE. While Generation 4 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, chapter 1.5). 

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 of 100-1000 kWel. 
The smaller the CHP unit, the higher the share of capital costs in total LCOE (which become 
the most important contribution for the 1 kWel CHP unit). Due to comparatively lower electric 
efficiencies, LCOE of small CHP units are more sensitive to heat credits 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 of CO2 capture increases LCOE of NGCC and coal 
power plants by roughly 25-60%, depending on technology, CO2 capture rate, and fuel costs. 
Sensitivity analysis shows that besides capital costs (mainly for NGCC), load factors of coal 
power plants are important: the lower the load factor, the higher LCOE (chapter 15.5.4.3). 
Potential implementation of geological CO2 storage, i.e. a full CCS chain, would further 
increase the LCOE of coal and natural gas power plants; however, compared to CO2 capture, 
transport and geological storage of CO2 are minor additional cost components and would 
increase LCOE of coal and natural gas power plants with CCS by further 5-10%22 (ZEP 2011). 

1.3.11 Fuel Cells 

Electricity generation costs for current fuel cells are ς especially for small-scale units ς 
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 (Figure 16.6). 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, manufacturing of infrastructure, etc. (ISO 2006a, 
ISO 2006b, EC 2010, Hellweg and Milà i Canals 2014, Astudillo, Treyer et al. 2015, Astudillo, 
Treyer et al. 2016). Life-cycle 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 environmental 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 same way as performed for current technologies is not available 
and generating such inventory data is out of scope of this analysis. 

                                                      
22 This range represents a rough estimate based on non-Swiss-specific references; Swiss specific numbers are 
not available, but are not supposed to be much different. While costs of CO2 transport are rather well known, 
estimates for geological CO2 storage are associated with large uncertainties and further research is required for 
a more solid quantification taking into account Swiss-specific boundary conditions. If captured CO2 could be sold 
and utilized, e.g. for production of syntƘŜǘƛŎ ŦǳŜƭǎΣ ά/h2 ŎǊŜŘƛǘǎέ ŎƻǳƭŘ ōŜ ŀŎŎƻǳƴǘŜŘ ŦƻǊΦ IƻǿŜǾŜǊΣ ǎǳŎƘ ŀƴ 
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 
άƴƻǊƳŀƭ ƻǇŜǊŀǘƛƻƴέ ƻŦ ǇƻǿŜǊ Ǉƭŀƴts and associated fuel chains. Further, the methodology 
does not allow for evaluation and quantification of local, mostly site-specific issues, e.g. visual 
impacts, noise, and effects on local ecosystems. These are ς in addition to GHG emissions and 
other environmental burdens ς qualitatively discussed in the technology-specific chapters of 
this report. 

1.4.1 Life-cycle 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 performance.23 

Ranges are supposed to reflect variability in terms of site-conditions (e.g., annual yields of PV 
and wind power plants in Switzerland), technology specification (e.g., efficiencies, plant 
technologies and capacities) and fuel characteristics. 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.24 ¢ƘŜ ǊŜǎǳƭǘǎ ŀǊŜ ǇǊƻǾƛŘŜŘ ŦƻǊ άŜƭŜŎǘǊƛŎƛǘȅ ƎŜƴŜǊŀǘƛƻƴ ŀǘ ǘƘŜ 
ǇƻǿŜǊ ǇƭŀƴǘέΣ ƛΦŜΦ ǘǊŀƴǎƳƛǎǎƛƻƴ ŀƴŘ Řistribution is not taken into account. System aspects such 
as potentially required back-up technologies are also not considered, since these depend on 
the actual layout and composition of the electricity supply system. 

Overall, hydropower, nuclear and wind power 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 reflect variability in feedstock and conversion technology. It is assumed that 
woody biomass is harvested at a sustainable rate, meaning that biogenic CO2 emissions 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. 

                                                      
23 Lƴ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ōǳǊŘŜƴǎΣ άŎǳǊǊŜƴǘέ ǊŜŦŜǊǎ ǘƻ ƳƻŘŜǊƴ ǘŜŎƘƴƻƭƻƎȅ ƻƴ ǘƘŜ ƳŀǊƪŜǘ ǘƻŘŀȅΦ 
Differentiation between currently ƻǇŜǊŀǘƛƴƎ ǇƻǿŜǊ Ǉƭŀƴǘǎ ŀƴŘ Ǉƭŀƴǘǎ άǘƻ ōŜ ōǳƛƭǘ ǘƻŘŀȅέ ƛƴ ŎŀǎŜ ƻŦ ƴǳŎƭŜŀǊ ŀƴŘ 
large hydropower ς as performed for quantification of LCOE ς is not meaningful and thus not carried out. 
24 αōƛƻƳŀǎǎΥ ŀƎǊƛŎǳƭǘǳǊŀƭά ƛǎ ǊŜǇǊŜǎŜƴǘŜŘ ōȅ {ǿƛǎǎ ǎƳŀƭƭ-scale manure-to-electricity systems; GHG emissions are 
mainly due to methane emissions (leakage) during anaerobic digestion of manure ς the associated uncertainties 
and hence the provided range are large. Systems with reduced leakage might exhibit substantially lower GHG 
emissions. 
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Figure 1.5: Life cycle GHG emissions of current electricity generation technologies (at the power plant25) for 
Swiss electricity supply. Ranges reflect variability in terms of site-conditions, technology specification and fuel 
characteristics. 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 power; LHP: large hydropower; SHP: small hydropower; CSP: concentrated 
solar power; PV: photovoltaics; EGS: enhanced geothermal sȅǎǘŜƳǎΤ άŎƻŀƭέ ƛƴŎƭǳŘŜǎ ƘŀǊŘ Ŏƻŀƭ ŀƴŘ ƭƛƎƴƛǘŜΦ 

Life cycle GHG emissions of electricity generation technologies for Swiss supply in year 2050 
are shown in Figure 1.6. Ranges are supposed to reflect variability in terms of site-conditions, 
technology specification, fuel characteristics and expected technology 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. 

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 improvement potential. 
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 factor of decreasing 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 GHG emissions corresponding to their expected 
increases in efficiency. Implementation of carbon capture would substantially reduce CO2 
emissions of NGCC and coal power plants ς depending on the CO2 capture rate to levels 

                                                      
25 Electricity transmission and distribution is not accounted for. 
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almost as low as the majority of renewables.26,27,28 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. 

 

Figure 1.6: Life cycle GHG emissions of electricity generation technologies in year 2050 (at the power plant29). 
Ranges reflect variability in terms of site-conditions, technology specification, fuel characteristics and 
expected technology 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 power; LHP: large hydropower; SHP: small 
ƘȅŘǊƻǇƻǿŜǊΤ /{tΥ ŎƻƴŎŜƴǘǊŀǘŜŘ ǎƻƭŀǊ ǇƻǿŜǊΤ t±Υ ǇƘƻǘƻǾƻƭǘŀƛŎǎΤ 9D{Υ ŜƴƘŀƴŎŜŘ ƎŜƻǘƘŜǊƳŀƭ ǎȅǎǘŜƳǎΤ άŎƻŀƭέ 
includes hard coal and lignite. 

1.4.2 Other life-cycle burdens and impacts 

Figure 1.7 shows relative30 Life Cycle Impact Assessment (LCIA) indicator scores for current 
electricity generation technologies31 and ς for comparison ς for the current Swiss electricity 

                                                      
26 Potential implementation of the full CCS chain, i.e. permanently storing the captured CO2 in geological 
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 percent (Volkart, 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, centralized power plants and those are not the most likely options for biomass 
utilization in Switzerland (See Figure 10.45 for further results). 
28 If captured CO2 could be further used, substitution effects had to be taken into account (Zhang, Bauer et al. 
2017); discussion of such aspects is out of scope of this analysis. 
29 Electricity transmission and distribution is not accounted for. 
30 Lƴ ǘƘƛǎ ŎƻƴǘŜȄǘΣ αǊŜƭŀǘƛǾŜά ƳŜŀƴǎ ǘƘŀǘ ǘƘŜ [/L! ǊŜǎǳƭǘǎ ŀǊŜ ǎŎŀƭŜŘ ǊŜƭŀǘƛǾŜ ǘƻ ǘƘŜ ǘŜŎƘƴƻƭƻƎȅ ǿƛǘƘ ǘƘŜ ƘƛƎƘŜǎǘ 
(=worst, equal to one) score in each impact category. 
31 Consistent inventory data for concentrated solar power, small hydropower, fuel cells and novel technologies 
are not available. However, the technology-specific chapters for small hydropower and fuel cells contain a 
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consumption mix (including imports)32. The indicators and underlying assessment methods 
are selected based on the recommendations from Hauschild, Goedkoop et al. (2013). This 
comparison is based on Swiss-specific inventory data from the latest version of the ecoinvent 
LCA database (ecoinvent 2016)33. Most of the technology-specific chapters provide similar 
graphs with more extensive discussion of results and often a more comprehensive set of 
generation technologies.34 

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 emissions and 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 impacts, each of them 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. 

                                                      
quantification of selected LCA results in addition to GHG emissions. Results for small hydropower are supposed 
to be similar to those of large hydropower. 
32 LCIA scores for the Swiss consumtion mix correspond to the LCIA results of the high voltage electricity market 
in Switzerland according to (ecoinvent 2016). 
33 CƻǊ ŜƭŜŎǘǊƛŎƛǘȅ ŦǊƻƳ ōƛƻƎŀǎΣ ǘƘŜ ŘŀǘŀǎŜǘ ά9ƭŜŎǘǊƛŎƛǘȅΣ ŀǘ ŎƻƎŜƴΣ ōƛƻƎŀǎ ŀƎǊƛŎǳƭǘǳǊŀƭ ƳƛȄΣ ŀƭƭƻŎŀǘƛƻƴ ŜȄŜǊƎȅέ ŦǊƻƳ 
version v2.2 of the ecoinvent database (ecoinvent 2013) was used as data source due to a potential data quality 
issue with electricity from biogas in (ecoinvent 2016). 
34 The purpose of Figure 1.7 as part of this summary is a broader, but (compared to the technology-specific 
chapters) less detailed comparative overview of the environmental performance of power generation 
technologies. The results for some technologies might not exactly match those shown in the technology-specific 
chapters, since Figure 1.7 is supposed to represent average technologies, while the results in the technology-
specific chapters provide more detailed technology insights (e.g., in terms of plant capacities, technology 
specification, etc.). Furthermore, the analysis in some technology-specific chapters refers to more recent data 
sources, for which the comprehensive and consistent set of LCIA indicators shown in Figure 1.7 is not available. 
Nevertheless, deviations between the results in this graph and those in the technology-specific 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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Figure 1.7: 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 offshore 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; CC: combined cycle; PTA: point absorber; 
BWR: boiling water reactor; PWR: pressurized water reactor; LHP: large hydropower; EGS: enhanced 
geothermal system.35,36 No consistent results for fuel cells, concentrated solar power and small hydro power 
available. Data source: (ecoinvent 2016)37. 

1.5 Facts sheets 

Fact sheets provide at a glance the most important results of the present technology 
evaluation on one or two pages per technology. These include exploitable potentials11 for 
electricity generation, electricity generation costs (LCOE), and life cycle greenhouse gas (GHG) 
ŜƳƛǎǎƛƻƴǎ ŀǎ ƛƴŘƛŎŀǘƻǊ ŦƻǊ ǘƘŜ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ǇŜǊŦƻǊƳŀƴŎŜΣ ŜŀŎƘ ǉǳŀƴǘƛŦƛŜŘ ŦƻǊ άǘƻŘŀȅέ όƛΦŜΦ 
2015/2016), 2020, 2035 and 2050. In addition, selected technology parameters and key data 
are provided. 

Numbers are mostly provided as ranges reflecting on a case-by-case basis potential variations 
in terms of technology performance and expected future developments, annual yields (e.g., 
for PV and wind power), feedstock and fuel 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 technology-
specific chapters provide the complete background information.  

                                                      
35 Result for land use not available for wave power. 
36  Results represent electricity at the busbars of the individual power plants without transmission and 
distribution. 
37 CƻǊ ŜƭŜŎǘǊƛŎƛǘȅ ŦǊƻƳ ōƛƻƎŀǎΣ ǘƘŜ ŘŀǘŀǎŜǘ ά9ƭŜŎǘǊƛŎƛǘȅΣ ŀǘ ŎƻƎŜƴΣ ōƛƻƎŀǎ ŀƎǊƛŎǳƭǘǳǊŀƭ ƳƛȄΣ ŀƭƭƻŎŀǘƛƻƴ ŜȄŜǊƎȅέ ŦǊƻƳ 
version v2.2 of the ecoinvent database (ecoinvent 2013) was used as data source due to a potential data quality 
issue with electricity from biogas in (ecoinvent 2016). 
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Fact sheet ς Large hydropower (LHP) 

Technology: Hydropower plants generate power by converting kinetic or potential energy of water 
into electricity. Power plants with capacities above 10 MW are categorized as άƭŀǊƎŜέ ƛƴ {ǿƛǘȊŜǊƭŀƴŘΦ 
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 
- Run-of-river power plants: without a dam; the hydrological regime remains unchanged 
- Pumped storage power plants: supplying peak power by moving water between reservoirs at 

different elevations using pumps. 

LHP plants represent mature technology. Turbine efficiencies are not expected to increase 
substantially in the future. 

LHP New power plants: 
current1 

2020 2035 2050 

Potential2 

(expected production) 
TWh/a 32.7 ~32.7 

33.9-35.3 33.9-35.3 

32.7-34.0 32.7-34.0 

Investment costs3 CHF/kW оΩрлл όнΩллл-млΩлллύ нΩллл-млΩллл нΩллл-млΩллл нΩллл-млΩллл 

Electricity generation 
costs4,5 

Rp./kWh 
Run-of-river8 

7-30 7-30 7-30 7-30 
Storage9 

GHG emissions6,7 g CO2eq./kWh 
Run-of-river 5-10 ~5-10 ~5-10 ~5-10 

Storage 5-15 ~5-15 ~5-15 ~5-15 
1 άŎǳǊǊŜƴǘέ ǊŜŦŜǊǎ ǘƻ ǘƘŜ Ƴƻǎǘ ǳǇ-to-date information and represents modern 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 production (actual production varies from year to year depending on rainfall, climate, etc.). 
2 Given the current lack of profitability of hydropower in Switzerland, substantial expansion of the current 
generation cannot be expected until 2020. Expansion and its speed beyond 2020 will predominantly depend on 
the economic boundary condition and social acceptance of new LHP. New constructions and 
renovations/extensions of existing power plants are supposed to contribute about equally to increasing 
generation. For 2035 and 2050, the upper row represents the technical potential without considering new 
ƭŜƎƛǎƭŀǘƛƻƴ όάDŜǿŅǎǎŜǊǎŎƘǳǘȊƎŜǎŜǘȊέύΤ ǘƘŜ ƭƻǿŜǊ Ǌƻǿ ǘŀƪŜǎ ƛƴǘƻ ŀŎŎƻǳƴǘ ǊŜŘǳŎǘƛƻƴ ƻŦ [It ƎŜƴŜǊŀǘƛƻƴ ƻŦ мΩнсл 
D²Ƙκŀ όƻǾŜǊŀƭƭ ǊŜŘǳŎǘƛƻƴΥ мΩплл D²ƘκŀΤ фл҈ ŀǎǎƛƎƴŜŘ ǘƻ [ItΣ мл҈ to small hydropower in proportion to current 
generation) due to effects of new legislation. 
3 Available data do not allow for differentiation between storage and run-of-ǊƛǾŜǊ ǇƻǿŜǊ ǇƭŀƴǘǎΦ оΩрлл CHF/kW 
represents a generation weighted average of potential additional 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 
variability due to site-specific aspects. Details concerning data used and sensitivities can be found in the report. 
5 Assuming that the economically more attractive power plant sites would be exploited first, electricity 
generation costs from new plants would increase from the lower range of the interval provided for today to the 
higher range in 2050. In total, additional 1.6 TWh/a (not considering the effect of new legislation 
όάDŜǿŅǎǎŜǊǎŎƘǳǘȊƎŜǎŜǘȊέύύ Ŏŀƴ ōŜ ƎŜƴŜǊŀǘŜŘ ǿƛǘƘ ǇǊƻŘǳŎǘƛƻƴ Ŏƻǎǘǎ ōŜƭƻǿ мр Rp./kWh. 
6 Greenhouse gas emissions are used as key indicator for the environmental performance 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 are supposed to 
reflect potential variability of performance due to site-specific conditions. For comparison: the current Swiss 
electricity consumption mix (including imports) has a GHG intensity of about 90 g CO2-eq./kWh (high voltage). 
7 Environmental burdens are assumed to stay constant in the future, since LCA-burdens of LHP are comparatively 
minor and technology development with substantial impact on LCA results of LHP is unlikely. 
8 LCOE of currently operating plants with partially amortized investments: 5-6 (2-10) Rp./kWh. 
9 LCOE of currently operating plants with partially amortized investments: 6 (3-9) Rp./kWh.   
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Fact sheet ς Small hydropower (SHP) 

Technology: Hydropower plants generate power by converting kinetic or potential energy of water 
into electricity. Power plants with capacities below 10 a² ŀǊŜ ŎŀǘŜƎƻǊƛȊŜŘ ŀǎ άǎƳŀƭƭέ ƛƴ {ǿƛǘȊŜǊƭŀƴŘΦ 
Power plants with capacities below 300 ƪ² ŀǊŜ ƻŦǘŜƴ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άƳƛƴƛ ƘȅŘǊƻǇƻǿŜǊέ ǇƭŀƴǘǎΦ {It 
plants can also be integrated 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 
- Run-of-river power plants: without a dam; the hydrological 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 for medium head and low-head respectively low-runoff applications in order to 
make more sites exploitable. 

SHP New power plants: current1 2020 2035 2050 

Potential2 TWh/a 3.5 ~3.5 ~4.3-5.5 ~4.3-5.5 

Investment 
costs3 

CHF/kW Diversion/ 
Run-of-river 

сΩмсл 
όрΩнлл-моΩтллύ 

ϤсΩмсл ϤтΩмрл ϤтΩплл 

Drinking water 
ммΩмрл 

όфΩслл-нрΩмллύ 
ϤммΩмрл ϤмоΩллл ϤмоΩплл 

Electricity 
generation 
costs4,5 

Rp./kWh Diversion/ 
Run-of-river 

12-28 ~12-28 ~14-33 ~14-34 

Drinking water 17-42 ~17-42 ~20-49 ~20-50 

GHG 
emissions6,7 

g CO2eq./kWh Diversion/ 
Run-of-river 

~5-10 ~5-10 ~5-10 ~5-10 

Drinking water ~2-5 ~2-5 ~2-5 ~2-5 
1 άŎǳǊǊŜƴǘέ ǊŜŦŜǊǎ ǘƻ ǘƘŜ Ƴƻǎǘ ǳǇ-to-date information and represents modern 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 production (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 1.3-1.6 TWh/a (other sources slightly more or less). These numbers are supposed to be reduced by 
~140 D²Ƙκŀ ŀǎ ŀƴ ŜŦŦŜŎǘ ƻŦ ƴŜǿ ƭŜƎƛǎƭŀǘƛƻƴ όάDŜǿŅǎǎŜǊǎŎƘǳǘȊƎŜǎŜǘȊέύΦ !Ŏǘǳŀƭ ƛƳǇƭŜƳŜƴǘŀǘƛƻƴ ƻŦ ƴŜǿ {It Ǉƭŀƴǘǎ 
will depend on funding schemes. 
3 Estimates for current investment costs are based on SHP data ƛƴ ǘƘŜ άY9±-ƭƛǎǘέ όŎƻǎǘ-covering feed-in 
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 
regulations. 
4 Generation costs include investment, operation & maintenance and other costs. Electricity generation costs of 
SHP strongly depend on site-specific boundary conditions and have to be evaluated on a case-by-case basis. 
5 Assuming that the economically more 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. 
6 Greenhouse gas emissions are used as key indicator for the environmental performance 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 
variability of performance due to site-specific conditions and variations in power plant lifetime. For comparison: 
the current Swiss electricity consumption mix (including imports) has a GHG intensity of about 100 g CO2eq./kWh 
(low voltage). 
7 Environmental burdens 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. 

  


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































