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Fossil fuels and materials on Earth are a finite resource and the disposal of waste into the
air, on land, and into water has an impact on our environment on a global level. Using
Switzerland as an example, the energy demand and the technical challenges, and the
economic feasibility of a transition to an energy economy based entirely on renewable
energy were analyzed. Three approaches for the complete substitution of fossil fuels with
renewable energy from photovoltaics called energy systems (ES) were considered, i.e., a
purely electric system with battery storage (ELC), hydrogen (HYS), and synthetic
hydrocarbons (HCR). ELC is the most energy efficient solution; however, it requires
seasonal electricity storage to meet year-round energy needs. Meeting this need
through batteries has a significant capital cost and is not feasible at current rates of
battery production, and expanding pumped hydropower to the extent necessary will have
a big impact on the environment. The HYS allows underground hydrogen storage to
balance seasonal demand, but requires building of a hydrogen infrastructure and
applications working with hydrogen. Finally, the HCR requires the largest photovoltaic
(PV) field, but the infrastructure and the applications already exist. The model for
Switzerland can be applied to other countries, adapting the solar irradiation, the
energy demand and the storage options.
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HIGHLIGHTS

• Renewable energy covers up 70% of the annual energy
demand, is limited to day/night storage and low cost, and
the remaining 30% is challenging (seasonal storage).

• A pure electric energy system with battery storage is very
expensive and resource demanding.

• The energy system based on hydrogen (HSY) is twice as
expensive as the electricity (ELC) based one and requires the
development of hydrogen infrastructure and hydrogen
applications.

• The energy system based on synthetic hydrocarbons is three
times as expensive as ELC.

• Only HCR enables production of jet fuel, and current
infrastructure and applications can still be used.

• The cost of synthetic fuel is about 0.5 CHF/kWh but is
expected to decrease with time.

• Production of renewable energy and synthetic fuel close to
the equator reduces the cost by 35%.

1 INTRODUCTION: THE GLOBAL VIEW

With the analysis and modeling of the depletion of oil fields byM.
King Hubbert (Hubbert, 1956) (1956), it was realized that the
global reserves of fossil fuels are limited. His model was largely
validated by the 1973 oil crisis and the report “Global 2000” by the
Club of Rome (Barney, 1988). The release of CO2 from the
combustion of fossil fuels and the possible impact on climate,
however, had already been predicted in 1896 by Svante Arrhenius
(Arrhenius, 1896). Only a hundred years later did it become
generally accepted that the increase in CO2 in the atmosphere

(Petit et al., 1999) causes an increase in the average global
temperature and that global warming would have an impact
on the environment (Mann et al., 1999). Limited fossil resources
and global warming, together with the growing population and
economic dependence on energy consumption, have driven the
need for a global energy turnaround. Today, the goal is to limit
the increase in the CO2 concentration in the atmosphere and to
introduce a closed material cycle for energy resources, as well as
for all other materials used in products, in order to provide more
energy and materials with less impact on the environment
(circular economy).

The current global energy demand (Our World in Data, 2020)
is close to 1.6·1014 kWh/year, which corresponds to an average
power of 18 TW. We express energy consumption as energy per
capita and divide by time (e.g., year) in order to obtain power.
Since all energy consumption is always in a specific period of
time, it can always be written as an average power without any
interpretation or loss of information. The growth of photovoltaic
(PV) and wind power in Germany between 2008 and 2018 from 6
to 45 GWp and from 24 to 60 GWp (installed peak power) (BMU,
2008), respectively, demonstrated that already within a decade,
the installed peak power from renewable energy can reach and
exceed the average electric power consumption (61 GW is the
annual average in Germany).

The globally installed peak power for PVs has been growing
exponentially for the past 20 years, with a growth rate of
approximately an order of magnitude every 5 years (+47%/
year). The growth rate of wind power is somewhat smaller,
and the produced energy of PVs is predicted to surpass that of
wind power in 2024.

Extrapolating the exponential growth of the average produced
power of renewable energy conversion (Figure 1) indicates that

GRAPHICAL ABSTRACT |

Frontiers in Energy Research | www.frontiersin.org January 2022 | Volume 9 | Article 7859082

Züttel et al. Future Swiss Renewable Energy Economy

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles
Louis

Andreas ZÜTTEL
slightly more



the global energy demand of 24 TWp will be reached by the
average power of installed renewable energy in 2032. As can be
seen in Figure 1, the growth is slowing down in recent years as the
fitted line is above the actual installed power for PV, wind, solar
thermal, and the sum of all renewables (total); however, it is still
growing exponentially.

The intermittent character of solar and wind power requires
storing a significant amount of the annually produced energy,
because of the seasons and the high energy density required in
mobility. Therefore, the main technical challenge is not to
generate renewable energy but to store the energy in a usable
form, i.e., to realize the conversion of renewable energy into a

FIGURE 2 | (A) Energy demand in Switzerland (100% � 6 kW·capita−1). The dark gray section corresponds to the end energy (3.2 kW·capita−1 � 54% of which
2.4 kW·capita−1 � 40% is non-renewable). Primary energy consumption (4.2 kW·capita−1 � 70%), which includes nuclear waste heat, is middle gray. The remaining
30% for embedded energy and jet fuel corresponds to the energy imported in products or used in foreign countries (light gray). The fossil fraction of the end energy use is
marked red and amounts to 39.6% (left). (B)Global carbon dioxide (CO2) emissions (100% � 33.9 Gt CO2/year in 2014) for electricity production, mobility, industry,
and residential (Davis et al., 2018) (right).

FIGURE 1 | Global average power produced by renewable energy converters (CleanTechnica, 2020a).
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storable energy carrier and to build the necessary storage
capacities and distribution networks.

Improving the efficiency of energy conversion is not
considered in this study. In 1865, in his book “The Coal
Question,” Jevons (Jevons et al., 1865) showed that an increase
in efficiency leads to an increase in energy demand. A more
efficient process is economically more beneficial and consumes
less resources; hence, the process is applied more often and by
more users. As a consequence, more energy is used, in analogy to
a product in sale leading to more consumption.

In this paper, using Switzerland as an example, energy
demand, conversion power, storage capacities, and economic
consequences of switching to a net-zero CO2 emission energy
system based on PV and hydropower are analyzed. The reasoning
and models are explained in detail, and the technical and
economic consequences of such an energy turnaround are

discussed. For the first time, the technical and economic
impact of a complete replacement of fossil fuels with
renewable energy (PV and hydroelectric) are quantified, and
the case of a purely electric energy economy is implemented
and compared with the production of energy carriers (e.g.,
hydrogen and hydrocarbons). The paper aims to illustrate the
feasibility of a renewable energy supply and to quantify the
challenges of the seasonal energy storage.

2 ENERGY DEMAND IN SWITZERLAND

The energy demand in Switzerland is analyzed and published
annually by the Federal Office of Energy (Bundespublikationen,
2016) (Figure 2). We need to distinguish between the total energy
demand, the primary energy demand, and the end use of energy.

TABLE 1 | End energy use in Switzerland in case of an energy carrier, e.g., fossil fuels, hydrogen, and synthetic hydrocarbons, and in the hypothetic case of complete
electrification.

Energy [kW·capita−1] Synthetic. fuel and
electricity

Electricity Remarks (reduction potential)

Hydroelectricity 0.48 0.48 Existing

Other renewables 0.11 0.11 Existing

Biomass 0.27 0.27 Existing

Nuclear 0.32 0.32 Replaced with electricity from PV

Vehicle fuel 0.83 0.21 Electricity 25% of energy in fuel

Heating oil 0.45 0.11 Electricity 25% of energy in oil

Natural gas 0.43 0.33 Electricity 75% of energy in gas

Jet fuel 0.31 0.31 Replaced with synthetic fuel

Total energy 3.20 2.13

Total electricity 1.18 1.82

Total synthetic fuels 2.02 0.31 to be produced from renewables

PV or wind turb. production 0.32 0.97 to be produced from renewables

Note. PV, photovoltaic.

FIGURE 3 | (A) Monthly demand for energy in Switzerland. (B) Calculated monthly demand for electricity in Switzerland, if all energy is electric except the jet fuel.
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The total energy demand is significantly larger than the primary
energy demand because of the energy imported in products, and
the primary energy demand is larger than the end use of energy
because of the efficiency limitations for electricity production.
Today in Switzerland, approximately 53% of the electricity is
produced by fully renewable hydroelectric power plants, 36% is
produced by nuclear power plants (with an average efficiency of
25% from heat to electricity), and the remaining 11% are obtained
from biofuels (<5.7%), waste incineration (<2.7%), PVs, and wind
turbines. Thus, the electricity production of Switzerland is almost
free of CO2 emission. In addition, Switzerland has a lower overall
energy consumption of 6 kW·capita−1, against 8.2 kW·capita−1 in
Great Britain. In Switzerland, the waste heat produced by nuclear
power plants is not used with few exceptions, following the
political decision of the people to avoid increasing the
dependence on nuclear power plants for heat and electricity
during the wintertime.

There is a linear relationship between energy consumption
per capita and GDP per capita (Creutzig et al., 2015), which
most countries of the world follow, with a slope of 2.5 kWh/
CHF for GDP <13 kCHF/(capita·year). The CO2 emission
intensity of the economies (Ritchie and Roser, 2020)
worldwide is slowly decreasing from 0.44 kg/CHF to 0.34 kg/
CHF in 1994 and 2014, respectively, owing to increases in
efficiency and the growth in renewable energy. Converting
(with 25% efficiency) the CO2 emissions per CHF into energy
per CHF leads to 2.5 kWh/CHF, which is in perfect agreement
with the amount of energy per CHF. This means, in turn, that
the world economy is generating 0.4 CHF/kWh or 4 CHF/liter
of fossil fuel.

The end use energy demand in Switzerland reached
saturation or even slightly decreased in recent years. The end
energy is complemented by nuclear waste heat, leading to the
primary energy consumption. All imported embedded energy
and the process energy of imported products are additional
energy provided to the people in Switzerland. According to
MacKay, (2009), the embedded energy amounts to 25% of the
total energy demand in Great Britain. For this analysis, it is
assumed that in Switzerland, the embedded energy also amounts
to 25% of the total energy demand. Furthermore, jet fuel
represents the jet fuel supplied in Switzerland and not the jet
fuel used by Swiss passengers returning to Switzerland.

Mobility: A recent governmental statistical evaluation
(Bundesamt fu€r Statistik, 2010) showed that an average Swiss

person travels 13,432 km/year on the road and 11,000 km/year in
the air. The average consumption of airplanes is 3.7 L kerosene
per capita per 100 km (Bartz et al., 2016). Therefore, the kerosene
given in Figure 2 for the end use considers internal flights and
those leaving Switzerland but not flights taken by Swiss people
from other departure points such as return flights (half of the
overall kerosene consumption). The annual average flight time is
18.3 h (with an average speed of 601 km/h). The average
consumption of gasoline and diesel by cars is 4.65 L per capita
per 100 km, and the annual average time spent in cars is 22.9 days
(with an average speed of only 24.4 km/h).

The energy transition to a fossil-free energy economy requires
the generation of the end energy (3.3 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.

The energy consumption of a car (Kendall et al., 2017) with an
internal combustion engine is W (kWh/100 km) � [0.015 m
(kg)—2.1], and that of a battery-electric car is W (kWh/
100 km) � 0.005 m (kg). This difference represents a potential
reduction in the end energy consumption of vehicles by
0.62 kW·capita−1. Furthermore, the space-heating requirement
could be provided by heat pumps with thermal storage or reduced
by diminishing the thermal losses. High temperature heat such as
cooking or industrial processes would replace gas by direct
electric heating which would not significantly improve
efficiency. The following analysis distinguishes the two
cases shown in Table 1. In the first case, the fossil fuels
are replaced by synthetic fuels and the electricity, currently
produced by nuclear power, is produced from renewable
energy (PV and wind). In the second case, the fossil fuels
are replaced with electricity, except the jet fuel, which is
replaced by synthetic fuel, produced from renewable energy
(PV and wind).

The monthly energy demand in Switzerland can vary between
the different regions and is therefore approximated by the
simplified average monthly demand shown in Figure 3.

The current monthly average energy demand is 3.2 kW with a
maximum in winter of 4.1 kW (127%) and a minimum of
2.75 kW (86%) in the summer. The calculated monthly
average electricity demand including the saving described
above is 2.1 kW with a maximum of 2.4 kW (110%) in winter

TABLE 2 | Relationship between the relevant parameters of photovoltaics (PVs), e.g., average power of 1 kW.

Parameter Relationship Value

Average power <P> <P> � 1 kW

Annual energy per year W � <P>8,760 h/year W � 8.76 MWh/year

Annual solar irradiation 1,050 ≤I≤1,550 kWh·m−2·year−1 <I> � 1,100 kWh·m−2·year−1

Efficiency η η � 20%

PV surface area A � W·I−1·η−1 A � 40 m2

PV peak power PP � 1 kW m−2·A·η � 1 kW m−2·I−1<P>8760 h/y PP � 8 kW

Power Factor <P>/Pp � I·(1 kW m−2·8766 h/y)−1 <P>/Pp � 0.125
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and a minimum of 2.0 kW (95%) in the summer. Therefore, the
electrification of the vehicles and heating reduces the annual
average energy demand by 34% and the difference between
summer and winter from 41% to 15%.

2.1 Potential of the Production of Electricity
by Photovoltaics
In Switzerland, renewable energy can be obtained from
hydropower, wind turbines, PVs, solar thermal photochemical
devices, and biomass. Whereas hydropower combined with
storage lakes allows for storage of energy and production on
demand, the potential of wind power is limited, affording a ratio
of peak power to average power of between 3 and 5 (Boccard,
2009) (inverse capacity factor).

The solar irradiation (Solargis, 2020) in Switzerland (Global
Solar Atlas, 2020) is on average 1,100 kWhm−2 year−1

(Pavg � 125Wm−2). For simplicity, we assume that in addition
to hydroelectricity, future renewable energy will be generated by
PVs (Tröndle et al., 2019) (Table 2) with an efficiency of 20% and
200WPm

−2, resulting in an annual production of
220 kWhm−2 year−1 (125Wm−2). The population density
(Worldometer, 2020) is 8.42·106/41,285 km2, which corresponds
to 4,900 m2·capita−1. The urban area in Switzerland is 7.5% of the
area of the country (Bundesamt für Raumentwicklung, 2020);
therefore, there is a 370-m2·capita−1 urban area.

The additional energy demand of 1 kW·capita−1 PV produced
electricity leads to an area of 40 m2·capita−1.

Therefore, as a zero-order approximation, to meet the
nonrenewable energy demand requires covering at over 10%
of the urban area in Switzerland with PVs. An additional area
is needed to produce the synthetic fuel for aviation.

2.2 Economics of Photovoltaic Electricity
Production, Energy Conversion, and
Storage
The economic analysis focuses on the current capital cost
(CAPEX) of the PV panels and the energy storage system with
an extrapolation to the future based on the past cost
developments. The costs of installation, land surface area,
and buildings for the energy conversion and storage
systems are not considered because these costs vary
significantly depending on the location and are small
compared with those of the components. In order to
compare the different storage options, which exhibit very
different lifetimes and capacities, the cost of the
released energy from the storage considering the
corresponding efficiencies was determined. The capital cost
(CAPEX or C) is assumed to be amortized during the whole life
time (n years) and an interest of Z � 2%/year on the capital.
From the cost series 0 � (((C · (1 + Z) − Pb) · (1 + Z))− Pb) ·
(1 + Z)− Pb... � C ·(1 + Z)n −Pb(1 + Z)n−1 − Pb · (1 + Z)n−2 ... .
the Pb can be calculated. Therefore, the annual payback Pb is

Pb � CAPEX · Z · (1 + Z)n
(1 + Z)n − 1

, (1)

where the operating cost (OPEX) is added and, in the case of a
storage system also the cost of the energy (CC) provided to the
system. Finally, this sum is divided by the annual energy received
from the energy system (Ey) and the result is the cost of the energy
per energy unit (CE).

CE � Pb + OPEX

Ey
+ Cc

Ey
. (2)

2.2.1 Photovoltaic
The price of PV panels (Solar Choice, 2020) decreased from
30 kCHF/kWp in 1979 to 1.6 kCHF/kWp in 2012, which
corresponds to a cost reduction of an order of magnitude
in 27 years, or −8.9%/year. Following this pattern, we would
expect the cost in 2020 to have decreased to 750 CHF/kWP.
However, today, some panels in the EU are already offered
(Photon-Solar, 2020) for a price <400 CHF/kWp with an
efficiency close to 20%. The panels last for >20 years, and a
recent survey in Switzerland showed that most panels are still
working after 30 years (SWI, 2020). The cost of installation
increases the cost of photovoltaics to ≈1,200 CHF/kWp
including the rack installed.

2.2.2 Batteries
The price of Li-ion batteries (Fleer et al., 2017) is currently
200 CHF/kWh (2018) and decreased between 2008 and 2018 by
an order of magnitude, or −20%/year. The cost of Li-ion
batteries is decreasing exponentially and is expected to
converge to 150 CHF/kWh around 2030 (Nykvist and
Nilsson, 2015). The capacity of Li-ion batteries (Placke et al.,
2017) increases with time and converges to 250 Wh/kg. The
Tesla Powerwall (CleanTechnica, 2020b) has a capacity of
13.5 kWh and weighs 125 kg, resulting in a gravimetric
energy density of 108 Wh/kg and costs 7,600 CHF for the
battery only and 9,600 CHF to 15,600 CHF including
installation (563 CHF/kWh). Lead-acid batteries are
somewhat cheaper than Li-ion batteries; however, the costs
per stored 1 kWh of energy are comparable (200 CHF/kWh).
Therefore, we consider the data for Li-ion batteries for the cost
estimation and assume the batteries have a lifetime of 8 years
and make 250 full cycles. The storage of electricity by means of
hydropower in a storage lake reaches a typical gravimetric
energy density [Δh � 500 m, η � 82% (Horizons, 2020)] of
1.1 Wh/kg (1.1 kWh·m−3), and the capital cost is close to
2,000 CHF/kW (4 CHF/kWh) resulting in a storage cost of
electricity of <0.1 CHF/kWh (International Renewable Energy
Agency, 2012). The estimated time of operation of a
hydropower plant is 80 years.

2.2.3 Hydrogen
The price of hydrogen is currently around 10 CHF/kg and is
strongly dependent on the electricity cost (approximately 90% of
the cost is electricity cost for large-scale electrolysis). Currently,
operational proton exchange membrane (PEM) electrolysis (with
an efficiency of 50%) consumes 80 kWh electricity per 1 kg of
hydrogen; therefore, the price of energy in the form of hydrogen is
0.25 CHF/kWh. However, large-scale electrolysis, e.g., Lurgi™
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4 MW alkaline electrolysis or NEL hydrogen electrolysis, reaches
4 kWh/Nm3, which corresponds to 88% efficiency (Gallandat
et al., 2017). The minimum cost of electrolyzers, based on the
higher heating value of the produced hydrogen (HVV H2), is
3,000 CHF/kW, corresponding to approximately 1,500 CHF/
kWel. (for electrolyzers with a power >10 kW in China and
>3 MW in the EU/US). While the Lurgi alkaline electrolyzers
have a typical lifetime in permanent operation of 30 years modern
electrolyzers are expected to work for 10 years before the stack has
to be replaced.

The cost of hydrogen storage depends on the type and size
of the storage (Amos, 1998). Hydrogen can be stored as
compressed gas, as liquid, and in hydrides. Compressed
hydrogen storage on a small scale (<1,000 kg H2) costs
<250 CHF/kg (<6.2 CHF/kWh) but requires a compressor.
Composite high pressure hydrogen vessels cost 15–25 CHF/
kWh. Large compressors (4 MW) cost 1,000 CHF/kW, and
compressed gas vessels (>200 kg H2) cost 1,323 CHF/kg H2.
We assume a lifetime of 10 years for pressurized vessels with
10 cycles per year. Large-scale underground storage (20 MPa)
costs 8.80 CHF/kg H2 (0.22 CHF/kWh). The overall CAPEX
for underground hydrogen storage, including compression is
estimated to be 2.5 CHF/kWh. Metal hydride cost
<2,500 CHF/kg H2 (<62 CHF/kWh). Very little change is
observed in the cost of metal hydride (25 CHF/kg) over the
last 15 years. Liquid hydrogen storage requires a liquefier that
costs 44.1 kCHF/(kg·h) and a Dewar that costs 441 CHF/kg
for 45 kg H2. The PEM fuel cells exhibit an efficiency of up to
60% and cost 1,000 CHF/kW. Fuel cells are expected to work
for 10 years under permanent operation.

2.2.4 Synthetic Fuels
The minimum energy necessary for CO2 capture depends on
the CO2 concentration and at 10% (in typical flue gas) and
400 ppm (in air) amounts to 36 and 120 Wh/kg (Lackner et al.,
2012), respectively, the latter being less than 5% of the heating
value of the hydrocarbon produced from CO2 and hydrogen.
The cost of CO2 capture from air is estimated to be
<0.5 CHF/kg CO2, and with optimization (Fasihi et al.,
2019) of the energy source and the process, the cost may
be reduced to <0.22 CHF/kg CO2. An example of an installed
system for the capture of CO2 from air captures 2,500 kg CO2

per day with a capital investment of 3.6 million CHF
[1,500 CHF/(kg CO2/day)]. The estimated energy
requirement for CO2 absorption is 300 Whel./kg CO2 for air
ventilation and 2 kWh/kg CO2 for desorption of CO2 (Vogel,
2017). Whereas the ventilation energy is electric energy, the
desorption heat can be provided by waste heat sources
(>100°C), if they are available.

The current synthesis of alkanes fromCO2, e.g., octane (8CO2 +
25H2➝C8H18 + 16H2O), converts 7 kg CO2 with 1 kgH2 to 2.3 kg
octane and conserves 57% of the energy in hydrogen. The
exothermic reaction provides 2.3 kWh of heat at >200°C per
1 kg CO2 which can be used to supply the desorption heat
required by the capture process. The synthesis plant Pearl GTL
facility in Qatar (Pearl GTL, 2020) produces 140,000 barrels of oil
per day (10 GW) and has a cost of 18 billion CHF. This unique

example shows that on a large scale, the synthesis of hydrocarbons
(Fischer-Tropsch synthesis) requires an investment of close to
2,300 CHF/kW.

While batteries store electricity directly, a hydrogen-based
economy requires the production of hydrogen, and for storage,
and the applications to be made compatible with hydrogen.
Going from hydrogen to hydrocarbons requires the capture of
CO2 from atmosphere and the synthesis of hydrocarbons. In
the case of methane (synthetic natural gas) also the storage of
methane needs to be considered while the applications already
exist. Finally, for liquid hydrocarbons, we only need to
consider the synthesis since the storage and distribution
infrastructure as well as the applications are already
established.

Figure 4 shows the capital cost for the energy carriers as a
function of the gravimetric energy density in order to have a
measure for the amount of resources (material weight) needed
to store a certain amount of energy. The capital cost does not
reflect the real cost of storage since the life time and the stored
amount of energy are very different for the various energy
carriers, but it is used to calculate the resulting energy cost.

2.3 Energy Conversion Efficiency
The size of the photovoltaic array required depends on the solar
irradiation, the end energy demand, and the energy conversion
efficiency. The efficiencies are affected by the thermodynamic
limits and the technical feasibility, and are shown in Figure 5.
The output electricity from the PV panels is considered as 100%
following by the transformation and transport of the electricity.
This part of the conversion chain is always necessary
independent of the final energy carrier used. In the case of
the electric energy system (ELC) the storage of electricity is
needed due to the day/night cycle and the seasonal variation of
the solar irradiation. The storage in batteries and in pumped
hydropower plants is considered. Batteries offer an efficiency of
around 90% while hydroelectric power plants have a round trip
efficiency <72%.

FIGURE 4 |Monthly average solar irradiation. Dotted lines represent the
annual average intensity. Ref. www.meteonorm.com.
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3 RESULTS

3.1 Storage Requirement
The storage requirement is determined by the difference
between the time profile of PV production and the energy
demand. For PVs, day/night storage is generally required to
cover overnight demand and to balance the power variation
during the day, while seasonal storage depends on the
seasonal variation in PV production and energy demand
over the different seasons. The minimum day/night storage
capacity to average the solar power over day and night during
all days of the year is given by 50% of the maximum daily PV
production in July and is, therefore, close to 0.25% of the
annual energy generation.

The size of the seasonal storage is determined by the
distribution of the annual solar intensity at a specific location
on the globe. It becomes smallest close to the equator, with almost
no seasonal variation in intensity and a solar irradiation intensity
greater than twice that in Switzerland. In locations where the
heating requirement in winter is small and air conditioning
contributes significantly to the energy demand in summer, the
shape of the demand and the PV production curves is similar,
reducing the need for seasonal storage. However, since the
maximum energy demand in Switzerland occurs in winter,
coinciding with the period of minimum PV generation,
seasonal storage is necessary.

This is different in locations where the no heating in winter is
required and air conditioning contributes significantly to the
energy demand in summer. In such locations the shape of the
demand and the PV production curves are similar.

For a PV production equal to the annual energy demand, a
maximum size of the storage is necessary. The higher the solar
intensity, the faster the necessary storage size decreases with
increasing PV production.

The three locations shown in Figure 6 also show that for a
large part of the year (74%, 83%, and 89% for Zürich, Zermatt,

and the Sahara, respectively), only day/night storage is
required. The size of the storage was computed based on
the energy from solar intensity (Figures 7–9) and the
energy demand profile (Figure 3). Even with significant
over-capacity, day/night storage is beneficial, as it makes
the electrical grid more resilient and decreases the power in
the grid due to the peak shaving during the day significantly
from the peak power to less than twice the average power of
the PV.

FIGURE 5 | Capital cost of energy storage versus the gravimetric energy
density.

FIGURE 6 | Efficiency loss along the conversion chain [light gray for
substitution of fossil fuels through electrification (ELC), dark gray for
substitution of fossil fuels by hydrogen (HYS), and black for substitution of
fossil fuels by synthetic hydrocarbons (HCR)] relative to the electricity
produced by photovoltaic (PV) (100%).

FIGURE 7 | Necessary energy storage capacity (S) as a function of the
annual PV production (PVy) in relation to the annual energy demand
(Figure 3A line, Figure 3B dotted line). The curves maximum represents the
seasonal storage and the minimum limit is a day/night storage of 0.25%
of the annual energy demand.
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3.2 Renewable Energy Generation and
Demand
Three approaches to fossil fuel replacement are considered:

ELC: Full electrification of all energy demand including heat
and transport, except for aviation, with all new generation by PV.

HYS: Replacement of fossil fuels with hydrogen, except for aviation,
produced from renewable electricity during the summer time.

HCR: Replacement of fossil fuels with synthetic hydrocarbons,
e.g., octane, produced from renewable energy and CO2 capture
from the atmosphere.

In order to replace fossil and nuclear fuels for all uses, three
different energy systems are analyzed, which use a combination of
these approaches.

In an electrified energy system based on ELC, except for jet
fuel, which is replaced by synthetic fuels as in HCR (100%
ELC + 15% HCR), electrification increases efficiency and
reduces the energy demand significantly, however a large
electricity storage is necessary.

In a hydrogen based energy system, adopting HYS to replace
fossil fuels with hydrogen, the ELC approach is used to replace
nuclear-produced electricity with electricity from renewable
generation, and jet fuel is replaced with synthetic fuels as in
HCR (33% ELC + 100% HYS + 15% HCR), the need for seasonal
storage is met by storing hydrogen.

A hydrocarbon-based energy system using HCR, with nuclear-
produced electricity replaced with renewable generation as in
ELC (33% ELC + 100% HCR), has the advantage that storage and
applications remain unchanged, and no additional infrastructure
is required except for the carbon capture and hydrocarbon plants
themselves. However, overall energy conversion losses require the
largest PV installation of the three energy systems.

In all three energy systems the energy economy is CO2 neutral
and based on renewable energy, mainly PV. Table 3 contains the
components of each energy solution.

The PV surface area required in the ELC approach is slightly
larger than the average living area of 46 m2·capita−1 in Switzerland;
the production of the jet fuel would require a similar PV area again.
Covering the roof surface area in Switzerland (Assouline et al.,
2018) with PV could produce 24 TWh·year−1, which is equal to
326W·capita−1 and corresponding to 34% of the electricity needed
in ELC. In order to cover the energy demand including jet fuel,
30%, 45%, and 64% of the urban area in Switzerland would have to
be covered with PV for the ELC, HYS, and HCR based energy
systems, respectively.

The seasonal battery storage in ELC is 2.3 MWh·capita−1,
which would take a 12,000 kg Li-ion battery (200 kWh/kg) or
18 TWh storage for Switzerland, while the day/night storage
requires only 26 kWh, approximately 1% of the seasonal
storage capacity. A decentralized or local day/night storage of
electricity reduces the power in the electrical network by a factor
of 7.5 (average versus peak power of the PV), i.e., the current grid
installation is sufficient for ELC because during the day the
electricity demand is covered locally and during the night the
power corresponds to the average power.

In HYS, the energy density in compressed hydrogen
(p � 200 bar) is 15 kg m−3 or 591 kWhm−3, and the necessary
storage capacity is 3.9 MWh·capita−1. In addition to the storage,
the compression of hydrogen and a distribution network has to be
installed.

In HCR, the produced hydrogen is used to reduce the CO2

captured from the atmosphere (Gabrielli et al., 2020) to produce
synthetic liquid hydrocarbons (e.g., octane or decane), which
simplifies the storage of the energy carrier and especially allows
the use of the established infrastructure. The challenge is to capture
the CO2 from air and to reduce the CO2with hydrogen on a selective
catalyst to give a specific product rather than the large range of
products synthesized by the well-established Fischer–Tropsch
process; however, research is progressing in order to improve the
control of the reaction. The thermodynamic limit of the energy
conversion from hydrogen to octane is 76%. The heat released in the
reduction reaction can be directly used for CO2 capture, in which the
energy demand for the desorption of CO2 is the main energy
contribution to the carbon capture process.

3.3 Capital Cost of the Renewable Energy
Systems
Today, an average Swiss person spends 3,000 CHF/capita per year
(Bundesamt für Energie, 2018) (on average 0.13 CHF/kWh) on
energy, and the price is expected to increase owing to the
diminishing fossil fuel resources. In the future economy based
on renewable energy, the cost of energy is determined by the
investments in the conversion and storage of renewable energy
and the production and distribution costs (Table 4). Finding the
ideal sizes of PVs, battery storage, and energy carriers is an
optimization problem in order to minimize the investment and
the final energy cost.

Providing seasonal storage in the electricity based system ELC
using batteries would massively increase the cost leading to a
CAPEX of >200,000 CHF/capita and an annual electricity cost of
>30,000 CHF/capita. Storage of electricity in a hydroelectric

FIGURE 8 | Cost (OPEX incl CAPEX interest) of the individual energy
systems ELC (electricity cost ≈958 CHF), HYS (hydrogen cost ≈2656 CHF)
and HCR (hydrocarbon cost ≈7896 CHF). OPEX, operational cost;; CAPEX,
capital cost.
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power plant, without considering grid cost, is estimated to cost
<0.1 CHF/kWh leading to an energy cost comparable with the
current energy cost ≈3,000 CHF/capita per year with a CAPEX of
<20,000 CHF/capita. The resulting electricity cost is 2,457 CHF/
capita per year (0.11 CHF/kWh).

In the hydrogen-based system HYS, the cost is determined by
the hydrogen production (PV, battery and electrolysis). Large-
scale underground hydrogen storage reduces the CAPEX for
storage compared with pressurized cylinders or metal hydrides
by more than an order of magnitude and the cost for hydrogen to
7.0 CHF/kg (0.17 CHF/kWh). The resulting hydrogen cost is
2,656 CHF/capita per year.

The cost in the energy system based on synthetic fuels HCR is due
to the efficiency of the whole conversion chain of 36%, which is
higher than for hydrogen. The highest component cost is found for
CO2 capture, which will certainly decrease in the near future. The
resulting fuel cost is 7,896 CHF/capita per year. The synthetic
hydrocarbons are produced for a cost of 4.46 CHF/L including the
jet fuel (Figure 8).

Cost of the conversion applications for electrification or
hydrogen are not considered.

The total energy cost results from the combinations for the
electricity based (100% ELC + 15% HCR) or hydrogen based
(33% ELC + 100% HYS + 15% HCR) or finally by synthetic
hydrocarbon based (33% ELC + 100% HCR) system and the
existing renewable energy (hydropower, biomass, and other
renewables) costs.

4 DISCUSSION

Three approaches to fossil fuel substitution (ELC, HYS, and
HCR) were distinguished, and the corresponding energy
systems were analyzed in detail. The size of the PV and the
size of the storage are strongly dependent on the solar intensity
and the variation in the intensity over the seasons, respectively.

In the future, the major part of renewable energy will be
produced by PV (s. Figure 1). PV is the only form of renewable
energy in Switzerland that has the potential to cover the energy
demand in combination with already existing renewable energy
and 1) 100% ELC and 15% HCR for aviation fuel, 2) 33% ELC,
100% HYS, and 15% HCR, 3) 33% ELC and 100% HCR.

4.1 Electricity-Based Energy System,
Substitution of Fossil Fuels Through
Electrification
ELC is a completely electrified energy system, where the mobility
is electric and the heating of buildings is everywhere realized with
heat pumps. Therefore, this approach significantly lowers energy
demand (−30%) compared with the current energy economy. To
complete the electricity based energy system, it is assumed that
the jet fuel is produced as synthetic hydrocarbons. The electricity
is produced by PVs and stored in batteries or in hydropower
plants for day/night and seasonal storage, respectively. The PV
area is 48 m2·capita−1 for electricity production, which is close to

FIGURE 9 | Schematic energy conversion and storage system for the electricity-based system ELC including the existing production of renewable energy and the
production of synthetic hydrocarbons as jet fuel (per capita).
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13% of the urban area in Switzerland, and a further 33 m2·capita−1
for jet fuel production. The seasonal electricity storage is
2,345 kWh·capita−1 (1,020 kWh·capita−1 currently existing) in
addition to 26 kWh·capita−1 for day/night storage. The local
availability of day/night storage increases the resilience and
reliability of the grid and reduces the peak power in the grid
by almost an order of magnitude.

Therefore, local distributed battery storage is inevitable in ELC
and if the battery cost is 100 CHF/kWhwould cost 356 CHF/capita
per year. The main challenge of the electric system is the seasonal
storage of 18 TWh for Switzerland, which corresponds to 40 times

the world Li-battery production of 2020 and would cost
36,000 CHF/capita per year. Therefore, the seasonal storage of the
electricity in batteries is neither technically nor economically a
feasible solution for Switzerland. However, electricity storage in a
hydroelectric power plant is three orders of magnitude cheaper than
in batteries at a cost of 0.1 CHF/kWh without grid cost. Due to the
efficiency of the pump and turbine, each around 80%, 56% more
electricity has to be produced by PV and 25%more electricity has to
be stored as compared with a battery storage. The volumetric energy
storage density in a hydroelectric power plant is 1.1 kWh·m−3, and a
storage lake volume of 16.3 km3 could store 18 TWh, two times the

TABLE 3 | The size of the key components per capita and year of the three energy systems in Switzerland (ELC left, HYS middle and HCR right) with an average solar
irradiation of 1,100 kWh·m−2·year−1 (125 W/m2).

Eff. ELC HYS HCR

P [kW] P [kW] P [kW]

Solar intensity 125 W/m2

Photovoltaics [m2] 20 % 48 1.19 116 2.90 220 5.51

Batteries [kWh] 90 % 26 1.07 57 2.61 109 4.96

Hydropower [kWh] 64 % 2,345 0.97

Electricity [kWh·year−1] 8,538 0.97 22,864 2.61 43,441 4.96

Electrolysis [kW] 80 % 5.80 2.09 11.02 3.97

H2 storage [kWh] 85 % 23 1.77 74 3.37

UG H2 storage [kWh] 85 % 3,887 1.71

Hydrogen [kWh·year−1] 14,964 1.71 750 3.37

CO2 Capture [kg·year−1] 83 % 5,278 2.80

Synthesis HC [kW] 76 % 4.25 2.13

Storage [kWh] 95 % 8,851 2.02

Syn. HC [kWh·year−1] 17,702 2.02

Electricity [kW] 0.97 +33% ELC 0.32 +33% ELC 0.32

Hydrogen [kW] 1.71

Hydrocarbons [kW] +15% HCR 0.31 +15% HCR 0.31 2.02

Photovoltaics 20 % 81 2.04 166 4.14 236 5.90

Batteries [kWh] 90 % 43 1.83 82 3.72 117 5.31

Hydropower [kWh] 64 % 2,345 0.97

Electrolysis [kW] 80 % 1.69 0.61 7.49 2.70 11.02 3.97

H2 storage [kWh] 85 % 11.33 0.52 34.20 2.29 73.85 3.37

UG H2 storage [kWh] 85 % 3,887 1.71

CO2 Capture [kg·year−1] 83 % 810.02 0.43 810 0.43 5,278.17 2.80

Synthesis HC [kW] 76 % 0.65 0.33 0.65 0.33 4.25 2.13

Storage [l] 95 % 1,358 0.31 1,358 0.31 8,851 2.02

Hydroelectric [kWh·year−1] 4,218 0.48 4,218 0.48 4,218 0.48

Biomass, waste heat [kWh·year−1] 2,323 0.27 2,323 0.27 2,323 0.27

Renewable energy [kWh·year−1] 958 0.11 958 0.11 958 0.11

Total Electricity [kWh·year−1] 15,996 1.83 10,302 1.18 10,302 1.18

Total syn. fuel [kWh·year−1] 2,716 0.31 17,695 2.02 17,695 2.02

Total energy [kWh·year−1] 18,712 2.14 27,997 3.20 27,997 3.20

Note. ELC, substitution of fossil fuels through electrification; HYS, substitution of fossil fuels by hydrogen; HCR, substitution of fossil fuels by synthetic hydrocarbons; CO2, carbon dioxide.
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total storage capacity of all lakes of current hydroelectric power plant
in Switzerland or 13 times the Grand Dixence hydropower plant
(1,570 GWh) in Valais, Switzerland.

In summary, ELC can be realized but requires a massive
expansion of the hydropower storage capacity in Switzerland,
amounting to a hydropower plant of the size of Grand-Dixence
hydropower plant being built every year until 2035.

The total cost is 2,485 CHF/capita per year for electricity and
1,184 CHF/capita per year for kerosene, the overall energy cost of

3,669 CHF/capita per year is comparable with the energy cost in
the current system. The resulting electricity cost is 0.11 CHF/
kWh and the kerosene cost is 4.5 CHF/L.

4.2 Hydrogen-Based Energy System,
Substitution of Fossil Fuels by Hydrogen
In the hydrogen-based energy system (Winter and Nitsch, 1989)
HYS, the fossil fuels are replaced with hydrogen except for the jet

TABLE 4 | The capital expenditure (CAPEX) and the operating expenditure (OPEX) incl. the capital cost (interest) per capita of the three energy systems in “Zürich.”

CAPEX Unit Lifetime
[years]

ELC HYS HCR

CAPEX
[CHF]

OPEX
[CHF]

CAPEX
[CHF]

OPEX
[CHF]

CAPEX
[CHF]

OPEX
[CHF]

Interest 2 %

Photovoltaics 750 CHF/kWp 25 7,140 366 17,400 891 33,060 1,693

Batteries 100 CHF/kWh 8 2,606 356 5,716 780 10,860 1,483

Hydropower 4 CHF/kWh 80 9,382 236

Electrolysis 1,000 CHF/
kW HHV

10 5,800 646 11,020 1,227

H2 storage 240 CHF/kg H2 5 139 30 450 95

UG H2 stor. 2.5 CHF/kWh 50 9,717 309

Hydrogen CHF/kg H2

CO2 capture 2.5 CHF/kg CO2 5 13,195 2,800

Synthesis HC 2,300 CHF/kWh 20 9,785 598

Storage 0.1 CHF/kg 20 8,851 54

Syn. HC CHF/L HC

Total system Electricity based Hydrogen based Syn. hydrocarbon based

Electricity 0.11 CHF/kWh 958 +33% ELC ‘+33% ELC

Hydrogen 7.0 CHF/kg 2,656

Hydrocarbons 4.46 CHF/L +15% HCR 0.31 ‘+15% HCR 7,896

Photovoltaics 12,214 626 24,829 1,272 35,415 1814

Batteries 4,273 583 8,242 1,125 11,720 1,600

Hydropower 9,382 236

Electrolysis 1,691 188 7,491 834 11,020 1,227

H2 storage 69 15 208 44 450 95

UG H2 stor. 9,717 309

CO2 capture 2,025 430 2,025 430 13,195 2,800

Synthesis HC 1,502 92 1,502 92 9,785 598

Storage 1,358 8 1,358 8 8,851 54

Hydroelectric [kWh·year−1] 0.2 CHF/kWh 844 844 844

Biomass, waste heat
[kWh·year−1]

0.2 CHF/kWh 465 465 465

Renewable energy
[kWh·year−1]

0.2 CHF/kWh 192 192 192

Total Electricity [kWh·year−1] 2,457 1,738 1,738

Total syn. fuel [kWh·year−1] 1,212 2,656 7,896

Total energy [kWh·year−1] 3,669 4,394 9,634
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FIGURE 10 | Schematic energy conversion and storage system for the hydrogen based energy systemHYS including the existing production of renewable energy,
the electricity production to replace the electricity from nuclear power with renewable and the production of synthetic hydrocarbons as jet fuel (per capita).

FIGURE 11 | Schematic energy conversion and storage system for the synthetic hydrocarbon based energy system HCR including the existing production of
renewable energy and the electricity production to replace the electricity from nuclear power with renewable (per capita).
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fuel. The energy demand in HYS is assumed to be identical to the
current energy demand, although the energy demand inmobility, due
to the use of fuel cells, is potentially lower. Seasonal storage is realized
by centralized hydrogen production and storage, i.e., 6.5 m3·capita−1
or 57Mm3 for Switzerland, corresponding to approximately
25 times the volume of the Gotthard base tunnel. The storage of
compressed hydrogen in steel cylinders costs 6.3 CHF/kWh and in a
large underground cavity approximately one order of magnitude less
resulting in 2,656 CHF/capita per year and 7.0 CHF/kg hydrogen. In
addition to the seasonal centralized underground storage, local
storage is required as well as storage for the mobile applications.
The size of the PV for HYS is 116 m2·capita−1, >100% larger than for
ELC due to the conversion efficiency, and in addition 33m2·capita−1
for jet fuel production (Figure 9).

The hydrogen-based system requires a larger electricity
production due to the conversion losses in the electrolyzer
(efficiency between 50% and 85%). Furthermore, the
hydrogen-based system requires installations for hydrogen
production, hydrogen storage, and distribution, as well as
hydrogen applications. The second energy system, HYS
(Figure 10), uses batteries only to provide continuous
constant electric power to run an electrolyzer for 6 months of
the year to produce hydrogen, which is stored in underground
cavities. However, in a hydrogen economy, storage is distributed
and only partially centralized; therefore, underground storage is
only partly feasible and a pipeline system is installed nationwide.

The capital cost of HYS is close to 40 kCHF/capita, and the
final cost of hydrogen is estimated to be around 7.0 CHF/kg,
which is comparable with the current cost of hydrogen
produced from renewable energy and approximately three
times higher than the cost of hydrogen from steam
reforming. The total cost is 2,656 CHF/capita per year for
hydrogen, 1,817 CHF/capita per year for electricity, and
1,184 CHF/year for kerosene, the overall energy cost of
4,394 CHF/capita per year is less than twice the energy cost
in the current energy system. The analysis does not include the
cost of the applications that are running currently with fossil
fuels and have to be converted to use hydrogen.

4.3 Hydrocarbon-Based Energy System,
Substitution of Fossil Fuels by Synthetic
Hydrocarbons
The hydrogen can be used to reduce CO2 captured from air and to
produce synthetic hydrocarbons. The conversion losses including

the capture of CO2 require a significantly larger PV installation.
However, the main advantage of synthetic hydrocarbons is that
they are easy to store and distribute, the infrastructure already
exists, and all the applications already exist. The third energy
system, HCR (Figure 11), is a system consisting of PVs of
220 m2·capita−1 corresponding to 60% of the urban area in
Switzerland. From April to September, synthetic fuel is
produced and stored in 11.3 barrels·capita−1. In the synthesis
reaction, 76% of the energy in hydrogen is transferred into
hydrocarbons, and the heat from the exothermic reaction can
be used for the desorption step in the CO2 capture from the air.
Between April and September (6 months), the PV energy
generation varies between 75% and 100% of the maximum.
The battery storage is large enough in order to provide
electricity during the night all year long and is close to the full
power production of synthetic hydrocarbons during 6 months of
the year. Large-scale hydrogen storage is underground adjacent to
CO2 capture, and the synthesis of hydrocarbons runs
continuously at a constant rate. The capital cost of HCR is
close to 90 kCHF/capita and is dominated by the CO2 capture,
leading to an estimated cost of the synthetic hydrocarbon of
4.5 CHF/kg. The overall energy cost including the electricity cost
for a synthetic hydrocarbon based energy system is 9,634 CHF/
capita per year.

The annual energy provided from the various sources in order
to cover the entire energy demand of the electricity based and
synthetic fuel (hydrogen or hydrocarbons) based energy economy
is summarized in Table 5. The electricity-based system is the
most efficient requiring the least amount of energy. Furthermore,
it also provides the energy for the lowest cost. The hydrogen and
synthetic hydrocarbon-based energy systems require 50% more
energy and the cost is 20% and 160% more expensive,
respectively, as compared with the electricity-based system.

4.4 Optimization Potential
The main technical and economic challenge in ELC and HYS is the
seasonal energy storage and in HCR, the CO2 capture. The
installation of a renewable energy system close to the equator
would (Winter, 1993) have several advantages: 1) the solar
irradiation is greater than twice as high as in Switzerland, which
reduces the size and cost of the PVs by more than 50%; 2) the
seasonal effect almost disappears, so only day/night storage is
required and no seasonal storage is necessary; and 3) the
production of the synthetic fuel may be distributed over the
whole year with half the size of the installation. Therefore, the

TABLE 5 | Total annual energy and cost per capita per year for the three options: electricity based, hydrogen based, and synthetic fuel-based energy economy.

Electricity based Hydrogen based Synthetic hydrocarbon
based

kWh CHF kWh CHF kWh CHF

PV 11,193 366 27,249 891 51,775 1,693
Existing renewable energy 7,500 1,501 7,500 1,501 7,500 1,501
ELC 8,538 958 2,818 316 2,818 316
HYS 14,964 2,656
HCR 2,655 1,184 2,655 1,184 17,702 7,896
Total 18,693 3,669 27,937 4,394 28,020 9,634
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overall capital cost is reduced to approximately half of the cost of the
energy system installed in Switzerland and the synthetic
hydrocarbons become half as expensive. Furthermore, due to the
conversion efficiency, the production of synthetic hydrocarbons
requires a PV that produces approximately 300% of the energy
in the hydrocarbons. However, such a PV installation already covers
more than 95% of the annual energy demand in Zürich and 100% in
Zermatt with just day/night storage. As a consequence, the ideal
energy system has to be adaptive to the local requirements andmay
be a mixture of the three energy systems discussed in this paper.

4.5 Economic Impact and Challenges
The global relationship between the GDP and the energy demand
per capita is 0.4 CHF/kWh (Muller, 2009), which corresponds to the
amount of income produced by 1 kWh of energy invested based on
an energy cost of 0.13 CHF/kWh. Because fossil fuels in Switzerland
are imported, the energy cost is an expenditure for the country. In
the case of renewable energy, at least a part of the cost can be spent
within the country and contributes positively to the GDP. These
renewable energy systems ELC, HYS, and HCR lead to an energy
cost of 0.11–0.45 CHF/kWh, which is close to the GDP/kWh and,
therefore, may have a significant impact on industrial energy related
benefits. Since there is potential for increased efficiency in
production processes, the economy may be sufficiently resilient to
adapt to renewable energy. The cost of energy (electricity) will
become very much season dependent, therefore, electricity in
summer will become very cheap or free while electricity in winter
will be rather expensive.

The major challenge in replacing fossil fuels with renewable
energy is seasonal storage (30% of the annual energy demand)
and mobility (10%–30% of the annual energy demand). Mobility
demands an energy carrier with a high gravimetric energy
density, because energy demand for driving is proportional to
the weight of the vehicle; therefore, an ideal electric vehicle with a
battery consumes approximately W [kWh/100 km] � 0.005 m
[kg] � 10 kWh/100 km for a 2,000 kg vehicle including
recuperation. Current available vehicles consume twice that
amount of energy 20 kWh/100 km. Electrifying the mobility
sector with batteries requires a grid supplying a higher power
and increases the electricity demand in the winter, with the
consequence that the demand for seasonal storage increases,
making the introduction of renewable energy more challenging.

4.6 Nuclear Power
If the electricity produced by nuclear power in Switzerland today is
replaced by PVs, only 16 m2·capita−1 � 134 km2 for Switzerland
producing 24 TWh/year is necessary, as well as electricity storage
capacity of 9,000 GWh, in addition to the 9,000 GWhhydroelectric
storage capacity that already exists. The PV area corresponds to the
roof area potentially available in Switzerland (Assouline et al.,
2018). The annual electricity demand in Switzerland is 58 TWh,
already today 10.7% is exported in summer and 7.9% is imported in
winter (4,550 GWh). The import corresponds to 50% of the
hydroelectric storage capacity of 9,000 GWh.

Increasing the storage capacity of the lakes of existing
hydroelectric power plant is essential in order to increase the
contribution of renewable energy in Switzerland.

4.7 ElectrificationWithout Seasonal Storage
In the purely electric system (ELC) with only day/night storage,
close to 75% of the energy demand can be covered. The remaining
25% in Winter (0.32 kW·capita−1) have to be covered by
electricity production from fossil fuels since heating is based
on heat pumps and mobility is electric. Therefore, an additional
0.8 kW·capita−1 of fossil fuel are required for the thermal power
plants (combined cycle efficiency � 40%), which would run only
5 months of the year and consume 60,000 GWh of natural gas,
producing 6.5 GWel. during 5 months. Therefore, approximately
six thermal power plants (1.1 GWel. each) are required running
for 150 days/year and emitting >10·109 kg of CO2. Adding the jet
fuel (0.32 kW·capita−1) producing 5.6·109 kg CO2 per year
slightly more than 38% of the current annual CO2 emission of
Switzerland (40·109 kg). The electrification of the energy
economy without massive expansion of the storage capacity
needs to be complemented with six thermal power plants
running with natural gas and leads to a CO2 reduction of only
62% as compared with today’s CO2 emissions from fossil fuels.

5 CONCLUSION

The technical and economic consequences of the replacement of
the fossil fuels consumed in Switzerland with renewable energy
(PV and hydroelectric) was investigated. The requirements and
challenges for a net-zero fossil CO2 emission, for a purely electric
energy system, and for the production of synthetic energy
carriers, i.e., hydrogen and hydrocarbons were analyzed.

The completely electrified energy system (ELC) is the most
efficient but aviation fuel production needs to be added. ELC
requires covering approximately 13% of the urban area of
Switzerland with PV. Battery storage is required to provide
overnight demand and to balance the PV production during the
day in order to lower peak power in the grid. For seasonal storage,
pumped hydroelectric power stations need to be built in order to
store electricity economically, if grid cost is neglected. The main
challenges for a completely electrified system are the increase in the
storage capacity to 320% of the pumped hydroelectric power
stations and to avoid or significantly reduce grid cost. If storage
is not possible six 1 GW gas fired thermal power stations are
necessary in order to cover the electricity demand in winter and
would lead to a CO2 emission of 40% of the present CO2 emissions
from the use of fossil energy carriers.

The production and storage of a synthetic energy carrier like
hydrogen (HYS) requires a larger PV installation of 32% of the
urban area of Switzerland due to the conversion losses of the
production and use of hydrogen. In addition, the electricity
currently produced by the nuclear power stations has to be
covered as well as the aviation fuel. The storage of hydrogen is
most economical under pressure in underground caverns and
requires a volume of 57 Mm3 or approximately 25 times the
Gotthard base tunnel. The main challenges of a hydrogen based
energy system are the 2.5 times larger area of PV as compared
with ELC and the huge underground storage volume necessary.

The production of synthetic hydrocarbons (HCR) requires the
largest PV installation of 60% of the urban area of Switzerland

Frontiers in Energy Research | www.frontiersin.org January 2022 | Volume 9 | Article 78590815

Züttel et al. Future Swiss Renewable Energy Economy

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


due to the conversion losses of the production and the use of
hydrocarbons. In addition, the electricity currently produced by the
nuclear power stations has to be covered. The storage of
hydrocarbons and the applications are established technologies
and do not require a change of the infrastructure or applications.

The energy demand can be covered by the already existing
renewable energy with 100% ELC and 15% HCR for aviation fuel,
leading to a cost of energy of 3,669 CHF·capita−1/year,
comparable with the average energy cost today, based on fossil
fuels. The second option is the already existing renewable energy
with 33% ELC, 100%HYS, and 15%HCR for aviation fuel leading
to a cost of 4,394 CHF·capita−1/year, 50% more than the energy
cost of today. Finally, the third option is the already existing
renewable energy with 33% ELC and 100% HCR leading to a cost
of 9,634 CHF·capita−1/year, a bit more than three times the
energy cost of today.

The electric energy system, as well as the hydrogen energy
system requires a significant change of the infrastructure and the
applications while the synthetic fuel-based system allows to use
the current infrastructure and applications.

Electricity can be generated more cheaply by building the
energy system close to the equator, where a large area of desert is
available with high solar intensity and low seasonal variation; in
some regions, e.g., Qatar (Pearl GTL, 2011), the oil industry
already operates plants for synthetic oil production. This raises an
additional topic besides the technical and economic feasibility:
the political aspect of international collaboration, which is crucial
for the future development of the world, especially toward the
renewable energy economy.

What is the short-term and mid-term future? The
electrification of mobility and heat-pumps for heating increase
the demand for electricity in the winter, when less electricity is
available, which could force Europe to continue running fossil-
fueled power plants. The development of technologies based on
nuclear fusion, the heart of solar energy, progresses as a research
topic, costs grow but commercial electricity production is quite
unlikely for this century (Mannheimer, 2020).

The technical and economic feasibility of the replacement of
fossil energy with renewable sources in Switzerland was

demonstrated. However, a massive impact on the environment
due to the installation of PV and the seasonal energy storage is
expected. A large part of this investment is in Switzerland keeping
economic benefits in the country, in contrast to renewable energy
conversion close to the equator. The variation of the cost of
electricity is also an opportunity for future industry and economy,
where energy intense processes could be concentrated in the
summer time when energy is readily available and at low cost.
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