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A new concept based on Power Plant Units, able to deliver renewable energy on demand, for the transition from fossil fuels to renewable energy in Switzerland is presented. The technically realized efficiencies showed that complete electrification leads to the most efficient energy system and cheapest electricity. The electricity demand is expected to almost double, and the overall energy cost will increase by 20% compared to 2019. However, the technical challenges of seasonal electricity storage, without any reserves and redundancy, amounts to 20 TWh. Hydropower and PV without storage produce the cheapest electricity. Future nuclear fission technologies, e.g., molten salt Thorium breading reactor - currently still in an experimental stage–might become the most economical and least environmental impact solution for CO2 neutral continuous electricity production. The opportunities for a massive increase of hydroelectric production are limited, already shifting the use of water (9 TWh) from summer to winter is a great challenge. PV and hydrogen production in Switzerland have the advantage to provide approximately 75% of the electricity without seasonal storage leading to significantly lower electricity cost than from imported hydrogen or synthetic hydrocarbons. The most economical solution for aviation and reserves is imported bio-oil converted to synthetic Kerosene, for which large storages already exist.
[image: Graphical Abstract]GRAPHICAL ABSTRACT | Future supply of Switzerland with renewable energy. Assuming the volume of the hydroelectric storage lakes is doubled, the roof area is covered with photovoltaics, and eight power plant units are able to produce 1 GW on demand and are fueled with hydrogen or bio-oil. The reserves are the existing oil tanks, and the bio-oil is also used for aviation. Bio-oil can be produced in abundant places, e.g., Australia or Africa, where palm oil plantations are installed.
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HIGHLIGHTS

• Renewable energy on demand is essential for replacing fossil fuels and can be realized by combining intermittent energy supplies like photovoltaic and wind with battery and seasonal storage in a power plant unit.
• Importing renewable energy carriers requires a storage capacity similar to the seasonal storage for domestic production of renewable energy.
• Renewable energy production in Switzerland with seasonal storage and importing renewable energy carriers is a technical and economic challenge, respectively.
• The fuel for aviation and the energy reserves for the power plant units can be realized with synthetic oil produced by hydriding bio-oil, avoiding the need for new large and expensive storage systems and CO2 capture from the atmosphere.
• Thermal power plants fueled with renewable energy carriers provide equal amounts of electricity and heat. Both forms of energy are of high value in the wintertime.
1 INTRODUCTION: PRODUCTION AND STORAGE REQUIREMENTS
1.1 Background
Industrialization has led to a global economic trading system and increased global wealth by orders of magnitude. The use of fossil energy to run the engines has two important consequences, i.e., the emission of carbon stored in the earth’s crust to the atmosphere as CO2 (Figure 1) and the consumption of fossil fuel reserves several orders of magnitude faster than their formation, which leads to a depletion of these fuels. Besides the biological origin of the fossil fuels, hydrocarbons can also be formed deep under the surface by other non-plant-based processes (Thomas, 1992). As a consequence, the amount of hydrocarbon reserves may be larger than estimated today. Only around 50% of the emitted CO2 remains in the atmosphere (Sarmiento and Gruber, 2002). The other 50% is absorbed by natural sinks (Friedlingstein et al., 2022), e.g., the ocean and geological and biological processes (Springer, 1992). The CO2 absorbing processes depend on the concentration of CO2 in the atmosphere, and the absorption rate increases with increasing concentration (Canadell et al., 2007). The CO2 concentration in the atmosphere increases linearly with the cumulated CO2 emissions. In any case, fossil fuels have to be substituted by renewable energy in a sustainable manner, i.e., by carbon-neutral renewable energy. To provide energy on demand, the main challenges are the production of electricity and heat from renewable energy as well as local and seasonal storage. In addition, non-fossil aviation fuel needs to be produced in future.
[image: Figure 1]FIGURE 1 | Global average temperature as a function of the cumulated CO2 emissions observed. The fitted curve corresponds to ΔT [°C] = 2.85·ln (c/c0) with c0 = 286.6 ppm CO2 (blue line, extrapolation: blue dotted line) the radiative forcing of the CO2 (Appendix 4). The years are indicated (red markers. The end of the reserves, according to Campbell (Campbell and Laherrere, 1998) (900 Gt C) and proven reserves (Friedlingstein et al., 2022) (1750 Gt C), are indicated with the year assuming a continuous growth of the usage of fossil fuels and CO2 emissions of 1.5%/year.
After the Fukushima Dai-ichi nuclear-plant disaster caused by the Tsunami due to the earthquake on 11. March 2011, the Swiss Federal Council has decided not to rely on nuclear power in the future. The existing nuclear power plants should remain connected to the grid for as long as they are safe. This decision was confirmed by the national parliament on 8. June 2011. On 21. May 2017 the Swiss electorate accepted the revised Federal Energy Act. The aims behind the revision are, according to the Paris climate agreement from 2014, to reduce energy consumption, increase energy efficiency and promote the use of renewable energy. In addition, the revised version prohibits the construction of new nuclear power plants. Switzerland’s Long-Term Climate Strategy (Bafu, 2024) includes the reduction of greenhouse gas emissions as far as possible in every sector–whether through a sufficiently high price for emission-intensive technologies, through technical measures or by promoting alternatives. The buildings and transport sectors can cut their fossil emissions to zero by 2050 and energy-related emissions can also be almost completely eliminated in industry too.
1.2 Problem statement
The Swiss railway investigated in 1912 the situation of the railway development based on coal fired steam engines and concluded (Berichthaus, 1912), that the railway will be electrified and the steam locomotives will be replaced by electrical locomotives. Therefore, numerous hydroelectric power plants were built in the following years in order to provide the electricity for the railway and all other applications. The current energy economy based on renewable hydropower and nuclear power for electricity and fossil fuels, is able to deliver power and energy on demand. With the substitution of fossil fuels with renewable energy, i.e., photovoltaics and wind, the energy system becomes more and more production controlled and a significant gap between production and demand is opening. Therefore, renewable energy storage has to be introduced in order to close the gap and provide energy on demand from renewable energy sources.
1.3 Review of solutions
The potentials, costs and environmental assessment of electricity generation technologies was published in 2017 as a report (PSI, 2023). The maximum renewable generation potentials in Switzerland was estimated to be 18 TWh·y-1 for roof-top photovoltaics (PV), additional to existing (36 TWh·y-1) hydropower 4.5 TWh·y-1, geothermal 4.5 TWh·y-1, additional biomass and wind 4 TWh·y-1, each. These estimates were compared to several other available published data with a close agreement. The PV installations in Switzerland are growing (Swissolar, 2024) and reached 2023 an installed peak power of 1.3 GWp·y-1, with a total PV electricity production of 4.8 TWh·y-1. A detailed analysis (Walcha et al., 2020) of the available roof-top area in Switzerland for PV installations (150 km2) showed a potential PV electricity production of 24 ± 9 TWh·y-1.
Biogenic and nonbiogenic carbon footprints in Switzerland were quantified, and the circular economy associated with a net-zero-emission society was optimized (Xiang et al., 2020). The impacts of an increased substitution of fossil energy carriers with electricity-based technologies in Switzerland was analyzed (Rudisuli et al., 2019). The complete electrification of the mobility and domestic heating with heat pumps leads to an increased electricity demand of 32 TWh·y-1 and an additional electricity power demand of 6 GWp are needed. An annual electricity deficit and surplus of 24.1 TWh·y-1 and 7.5 TWh·y-1, respectively, will result. With (perfect) seasonal-storage, surpluses could be eliminated completely, while deficits would remain at 15.9 TWh·y-1, which is the absolute difference of the annual electricity consumption and production.
The seasonal storage requirement in Switzerland is a technical and economic challenge and contributes significantly to the cost of the energy. However, without the storage the energy consumer has to adapt to the renewable energy supply (Desing and Widmer, 2022) like sunflowers do. Adding energy storage significantly reduces the attainable speed of the energy transition due to its high energy costs. Combining supply side measures, such as sector coupling and smart grids, with aligning demand patterns to solar supply can reduce the storage requirement at least for short term storage.
Replacing the fossil fuels with bio oil or with hydrogen upgraded oxygen free bio oil has the potential to realize the energy transition to a CO2 neutral energy economy on a global level. At present, global forest carbon storage is markedly under the natural potential, with a total deficit of 226 Gt (model range = 151–363 Gt) in areas with low human footprint (Mo et al., 2023). Therefore, all the CO2 in the atmosphere emitted from fossil fuels could be absorbed by increasing the number of trees. Furthermore, with 142 oil palm trunk (OPT) per ha of plantation land and a replanted area of 100′550 ha in 2017, the estimated dry weight of OPT (74.48 t ha-1) generated amounted to a total of 7.49 Mt (Pulingam et al., 2022). 4.0 t ha-1·y-1 palm oil (Sustainablepalmoilchoice, 2024) is produced and the oil palm plants are replanted every 20 years. Therefore, 30 kg oil·y-1 per oil palm tree with 524 kg dry biomass. The 226 Gt C realized with oil palm trees produce 13 Gt oil·y-1 more than the current world demand of fossil fuels!
Based on the energy demand of 2019, the substitution of fossil fuels in Switzerland was analyzed with three energy systems in (Figure 2, Figure 3) view of the energy production and storage requirements (Züttel et al., 2022). The electricity produced by the current nuclear power plants with Uranium fission reactors is replaced with electricity from photovoltaics, the kerosene for aviation is substituted with CO2-neutral kerosene produced from renewable energy and CO2 air capture or biomass, and the remaining energy demand is covered either by electricity, hydrogen, or synthetic hydrocarbons.
[image: Figure 2]FIGURE 2 | Summary of the end energy demand in Switzerland of 232 TWh·y-1 (2019, left hand side)) and after electrification 156 TWh·y-1 (right hand side) of the applications, e.g., mobility and heating. Imported, exported and lost electricity are not shown in the figure but accounted for in the sum. The sectors (clock wise) are Hydroelectricity (blue), nuclear (orange), PV and wind (yellow), heating oil (dark gray), petrol and diesel (light gray), natural gas (white), distance heating (brown), coal (black), kerosene (violet), Biomass (green). Based on only technical energy conversion efficiency increase, the energy demand of the electrified energy economy decreases approximately 33% (ZÜTTEL et al., 2022)
[image: Figure 3]FIGURE 3 | The three energy systems presented for the complete substitution of fossil fuels with renewable energy. The PV surface area is shown as the roof area in Switzerland. The battery represents the local day/night storage and the seasonal storage as compared to Grande Dixence storage lake, the volume of the Gotthard base tunnel, and barrels of oil (ZÜTTEL et al., 2022). The total annual cost of energy per capita is indicated on top; currently the energy cost per capita amounts to 3,000.-/year.
The main technical challenges in substituting fossil fuels are the production of electricity and seasonal storage to shift 20%–30% of the annual energy production from summer to winter. For comparison, an analysis of the hourly energy demand in Germany over the last 35 years, assuming complete coverage with renewable energy, resulted in a storage requirement of 10% of the annual electricity demand (540 TWh·y-1 without substitution of the fossil fuels, 3,000 TWh·y-1 with electricity). The scarcity period defining storage requirements extends over as much as 12 weeks (Ruhnau and Qvist, 2022).
While the electric energy chain is the most efficient, storage is technically demanding and expensive at low energy density. The conversion of electricity to an energy carrier is less efficient due to conversion losses but facilitates the storage, increases the energy storage density, and reduces the cost of storage. Finally, the form of energy that offers the necessary energy density at the lowest possible cost is the most favorable for a future energy system and depends significantly on the application.
The energy transition to a fossil-free energy economy requires the generation of end energy (3.2 kW·capita−1) from renewable energy. Currently, 0.86 kW·capita−1 is produced from renewable generation including biomass, and the electricity production from nuclear power corresponds to 0.24 kW·capita−1. The nonrenewable end energy is 2.02 kW·capita−1.
Approximately 75% of the energy demand can be covered with renewable electricity at a cost comparable to today’s energy cost. The remaining 25%, i.e., the winter months, are technically and economically challenging. Due to the concave shape of the energy demand and the convex shape of the renewable energy production from January to December, the renewable energy has to provide band energy, and the storable forms are used to adapt production to demand.
The PV area for an electricity-based system, including aviation fuels, is around 80 m2·capita−1. For a hydrogen-based energy system, this area becomes twice as large, and for a synthetic hydrocarbon-based energy system, the PV area again almost doubles. However, building 13 hydroelectric power plants like Grande Dixence or a facility 25 times the Gotthard base tunnel for hydrogen storage are constructions beyond everything Switzerland has realized so far.
Feasible technical solutions based on low-carbon technologies, efficiency, and flexibility were analyzed (Panos et al., 2023). Import independency and net-zero emissions by 2050 require an additional cumulative discounted investment of 300 billion CHF2019 in energy efficiency, negative emissions and renewable technologies. The electricity in each net-zero scenario in 2050 is estimated to be between 73 and 102 TWh·y-1, with an electricity storage requirement of only 0.52 TWh and demand-side response. Possible technology paths for Switzerland to respond to the finite availability and to meet international climate goals were assessed (Brethauer and Hans-Peter Studer, 2021), a change to a renewable energy and raw material basis is inevitable. Biomass is the most versatile renewable energy and carbon source, although with a limited availability.
The integration of renewable energies into the electricity sector from social, environmental, and economic view point was reviewed (Osman et al., 2023) with a special focus on hybrid systems. Renewable energy shows a great potential in reducing the overall CO2 emission, however, the various sources of renewable energy exhibit different effects on the CO2 emission (Yuan et al., 2022). The potential of the conversion of biomass to bio fuels including life cycle assessment was reviewed (Osman et al., 2021) with the conclusion that comparing thermochemical and biological processes for the same biomass feedstock and geographical and temporal span, thermochemical processes caused less greenhouse gas emissions compared to biological path-ways. The global transition from fossil to renewable energy was investigated and it was calculated that the world would need to spend around US$62 trillion to build up the wind, solar, and hydro power generating capacity to fully meet demand and completely replace fossil fuels (Jacobson et al., 2022). However, a rapid transition to green energy sources such as wind and solar power could save anywhere between US$5 to US$15 trillion compared to taking no action in 80% of scenarios modelled and could save even more money if green technology continues to improve (Way et al., 2024).
1.4 The research gap
The hydropower plants with storage lakes are the only technically realized and economically competitive large-scale electricity storages available today. However, hydroelectric power plants are only possible in some designated areas, where mountains offer the altitude difference and valleys the storage room. The research work on the assessment of renewable energy focusses mainly on the energy or electricity production and not on delivering energy on demand, with the consequence that these analyses do not allow to determine the consequences of the substitution of fossil fuels with renewable energy but rather assume the availability of some fossil fueled power plants to fill the energy cap. In this work we present a new approach, where we investigate renewable energy not as a production-controlled energy source but offering renewable energy on demand. A sustainable approach is to combine renewable energy conversion with appropriate storage that allows delivery of renewable energy on demand. This includes short term (day/night) storage as well as seasonal storage. In addition, adapting the renewable energy production to the seasonal energy demand pattern and installing storage for imported renewable energy carriers will increase energy security by having redundancy and reserves.
1.5 Organisation of the manuscript
First, we are identifying the increase of electricity demand in the future Swiss energy economy under the assumption that the energy system is going to be electrified. Then a new approach for renewable energy systems is introduced called power plant units (PPUs). The PPU’s decouple the energy production and the energy delivery by an energy storage and provide energy on demand. PPU’s are able to produce 1 GW electricity on demand at any time of the year. The question on how the energy demand can be covered with renewable energy will be addressed. Furthermore, the PPU’s allow to compare renewable energy solutions independent of the local requirements and lead to a general applicable solution. For each possible solution the technical requirements are described and the economic analysis of the energy chain is provided. Therefore, the cost of the renewable energy for each individual solution is estimated in view of capital cost (investment), operational cost and levelized cost of energy.
2 METHODOLOGY
Each power plant unit consists of a series of components (Ci) transferring the energy from the source to the grid or to an energy carrier, e.g., synthetic hydrocarbon. The components transfer the energy (Wi) with a specific efficiency (ηi) and may also consume auxiliary electricity (Ei). Therefore, the finally available energy at the end of the conversion chain is
[image: image]
The sum of the auxiliary electricity (ΣEi) is added to the last electric component in the conversion chain. The total efficiency is given by
[image: image]
Based on the power and the time or energy and cycle number the total amount of energy transferred through the components is determined during the entire lifetime of the component. The cost for each individual component, the capital cost (CAPEX) is assumed to be amortized during the whole lifetime (n years) and an interest of Z = 2%/year on the capital. The constant annual payback, Pb, can be calculated from the cost series [image: image]
[image: image]
and the specific cost contribution per energy unit is
[image: image]
The sum of all cost contributions of the components multiplied with the transferred energy corresponds to the cost of the delivered energy of the conversion chain.
This general model allows to determine the correct size of all the components in the energy conversion chain and leads to the true cost of the finally delivered energy, i.e., the levelized cost of energy (LCOE).
3 RENEWABLE ENERGY ON DEMAND FROM POWER PLANT UNITS
3.1 Adapting to future energy demand
The future developments are changing the energy demand, e.g., energy saving measures are expected to reduce the energy demand per capita. Also, the efficiency of energy converters is increasing. The efficiency of the PV panels has the potential to increase in the future by up to 50%. The energy demand for mobility can be partially covered by coating the roof area of cars (4–8 m2) with PV producing the energy to drive 4,000–8,000 km y-1; 50% of the average annual driving distance in Switzerland. The climate change leading to increased temperatures lowers energy demand for heating in winter, while air conditioning becomes necessary when high solar intensity provides PV-electricity in summer.
Population growth and increasing wealth will increase energy demand. The general trend of most countries is a linear relationship between energy demand per capita and GDP per capita with a slope of 0.6 CHF/kWh (Figure 4), especially in countries with a GDP <25,000 CHF/capita (>75% of the world population (Wir, 2022)). However, a new trend exhibiting increasing GDP/capita while the energy demand/capita is decreasing is observed in many countries and especially in most industrialized countries. This effect is very positive for the future development of the world. However, it is still questionable whether this trend is going to take place in all countries, especially on the continents of Asia and Africa, which will represent more than 70% of the world population and is expected to reach 10 Billion capita in 2050 (Lutz et al., 2001).
[image: Figure 4]FIGURE 4 | Primary energy demand per capita versus GDP per capita over the last 30 years for selected countries (Ourworldindata, 2024).
The electrification of the applications, i.e., battery electric mobility, heating with heat pumps, air conditioning, information technology, etc., requires stable electricity production on demand. The electricity demand is expected to almost double from the current demand in Switzerland when the electrification is completed in 2050. In order to cover the electricity demand in the electrified energy economy, an additional 53 TWh·y-1 are required. For the decided replacement of the nuclear power plants running on Uranium fission, an additional 21 TWh·y-1 is required. In total, 74 TWh·y-1 more renewable electricity will be requested than is produced today. The electricity demand will increase from 62 TWh·y-1 in 2019 to 113 TWh·y-1. As a consequence, in the coming 30 years, an additional +2.4 TWh·y-1, approximately the production of Grande Dixence storage lake or 4 times Grengiols alpine PV-field in its projected size, will have to be installed every year. Estimations assuming additional energy savings beyond the technical efficiency gains lead to an annual electricity demand (VSE/AES, 2024) between 80 and 90 TWh·y-1 in 2050. This lower electricity demand in 2050 will be due to the import of electricity (7 TWh), the lack of storage, and the assumption that backup power plants (10 TWh) will cover the need in case the renewable energy production is not sufficient.
3.2 Energy demand covered by power plant units (PPUs)
Renewable energy appears in a variety of qualities. While solar energy (solar thermal, photovoltaics, solar concentrator) and wind are intermittent sources of energy, geothermal power plants deliver heat continuously. The precipitation used by hydroelectric power plants depends on the type of installation and can provide storage in the mountain lakes. Furthermore, biomass is a storable form of renewable energy and even represents a CO2 neutral carbon source. Tidal power goes through predictable oscillations, but it is only available in certain regions of the earth and not in Switzerland. Finally, geothermal energy provides heat continuously (independent of the season). Its extraction is technically challenging in Switzerland due to the low intensity.
Harvesting renewable energy requires more than just converters to provide electricity. Transport, local and seasonal storage is necessary to turn an intermittent renewable source of energy into band energy to deliver on demand.
A power plant unit (PPU) represents an energy system able to deliver 1 GW of electricity on demand or approx. 8.7 TWh·y-1 of electricity per year and with the flexibility to adapt the produced power to meet the electricity demand. In a future energy economy, where most applications are electrified, the grid has to provide reliably electricity on demand (Figure 5). This is only possible if the entire electricity system has the necessary reserves and redundancy. An energy system that works according to the sunshine (Desing and Widmer, 2022) or is dependent on importing electricity (Empa, 2024) is unstable and decreases the productivity of the economy drastically due to the delays and interruptions caused by a lack of power. Only a reliable energy supply allows human beings to develop prosperity.
[image: Figure 5]FIGURE 5 | Renewable electricity production (BFE, 2024) together with the electricity demand in Switzerland and the expected growth of the electricity demand in future due to the electrification of applications. The difference between renewable production and demand is currently filled with nuclear power in Switzerland and imported electricity (from nuclear, coal, and gas fired power plants). Above the electricity are the fossil fuels, heating oil (dark grey), fuel for mobility (middle grey) and natural gas (light grey).
Considering the monthly energy demand in Switzerland (Figure 6) and the transition of the current energy system to an electrified energy system based on renewable energy, electricity production has to be adapted to the increased demand in winter by the following measures:
1) The height of the dams on the storage lakes is increased by 26% in order to double the storage capacity of the lakes and to shift 9 TWh of electricity produced during the summer to winter.
2) Most of the currently used biomass (15 TWh·y-1) and an additional 5 TWh·y-1 of biomass (Burg et al., 2018) is used for heating.
3) All feasible roof areas are covered with photovoltaics producing 24 TWh·y-1, according to Walch et al. (Walcha et al., 2020)
4) The remaining missing band electricity of 53 TWh·y-1 is produced by 6 Power Plant Units (PPUs).
5) At least two additional PPUs are built for redundancy and supply security.
6) Aviation fuel is produced either by 3 Power Plant Units (PPUs) or imported bio-oil based synthetic fuel.
[image: Figure 6]FIGURE 6 | (A) Current Swiss energy system (2019) with contributions from the different sources of energy:[image: FX 1]Photovoltaic, [image: FX 2]Biomass, [image: FX 3]Storage hydropower, [image: FX 4]River hydropower, [image: FX 5]Fossil fuel, [image: FX 6]Nuclear power plants, [image: FX 7]Aviation fuels. The energy demand is shown by the black markers and line, energy demand 232 TWh·y-1. Monthly difference between production and demand. (B) Electrified Swiss energy system (based on 2019) with the contributions from the different sources of energy:[image: FX 8]Photovoltaic, [image: FX 9]Biomass, [image: FX 10]Storage hydropower, [image: FX 11]River hydropower, [image: FX 12]6 Power Plants Unit’s (PPU’s), [image: FX 13]Aviation fuel (CO2 neutral). The energy demand is shown by the black markers and line, energy demand 156 TWh·y-1. Monthly difference between production and demand.
These six measures provide renewable electricity on demand and synthetic fuel for the airplanes without the need for direct air capture of CO2 (Figure 6B). The two backup PPU’s represent a redundancy and reserve of 33% or 4 months of the year. The first three measures can also be replaced by PPU’s, however, they would then only run part time of the year or at a fraction of the nominal power.
3.3 Power plant units (PPUs)
A PPU is an energy system able to produce energy on demand rather than intermittent energy given by the natural occurrence of energy flow. Hydroelectric power plants with a storage lake are able to store a large amount of energy and deliver electricity on demand. Fossil fuels and nuclear power plants are operated continuously to provide band energy. Only gas-fired combined cycle power plants burning gas with a large gas storage capacity are able to produce electricity on demand. A PPU has to be able to deliver the band electricity and, in the ideal case, it is also able to follow the electricity demand. Based on our previous energy analysis, the day-night storage and the seasonal storage correspond to 0.25% and 25% of the annual electricity demand, respectively. This storage also covers the fluctuations in demand between day and night as well as the increased demand in winter Table 1.
TABLE 1 | The 10 different PPUs provide >8 TWh·y-1 of electricity all the time and on-demand, except for Bio-SF, Imp.-SF and Imp. PSF these deliver >8 TWh·y-1 as synthetic fuel (synthetic hydrocarbons). PV area is active area, the PV field would be approximately 2–2.5 times larger. The levelized cost of energy (electricity) (LCOE) is given in the last column.
[image: Table 1]3.4 Description of the power plant units
3.4.1 HYD-S (storage lake hydropower plant)
Hydroelectric power plants with a storage lake 500 m above the turbine are able to produce electricity on demand with up to >1 GW of power and an efficiency >80% between the potential energy in the stored water and the electricity delivered. Approximately 1 m3 of stored water with a height difference of 500 m produces one kWh of electricity. Some of the hydroelectric power plants work between two lakes and are able to pump water up and store electricity. The HYD-S PPU, with a height difference of 500 m, has a lake with a volume of 4,000 Mm3 (approximately the volume of the lake of Zürich). The area to collect the precipitation amounts to 5,800 km2.
3.4.2 HYD-R (river hydropower plant)
Hydroelectric power plants in rivers exhibit a small height difference and profit from the large flow of water. Serial installations of river hydropower plants are often found where the height difference allows it. A HYD-R PPU consists of at least 22 hydropower plants in a river with a flow of 500 m3 s-1 leading to a power of 45 MW each.
3.4.3 THERM (oil- or gas fired power plant)
Modern thermal power plants fueled with oil or gas are combined cycle power plants (CCPP), where the fuel powers a combustion turbine connected to a generator. The exhaust gas is used to produce steam which is then powers a steam turbine connected to another generator. The modern CCPP reaches an efficiency (Kotowicz and Brzęczek, 2018) from 44% to >60% from fuel to electricity and the remaining heat is available for heating. A THERM PPU requires 112 t h-1 of natural gas (CH4) or 146 t h-1 of petrol, oil or kerosene and emits 2.7 Mt CO2·y-1 or 4 Mt CO2·y-1, respectively.
3.4.4 NUC (future nuclear power plant)
The uranium fission reactors have some disadvantages in terms of safety, uranium resources, and the long living isotopes as fission products (nuclear waste). Future nuclear power plants may overcome the disadvantages of the current nuclear reactors. A NUC PPU is a nuclear power plant that delivers a constant power of >1 GW and consumes <30 t y-1 of nuclear fuel per year. The conversion from nuclear fuel to electricity exhibits an efficiency of around 25%. Therefore, >3 GW of heat are produced, available for a centralized heating network. The molten salt (MSR) Thorium nuclear breeding reactors (Woodhead Publishing, 2017) are after first tests in the middle of the 20th century in the US again under development and China has commissioned an experimental reactor with a power of 2 MWth. in July 2023 (Sinap, 2023). The advantages of the MSR are the possibility to use the nuclear waste from Uranium fission reactors as a fuel leaving almost only short living isotopes, the general flexibility in nuclear fuel and higher efficiency. The technical and economic estimations are based on the conventional Uranium-fission reactors and may be different for the future Thorium-MSR.
3.4.5 PV-HYD (PV with hydroelectric storage plant)
The PV-HYD uses a photovoltaic (PV) field for electricity production. Due to the intermittence of solar energy, a PV installation with an annual average power of 1 GW exhibits a peak power of 8 GW and a daily average power of 3 GW in summer. Therefore, local battery storage for peak saving and day/night storage with a capacity of 0.4% of the annual energy production is required in order to reduce the peak power in the grid and to provide electricity during the night. Furthermore, a hydroelectric storage power plant is used for seasonal storage. The electricity consumed during midday in summer is cheap, while the electricity at midnight in winter becomes most expensive. The PV-HYD PPU consists of a 53 km2 PV active PV area, which corresponds to >100 km2 PV field (greater than the area of the lake of Zürich), a battery capacity of 45 GWh, and an additional 25% of HYD-S PPU with pump storage capability.
3.4.6 PV-H2 (PV with hydrogen storage and CCPP)
The PV-H2 is similar to PV-HYD except for the seasonal storage that is realized with underground hydrogen storage and a combined cycle power plant. Due to the conversion efficiency of the CCPP and the hydrogen production by electrolysis, the PV active area is 86 km2, corresponding to a PV field of >170 km2 (twice the area of the lake of Zürich). The underground storage of 4.4 TWh hydrogen (112′000 t H2) under a pressure of 200 bar is around 7 Mm3, a sphere with a diameter of 240 m. The CCPP with up to 1 GW of electric power delivers electricity and the same amount of energy in form of heat.
3.4.7 Bio-SF (biomass to synthetic fuel)
The use of biomass, which consists of CO2 absorbed from the atmosphere (KEITH, 2009), as carbon and hydrogen sources is much more efficient and less costly than direct air capture (DAC). According to the overall reaction (CH-OH)n + (n+1)H2 ➝ (CH2)nH2 + nH2O the synthetic hydrocarbons can be produced from reacting biomass with hydrogen, and water is formed as a by-product. The technical process works in two steps: the conversion of biomass to syngas and the Fischer-Tropsch synthesis to produce hydrocarbons. The ideal reaction produces 1 kg of synthetic hydrocarbon from 2.1 kg of biomass (wood) and consumes 0.14 kg of hydrogen (5.6 kWh) produced by PV. The upper heating value of biomass (dry wood) (Demirbaş, 1997; Sheng and Azevedo, 2005) is 4.8 kWh·kg-1 and that of synthetic hydrocarbons (kerosene) is 12.83 kWh·kg-1. Therefore, the energy in biomass and the energy in synthetic hydrocarbons is almost equal in the ideal process. In order to produce 23 TWh of synthetic aviation fuel, the biomass currently used for heating (Bfe, 2024) (16 TWh) plus additional available biomass (Burg et al., 2018) (7 TWh) are needed.
3.4.8 Imp.-H2 (imported hydrogen and CCPP)
The IMP-H2 PPU is based on imported hydrogen produced in places with a high solar intensity and available space outside of Switzerland. The H2-CCPP consumes 448,000 t y-1 H2 in order to continuously deliver 1 GW of electricity and 1 GW of heat. A transport system delivering 1,200 t H2 per day needs to be built, and for redundancy, a storage of the same size as for PV-H2 is required, which corresponds to a reserve of about 3 months. The imported hydrogen is transported on the sea in liquid form. Storage of liquid hydrogen is 4 times more compact than pressurized hydrogen (200 bar). A liquid hydrogen storage unit of 1.6 Mm3, a sphere with a diameter of 150 m, holds 112,000 t H2.
3.4.9 Imp-SF (imported synthetic oil from PV, direct air capture (DAC) of CO2 and FT-synthesis)
Hydrogen is produced from PV electricity (s. PV-H2) and CO2 is directly captured from air. The CO2 is reduced to CO with hydrogen and syngas (CO + 2H2) is converted into synthetic oil by the Fischer-Tropsch synthesis (s. Bio-SF). The heat produced in the exothermal reaction of the FT-synthesis is used for the DAC.
3.4.10 Imp-PSF (imported palm oil to synthetic oil)
Palm oil as starting product for synthetic oil has many advantages over stark based biomass, because of the low oxygen content and the large degree of saturation. The oil palm is a very efficient plant and produces 4.5 t/ha of oil with an energy content of 10.8 kWh·kg-1. The palm oil is catalytically hydrided and cracked with hydrogen under pressure. The complete hydriding of palm oil reduces the mass by 15% but conserves the energy in the oil due to the addition of the energy in the hydrogen, resulting in 12.8 kWh/kg.
4 ENERGY CONVERSION ECONOMY
4.1 Cost of the renewable electricity on demand
The cost of the electricity produced by the PPUs is determined by a model energy chain consisting of all components in the energy conversion from the input energy to the electricity output. Each component has a specific efficiency for the energy transferred, and the size is determined by the energy for storage or energy per time (i.e., power) for transformation. In addition, components that require additional energy or electricity for the storage or transformation add this electricity to the electric part of the energy chain.
For each component, the capital cost (CAPEX) including the interest (Z) on the capital cost with a constant annual payback (Pb: Eq. 3) over the lifetime is added to the operational cost (OPEX) leading to an additional energy cost per component (Cc: Cc = Pb + OPEX). Finally, the amount of energy (Etot) transferred during the lifetime (n) of the component is considered, and the specific cost per energy unit (CE: CE = n·Cc/Etot) is calculated. The specific costs along the energy chain are multiplied with the energy transferred at the component and summed up in order to be divided by the available energy at the output, leading to the specific energy cost of the final energy. The costs of the components are based on current minimum costs, which are expected to decrease in future for most of the components.
Figure 7 shows the cost of the energy (Changeoracle, 2022) (electricity and synthetic fuel) at the production site, i.e., without the grid cost which adds around 0.09 CHF/kWh, for summer and winter, i.e., without and with seasonal storage. The classical renewable energy from hydroelectric power exhibits a constant cost over the year, like the thermal and nuclear power plants. PV together with a hydroelectric storage plant or with hydrogen production and storage lead to an electricity cost increase in summer by a factor of three and in winter by factor of times 6 and 20 higher, respectively, when compared to the electricity cost of the hydroelectric power plant. The cost of electricity from imported hydrogen is independent of the season, it is always 1.02 CHF/kWh. The cost of synthetic fuel produced in Switzerland from wood is 6.2 CHF/L, while the imported synthetic fuel produced from PV with CO2 from DAC and FT-synthesis costs 10.8 CHF/L. Imported synthetic oil from Palm oil cracked with hydrogen produced by PV costs 1.7 CHF/L.
[image: Figure 7]FIGURE 7 | (A) Production cost of the electricity (without grid cost per kWh without[image: FX 14]and with[image: FX 15]seasonal storage for the 3 winter months. Bars represent the cost today. The average cost (−) is composed of 75% cost without seasonal storage and 25% cost with seasonal storage, solid line for current average cost. (B) Production cost of the electricity (without grid cost per kWh without[image: FX 16]and with [image: FX 17]seasonal storage for the 3 winter months. Bars in bold color represent the future cost (PV 400 CHF/kWp, Battery 50 CHF/kWh, electrolyzer 500 CHF/kW, efficiency 90%). The average cost is composed of 75% cost without seasonal storage and 25% cost with seasonal storage, solid line for future average cost (−).
The future cost is estimated based on the assumption that the CAPEX of components will drop to PV 200 CHF/kWp, Batteries 55 CHF/kWh, electrolyzer 500 CHF/kWel. with an efficiency of 90%, electronics 200 CHF/kW, DAC of CO2 200 CHF/kg and liquefaction of hydrogen 2000 CHF/kg. Therefore, the cost of hydrogen will decrease to 5 – 7 CHF/kg and synthetic oil will cost 2.3–2.7 CHF/kg. The main challenge for future cost reduction of hydrogen and synthetic fuels, beside the economy of scale, is the increase of the efficiency of electrolyzers. The cost of hydrogen and synthetic fuels is, therefore, expected to decrease to 50%–25% of the cost today.
4.2 The power challenges
The electricity demand of 60 TWh·y-1 in Switzerland (Swissgrid, 2024) corresponds in the annual average to a power of 6.8 GW, with a low of 6.5 ± 2 GW in summer and a high of 8.7 ± 1.5 GW in winter. If the additional electricity demand of 50 TWh·y-1 will be mainly produced by photovoltaics (>400 km2) a peak power of 90 GW is expected, leading to a day/night average power of 34 GW in summer, which is still much larger than the expected electricity demand of 12 GW. Therefore, the local battery storage is inevitable to bring the max. power down from 90 GW to 32 GW and cover the electricity demand during the night. In addition, the seasonal storage needs to absorb >20 GW during the summer months in order to store 20 TWh electricity for the winter.
4.3 Seasonal storage and transport options
The high efficiency of an electrified energy distribution is compromised by the requirement to produce at every moment exactly the electricity that is demanded. The resilience of an electric grid is very small compared to fuel-based distributed energy systems. Furthermore, the transport of electricity around the world is not an option for technical and geographical reasons unless a superconducting cable around the world will be realized one day. Local short-term storage in batteries is an option if the battery is cycled frequently, but very expensive for seasonal storage.
The conversion of electricity to hydrogen and further to ammonia or synthetic hydrocarbons (CH4 or oil), i.e., transforming electricity into a chemical energy carrier, opens other options for storage as compressed gas, cryogenic liquid, or liquid at ambient conditions. The conversion of the electricity into an energy carrier and back to electricity is limited by the technically realized efficiencies. The amount of energy carrier produced is determined by the production efficiency and the amount of energy recovered in the conversion back to electricity.
Hydroelectric plants with a storage lake exhibit a low electricity storage density of 1–4 kWh/m3 for 500 m and 1800 m of height difference and a roundtrip efficiency >70%. Furthermore, the size of the dam only depends on the hydrostatic pressure and not in the amount of water behind the dam. The volume of the stored water is determined by the shape of the valley. Removing soil and rocks from the valley to increase the volume is only possible for the construction of the dam due to the high energy demand (Bieniawski, 2024) of excavation of around 30 kWh/m3. In storage lakes with a large height difference of 1800 m the energy for excavation corresponds to less than 10 years for seasonal storage.
Alternatively, large underground caverns for pressurized gas or for liquified gas use the surrounding rock to hold the pressure (Wang et al., 2019) (max. 180 bar) or as a thermal insulator (thermal conductivity approximately 1–7 W m-1·K−1).
Figure 8 shows the conversion efficiency from electricity to energy carrier, storage, and back to electricity versus the storage density of electricity. Hydroelectric storage and batteries reach a roundtrip efficiency of more than 70%. However, the storage density is 10−3 TWh/Mm3 and <0.5 TWh/Mm3, respectively. The efficiency of heat storage depends on the temperature of the heat extracted from the storage and can reach 50% for the latent heat of the phase change of LiH at 700 °C and up to 30% for the sensible heat in sand at 600 °C. The efficiency of the chemical energy carriers (hydrogen (H2), ammonia (NH3), and synthetic hydrocarbons (CH4)) are at or below 20%. The electricity density of the chemical energy carriers shows three groups. The first one is located below the electricity density of 200 MWh·m-3 consisting of hydroelectricity, batteries and thermal storages as well as ammonia below 8 bar and hydrogen at 200 bar. Compressed hydrogen at 200 bar (H2 density 15 kg/m3 at 25°C) with 294 kWh/m3 less than the theoretical energy density of 400 kWh/m3 of Li-ion batteries but 3 times more than the realized energy density of 95 kWh/m3 in the Tesla Megapack2 (Wikipedia, 2023). The second group consists of liquid hydrogen (H2 density 70.8 kg/m3 at −252.87 °C and 1.013 bar), compressed methane at 200 bar (CH4 density 180 kg/m3 at 25 °C), liquid ammonia (NH3 density 682 kg/m3 at −33°C and 1.013 bar) and is 1.2–1.5 TWh/Mm3 and metal hydrides with 1 mass% of hydrogen and 67 kg H2·m-3 and 1.6 MWh·m-3. The third group represents the maximum storage density and consists of liquid methane (CH4 density 422.8 kg/m3 at −161.5°C and 1.013 bar) and liquid hydrocarbons (oil density 850 kg/m3 at 25 °C and 1.013 bar) and is around >3 TWh/Mm3.
[image: Figure 8]FIGURE 8 | Conversion efficiency from electricity to energy carrier, storage, and back to electricity versus the storage density of electricity in kWh·m-3 (1 MWh·m-3 = 1 TWh/ Mm-3). The efficiencies are based on technical efficiencies([image: FX 18]), which are in some cases far from the thermodynamic limit, and with future increased efficiencies([image: FX 19])close to the thermodynamic limit.
4.4 Import and storage of liquid hydrogen and synthetic oil
The production of hydrogen from renewable energy in regions with high solar intensity and available land area, e.g., Australia has several advantages: (1) The solar intensity is twice as high as in Switzerland, consequently size of the photovoltaic field is only half of what it would be in Switzerland. (2) Space for the PV fields is available and not difficult to reach. (3) The seasons in Australia (southern hemisphere) are opposite those in Europe. Consequently, the production and demand patterns match each other much better. (4) Global transport in liquid form by ship with propulsion of the ship with the boil-off is efficient and CO2 neutral. (5) Global trading of renewable energy carriers produces economic growth and benefits in regions where no economy currently exists. If Switzerland imports most of the renewable energy to produce 53 TWh of electricity in 6 - 8 thermal power plants with central district heating, 2.7 Mt y-1 (7,400 t d-1) of hydrogen has to be imported. In 2022, Switzerland imported 8.85 Mt y-1 of crude oil and oil products, and the mandatory reserves of oil and products are equivalent to 4.5 months, therefore, around 3 Mt.
Importing liquid hydrogen or liquid synthetic fuel (hydrocarbons) allows to produce electricity in combined cycle thermal power plants which consume a small space as compared to local PV fields. However, with the currently available technology and the cost of the components this approach leads to very high costs of the electricity produced from hydrogen and from synthetic fuel of >1 CHF/kWh and >2 CHF/kWh, respectively. In order to be competitive with the local PPU’s the liquid hydrogen and the synthetic fuel cost has to be <7 CHF·kg-1H2 and <1.75 CHF·L synfuel, respectively, and the electricity produced costs around 0.35 CHF·kWh-1.
Importing renewable liquid energy carriers and building the necessary storage for redundancy and reserves is mainly an economic challenge for Switzerland and requires that enough producers of renewable fuels worldwide will be available.
4.5 Synthetic fuels from bio oil
The production of synthetic hydrocarbons from renewable energy via PV is expensive because of the components: Electrolysis, CO2 capture and the Fischer-Tropsch synthesis. These three components determine 90% of the cost of the synthetic fuel. Today, the energy cost (PV electricity) contributes only <5% to the final cost of the synfuel. Bio mass with the general chemical composition of HCOH already contains the carbon as well as the hydrogen for a synthetic hydrocarbon. An additional hydrogen molecule is needed to reduce the oxygen in the compound. In case of palm oil, the energy in the palm oil is conserved in the hydriding process by adding 11wt% of hydrogen to remove the oxygen and to saturate the unsaturated carbon, leading to a mass loss of 15wt% and an increase of the energy content from 10.8 kWh·kg-1 to 12.8 kWh·kg-1. The synthetic fuel is similar to diesel or kerosene and can be stored in the already existing fuel storage tanks. Palm oil plantations are very efficient in harvesting solar energy and producing bio-oil. For 1 t y-1 of bio-oil an area of only 2,600 m2 is needed, close to the equator, approximately 5 times less area than for rapeseed oil (Rahman et al., 2024). In Switzerland, the reserves for redundancy of the power plant units and the fuel for aviation can be covered by imported bio-oil produced on approximately 7,000 km2 close to the equator and shipped to Switzerland with a rate of 2.4 Mt y-1.
5 DISCUSSION
5.1 Technical requirement and cost of the substitution of fossil fuels with renewable energy
The substitution of fossil fuels with renewable energy in Switzerland is possible if sufficient renewable energy is produced (+72 TWh·y-1) or renewable energy carriers are imported, and sufficient storage capacity (+20 TWh) is built up to provide electricity on demand. Six power plant units cover a large amount of the electricity demand, in addition to double the volume of the storage lakes of the hydroelectric power plants (+9 TWh·y-1), covering all feasible roof areas with photovoltaics (+21 TWh·y-1), and using a large fraction (20 TWh·y-1) of the available biomass for heating.
The most economic PPUs (Table 2) are the hydroelectric power plants (storage HYD-S and river HYD-R), the thermal power plants (THERM) using biogas, and the nuclear power plants (NUC). The construction of an additional hydroelectric power plant of the size of a PPU (HYD-S), i.e., 50% of all hydroelectric power plants with a storage lake existing in Switzerland, is very difficult to realize. Already, doubling the volumes of existing storage lakes is technically possible by increasing the height of the dam by 26% or by excavation of the lake, but this is a huge technical challenge. Adding a hydroelectric river plant PPU (HYD-R), i.e., 50% of all hydroelectric river plants existing in Switzerland, is technically impossible.
TABLE 2 | Comparison of the parameters of the different PPUs, i.e., estimated resulting electricity cost per kWh, initial capital investment (CAPEX) for the PPU, the PV area, and the plantation area. The areas and CAPEX outside of Switzerland are indicated in parenthesis. Future developments of the renewable energy components may reduce the CAPEX more than 50%.
[image: Table 2]Construction of 6 + 2 thermal power plants or nuclear power plants is feasible. However, the new nuclear powerplants with a higher flexibility in the fuel supply and that are able to breed fuel are still in an early stage of development. China’s Ministry of Ecology and Environment has approved the commissioning of an experimental molten salt thorium nuclear reactor in Wuwei City, Gansu Province, China (Interestingengineering, 2024). The technology has the potential to contribute significantly to energy security in the future with a minimum of negative impacts on the environment. Furthermore, the breeding technology is able to reuse current nuclear waste and convert it to short-living isotopes and solve the problem of finding deep long-term storage cavities for nuclear waste.
Production of renewable electricity by photovoltaics is a feasible option for the future. The PV-field area, which is roughly twice the active PV-area, for one PPU corresponds approximately to the surface area of the lake of Zürich (100 km2). The advantage of the local production of renewable electricity is the high efficiency and low cost of the directly used electricity. The technical challenge is the seasonal storage of 25% of the produced electricity by a hydroelectric storage power plant.
Alternatively, hydrogen can be produced from PV electricity and stored. Due to the energy losses in conversion, the PV area needs to be large as for the hydroelectric storage, and the cost of electricity produced from hydrogen after storage increases significantly. Building large hydrogen storage units in Switzerland is feasible and necessary, also if the hydrogen would be produced outside of the country and imported. The necessary reserves are of a similar size as the seasonal storage, in the order of 20 TWh. The storage has to be built no matter where the hydrogen is produced. In addition, for redundancy and energy security, at least two more power plant units would have to be installed. Producing electricity from hydrogen in a combined cycle power plant (THERM) would deliver an equal amount of heat and electricity, the heat can be used for district heating in winter, cover most of the heating demand of Switzerland, and reduce the demand of local biomass for heating. The biomass is then available for synthetic fuels, i.e., biomass is pyrolyzed to syngas with hydrogen and converted to synthetic fuel and thus prevent capturing CO2 from a point source or even directly from air. The synthetic fuel is stored in the already installed oil storage tanks (mandatory reserves of 4.5 months). Furthermore, the synthetic fuel can be used for aviation as well as backup fuel for the thermal power plants. The cost of the synthetic fuel is estimated 4 CHF/L and, therefore, the electricity produced 1 CHF/kWh. This rather high cost is mitigated by the heat produced at the same time and by the mixture with lower cost electricity directly from PV and from the hydroelectric power plants resulting in an average cost of <0.33 CHF/kWh of energy.
As an alternative to the production of synthetic oil from biomass (wood) in Switzerland, bio-oil could be imported. The bio-oil has a high energy density (10.8 kWh/kg) and a synthetic oil similar to kerosene can be produced by a heterogeneously catalyzed hydriding reaction. The main advantage of bio-oil, especially palm oil, is its much lower cost compared to synthetic oil produced in Switzerland. Furthermore, the palm oil plant is efficient and requires 5 times less surface area compared to other bio-oils, e.g., oil from rapeseed. Switzerland could import up to 23 TWh·y-1 of bio-oil for aviation and hold a reserve of 20 TWh of bio-oil for the THERM PPUs, which are fueled either with hydrogen or bio-oil. Currently the synthetic bio-oil is estimated to cost around 1.7 CHF/L and, therefore, the electricity would cost around 0.35 CHF/kWh. The plantation area for Palm oil is about 5 times larger as compared to the field area of PV for the same amount of synthetic oil from hydrogen and CO2.
Table 3 shows an overview of the expected annual energy cost, the capital investment, the PV-area in Switzerland, and the area of the oil palm plantation outside of Switzerland for the different PPUs, as compared to the current (2019) energy economy. In any case, the energy reserves and the aviation fuel are assumed to come from imported bio-oil or bio-oil-based synthetic kerosene. The 6 PPUs would deliver 54 TWh·y-1 of electricity per year. This, combined with the 24 TWh·y-1 produced by photovoltaics on the roofs would provide 72 TWh·y-1 of renewable energy. However, a smart combination of PPUs, e.g., nuclear and combined cycle thermal plants including two thermal plants as reserves, allow to optimize the cost for energy. The use of the combined cycle thermal power plants as well as the nuclear power plants for central heating, further reduces the energy demand in winter below the demand estimated in this work (s. Figure 6B).
TABLE 3 | Comparison of the parameters of the different PPUs, i.e., estimated resulting annual energy cost per capita, initial capital investment (CAPEX) for 6 PPU’s, the PV area, and the plantation area. The areas and CAPEX outside of Switzerland are indicated in parenthesis. The cost of doubling of the hydroelectric storage lake volume is not considered. Future developments of the renewable energy components may reduce the CAPEX more than 50%.
[image: Table 3]If we do not consider importing hydrogen or importing synthetic fuel until the cost decreases by a factor of 3 and 4, respectively, the annual cost for energy increases by a maximum of 54% to 42 BCHF. In 2022, Switzerland spent 12.4 BCHF for fossil energy carriers (Bazg, 2023) and approximately 27 BCHF in total for energy.
5.2 Energy security of supply
Energy security requires the availability of energy on demand at all times and in addition, reserves of at least 25% of the annual energy demand (>3 months). The future electricity demand in 2050 in Switzerland will increase to 80–130 TWh, depending on the development of the population and the future reduction of energy demand per capita due to improved efficiency and change of behavior. The analysis in the current work is based on an estimated electricity demand of 113 TWh in 2050. The replacement of nuclear power with renewable energy requires 3 PPUs. Depending on the development, 3 – 8 PPUs would cover the increase in electricity demand, and at least 2 PPUs are needed for reserve and energy security. District heating will make an important contribution to the increased energy demand in winter but is a challenge for redundancy since the heat also has to be produced on demand in a secure manner.
Trading of electricity across the border in Europe may still be economically interesting in the future, but this will not replace the reserves nor support energy security since all countries have the same seasons. Every country will have to build up their reserves. Storing energy in the form of synthetic oil is by far the easiest and most economical solution.
Expanding or reinforcing the grid does not replace storage. The local battery storage increases the cost of electricity production but reduces the maximum power. The peak power of PV in Switzerland is equal to close to 8 times the average power. Therefore, the local battery storage allows increasing the local consumption (night) without using the grid and reduces the maximum grid power by almost an order of magnitude (Cárdenas et al., 2021).
5.3 Production of renewable energy
The annual solar irradiation determines the size of the photovoltaic field as well as the ratio of peak power to average power and, therefore, the size of the local battery storage and the power in the grid. Australia has twice the solar irradiation of Switzerland, plenty of abundant land area, and the seasons are shifted by half a year. A PV field of approximately 1′600 km2 (40 km × 40 km) in Australia is sufficient to deliver the energy for Switzerland. A PV field of 1.5 Mkm2 in Australia can replace all fossil fuels for the world with renewable energy. This is only about 20% of the land area of Australia or just slightly more than the Gobi Desert. More regions, e.g., in the Sahara or in North and South America, are available. In addition, a large wind power installation in Patagonia or tidal power in the Bristol channel (United Kingdom), yellow sea (Korea), and Penzias Bay (Russia) can contribute to the renewable energy production. Today, Africa produces 4 Mt y-1 of palm oil (Weforum, 2022), approximately twice as much as the Swiss aviation would consume. The global palm oil production has to increase significantly to make a very important contribution to the transformation from fossil to renewable energy. The price for palm oil on the world market is 720 CHF/t, that corresponds to 130 CHF per barrel (August 2023), and it has doubled in the last 20 years (Tradingeconomics, 2024). Palm oil plantations are biologically sustainable because they do not drain essential elements from the soil, are not toxic and highly efficient (385 t of palm oil per year on 1 km2) (WUR, 2024). It is a unique opportunity for the world’s development, because there are many regions that are abundant today and could be transformed in oil palm plantations creating an income for the local population and providing work and wealth especially in the less wealthy societies. Furthermore, the combination of the palm plantation with the upgrading of the palm oil with hydrogen will create a developing economy for the future. The price for the upgraded oil may be as high as 2.5 CHF/L and provide more benefit to the producer while it is still a factor of four cheaper than synthetic oil produced via Fischer-Tropsch synthesis from CO2 air capture and hydrogen from PV.
Finally, the oil plant plantations increase the amount of biomass on earth and bind a significant amount of CO2. If the current oil production of 90·106 barrels per day (4.4 Gt y-1) would be replaced with oil from the palm oil a plantation area of 12·109 km2 has to be created additionally to the current agricultural land of 44·109 km2. This is theoretically possible especially if some of the deserts are converted into palm oil plantations equipped with a solar sea water desalination.
5.4 The investment challenges
The transition of Switzerland from fossil fuels to renewable energy involves an investment of approximately the energy cost of the coming 30 years. If we assume the energy cost of today (3′000 CHF·y-1 per capita), the investments are on the order of 50% of the annual GDP. In order to complete the transition in 27 years, Switzerland would have to invest 1.5% of the GDP every year. Such large investments over a period of 27 years are risky and difficult to realize. Currently, the costs for photovoltaic installations are covered by private persons and by industry, besides the subsidies of the government. As soon as the energy market is successfully transformed to renewable energy and stable, the free market will be able to take control. However, redundancy and stability are not provided by the free market because of the lack of benefits. The cost of nuclear power plants increased significantly in the last 20 years and is estimated today to range from 6 to 9 BCHF for a 1.1 GW plant (Schlissel and Biewald, 2008). With the technical improvement and the scale effects some of the components for the renewable energy conversion will decrease in cost which will lower the CAPEX as well as the cost of renewable electricity in future by approximately 50% as compared to today.
6 CONCLUSION
This paper addresses the question how renewable energy can substitute fossil energy and deliver energy on demand rather than on production on the example of Switzerland. A new concept of power plant units (PPUs) based on photovoltaic or wind is introduced. A PPU consists of the energy conversion and storage units and delivers a constant power of 1 GW, similar to a nuclear power plant. This makes a direct comparison of a renewable energy supply with a fossil energy supply possible. The capital cost (investment) and the levelized cost of energy are determined for the various PPUs. Furthermore, the amount of renewable energy is estimated and the substitution pathway is shown in order for Switzerland to become CO2 neutral in 2050.
The hydroelectric power plants with a storage lake, the river hydroelectric power plants, thermal combined cycle power plants (CCPP) and nuclear power plants are compared with photovoltaics (PV) and wind turbines (WT) with a local battery storage and either hydroelectric, hydrogen or synthetic hydrocarbon seasonal storage. Furthermore, import of hydrogen, synthetic hydrocarbon and bio oil for electricity production in CCPP were analyzed.
Beside the hydroelectric power plants and the nuclear power plants, the most economic and efficient PPU is based on PV or WT with a local battery storage capacity corresponding to >0.5% of the annual energy production in order to balance short term fluctuations in production and reduce the maximum power in the grid. The most efficient seasonal storage is pumped hydroelectricity, but the number of feasible hydroelectric power plants is limited. The local production of renewable electricity provides 75% of the electricity for a lower cost, only 25% are more expensive due to the seasonal storage. Importing energy carriers produced far away do not offer this opportunity and the electricity is always more expensive compared to local production.
The large potential for bio-oil production worldwide allows to substitute fossil oil with a CO2 neutral bio oil and to use the already existing transport, distribution and storage infrastructure. Furthermore, producing bio oil in regions, where currently no plants are growing, opens up new economic opportunities for less developed areas.
About 25% of the electricity on demand, mainly during winter time, is produced by CCPP providing also heat for district heating and hot water supply, which further reduces the electricity demand and energy cost.
The future ideal renewable energy economy is a compromise between the possible local production and storage and the more expensive import of CO2 neutral energy carriers, i.e., hydrogen or synthetic oil. Furthermore, the local production of renewable energy requires investments in building up the PV fields or WT and the short term and seasonal storage, while importing energy carriers only requires to build the CCPP. However, also imported energy carriers need to be stored just like the current mandatory storage for fossil oil, which corresponds to approximately 25% of the annual demand.
The energy cost per capita, which is currently around CHF 3000 per year remains almost the same if the electricity would be produced by nuclear power plants followed by PV in combination with hydroelectric seasonal storage increases the energy cost per capita by almost 50%. PV with seasonal storage with hydrogen, PV using the biomass for seasonal storage and importing Palm oil approximately double the energy cost per capita. Finally importing hydrogen or importing synthetic fuel increases the energy cost by more than a factor of 3.
The most economic energy system for Switzerland is installing PV and WT to cover 75% of the electricity demand in future and combine it with 6 + 2 CCPPs fueled with hydrogen or palm oil during the winter time and when reserves and redundancy is needed, corresponding to 25% of the electricity demand. This also provides a maximum flexibility and independency and allows to produce the required power at any time of the year. The aviation uses imported palm oil or with hydrogen upgraded palm oil to synthetic kerosene that can be produced today for less than 2 CHF/L.
Switzerland is in a favorable situation, because of the CO2 free electricity production. However, electrifying the energy economy and producing all the electricity from renewable energy is a technical and economic challenge, but feasible. On a global level, bio oil has the potential to enable the energy transition to a CO2 neutral and sustainable energy economy, allowing the seasonal (reserves) storage for a low cost and developing currently not used land areas.
The power plant units allow to compare renewable energy plants providing energy on demand rather than supply controlled. This approach can be applied to other countries or even on a global level in order to determine the technological challenges, the capital cost and the levelized cost of energy.
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