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A heuristic model for the global energy transition

CO, emissions and climate change
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A heuristic model for the global energy transition

Cummulated CO, Emissions over 60 years
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Horse manure 130 years ago
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“In 50 years,
every street in
London will be
buried under
nine feet of

manure.”
Times of London, 1894
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Crisis, we need to reduce the number of horses!

Remove manure Capture manure at point source



Energy and economy @
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Global renewable energy production
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Global renewable energy production 20135 e
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Agriculture before industrialization

Local agriculture PV on the roof of the house

Sauerkraut, cheese, and bacon Battery, hydrogen, pressurized cylinder



Agriculture today

Agriculture (seasonal) Greenhouse (all year round) Agriculture (global)

Transport / Distribution

A heuristic model for the global energy transition

Retailer

Kitchen
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Renewable energy industry
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A heuristic model for the global energy transition
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Storage model

The size of the storage required to shift the energy produced by photovoltaics (PV)
from summer to winter depends on the shape of the solar intensity curve and the
demand curve over the year. In a first-order approximation, the curves are linear
between the minimum and maximum, and the size of the storage is calculated:

Ep = (Pps + Ppw)-t/2 Ec = (Pcs+ Pew)t/2

Epex = (Pps — Pcs):(t/2-t,) Ecex = (Pcw — Ppw) tx

ty = t/2:(Pow — Pcw)/(Pcs = Pow — Pps + Pew) Ppex > Pcex: S = Peex
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Renewable energy and storage




A heuristic model for the global energy transition

Renewable energy systems
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A heuristic model for the global energy transition

Renewable energy system
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A heuristic model for the global energy transition

Renewable energy system with nuclea@thermal power plantso

nuclear power
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B .
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Efficiency of energy conversion
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Efficiency and storage density of renewable electricity
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Renewable energy from production to “on demand”
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Heuristic model for the energy transition

Analysis of the energy production and use
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Optimized technical solution and minimized economic impact
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Global energy supply (2023)
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Global energy transition

<

Energy in [TWh-y1]

current
Biomass Hydro Solar Wind Other renewables
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3,371 nuclear
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Qil
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Power plant units (1 GW, 8.7 TWh/y)

HydS-PPU
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Power plant units (1 GW, 8.7 TWh/y)
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A heuristic model for the global energy transition

Cost of electricity [CHF/kWh]

2.5

2.0

1.5

1.0

0.5

0.0

Cost of electricity (2023)

il
B Summer 75%

B Winter 25%

o
I Energy 5'000 CHF/year

HYD-S HYD-R  THERM

Prof. Dr. Andreas ZUTTEL, e: andreas.zuettel@epfl.ch, m: +41 79 484 2553

Ll
NUC

Talk

o, Qe S s SR

3 |:%%

=W H P amses U EN
-

+ + -b

.Hn"..

PV-HYD  PV-H2 BioSF  Imp-H2  Imp-SF  Imp-PSF

10. November 2025 25



A heuristic model for the global energy transition

Cost of electricity in future
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Power plant units (PPU), energy, cost and space

<
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hydropower.

Uranium: 200 t of natural uranium (0.7%) yields 20 tons of uranium (5%), natural uranium costs 130 €/kg
Battery costs 100 €/kWh, service life 8 years
PV costs 1200 €/kW,, produces 220 kWh-m2-y1, peak power 1 kW-m-
Palm oil costs 0.7 €/L, energy content syn. oil 10 kWh/L, costs 1.7 €/L

Hydrogen is less than 6.7 €/kg cheaper than palm oil import and hydrogenation and less than 2 €/kg cheaper than

Hydropower needs valleys and differences in altitude, nuclear power needs a change in legislation, PV with
battery only covers 75%, PV with battery and hydrogen is the most expensive but most universal, palm oil with
hydrogenation is an import of a controversial product but easy and cheap to store.




Carbon sinks and palm oil production

At present, global forest carbon storage is markedly under the natural
potential, with a total deficit of 226 Gt (model range = 151-363Gt) in
areas with low human footprint. [1]

With 142 oil palm trunk (OPT) available per ha of plantation land and a
replanted area of 100,550 ha in 2017, the estimated dry weight of OPT
(74.48 t hal) generated amounted to a total of 7.49 Mt [2]. 4.0 t-hal-y?!
palm oil produced and the oil plants are replanted every 20 years.

30 kg oil-y! per tree with 524 kg dry biomass
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Gomdsoeed 226 Gt palm tree produce 13 Gt oil-y! the current world fossil energy demand
Ref.: [1] Mo, L., Zohner, C.M., Reich, P.B. et al. Integrated global assessment of the natural forest carbon potential.
Nature (2023). https://doi.org/10.1038/s41586-023-06723-z

[2] Thiruchelvi Pulingam, Manoj Lakshmanan, Jo-Ann Chuah, Arthy Surendran, Idris Zainab-La, Parisa Foroozandeh,
Ayaka Uked, Akihiko Kosugid, Kumar Sudesh “Oil palm trunk waste: Environmental impacts and management
strategies”, Industrial Crops & Products 189 (2022), 115827
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A heuristic model for the global energy transition

Nuclear reactors Future O

Uranium fission reactor Thorium molten salt breading reactor

Pressunser
Control rods

pressure
vessel

Reinforced concrete
containment and shield —

Disadvantages: Advantages:

Limited uranium reserves (6% for 100 years) Large thorium reserves (use of nuclear
Danger of core meltdown waste, 95% is fuel)

Long-lived isotopes (Pu) No core meltdown possible

low efficiency (25%) No long-lived isotopes

limited heat use higher T, higher efficiency (>25%)

Nuc final repository. Waste Using heat for heating

Small Modular Reactors (SMR) Molten Salt Reactor (MSR)
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A heuristic model for the global energy transition

Nuclear reactors

Uranium fission reactor

Control rods

Reinforced concrete
containment and shield

Disadvantages:

Limited uranium reserves (6% for 100 years)
Danger of core meltdown

Long-lived isotopes (Pu)

low efficiency (25%)

limited heat use

Nuc final repository. Waste
Small Modular Reactors (SMR)
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Global energy development

Energy [TWh-y1]
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Global power plants
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A heuristic model for the global energy transition

Global Energy, Population vs. GDP

148104 TWh/y Population and Energy vs. GDP 7924728706
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Energy
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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 feasbiity of a transttion 10 an energy economy based enfirely on renewable
enorgy were analyzed, Throe approaches for the complete substitution of fossil fuals with
renewable energy from photovolaics called energy systems (ES) were considered, Le., a
purely electric system with battery storage (ELC), hydrogen (HYS), and synthetic
hydrocarbons (HCR). ELC s the most energy efficient solution; however, It requires
seasonal electricity storage 10 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 necassary will have
a big impact on the ermironment. The HYS alows underground hydrogen storage to
balance seasonal demand, but requires buldng of a hydrogen infastructure and
appications working with hydrogen. Finally, the HCR requires the largest photovolaic
(PV) field, but the infrastructure and the appications already exist. The model for
Switzerland can be appled 10 other countries, adapting the solar iradiation, the
energy demand and the storage options,

gy, o ™ gy

Abbreviations: ES, energy sywierns: ELC, sebstitution of fosdl fuch theough cloceriication: HYS, substitation of fossd facls by
hydoagen, HOR, substinution of fosd fucls by synthetic hydrocarbons, PV, phatovoliacs CO,, carbon onide. KWV pear,
kilowstt hours per year = terawatts 10 * KW/TW 368 duyfyear 14 Mday, GW,. pigewatt pesic TW,. teowwat peaks <>,
verage powes, W, anseal esergy per year. | anevaal sole irradiution: 4, effickency; A, PV sarface soen Py, PV pesl power. P
average power; <I'>/1y, power factor; C, capital cost (CAPEX): Z, interest; P, anowad payback; n, scmber of years Cy, cost of
the enrgy per enengy ek B annusl enengy recetved from the enengy systens OPEX, operational ot C, oot of the enengy
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Power plant units for CO, neutral
energy security in Switzerland

Andreas Ziattel***, Christoph Nutzenadel®, Louis Schlapbach*
and Paul W. Gilgen*

st phory of Maeran for Rer

Locie Polysechricu Tedersis de Law

A new concept based on Power Plant Units, able to deliver renewable energy on
demand, for the trarstion from fossil fuels 10 renewable energy in Switzerland =
presented. The technically reslized efficiencies showed that complete
electrification leads 10 the most efficient energy system and cheapest
electricity,. The electricity demand is expected to almost double, and the
overall energy cost will increase by 20X compared to 2019. However, the
technical challenges of seasonal electricty storage, without any reserves and
redundancy, amounts to 20 TWh. Hydropower and PV without storage produce
the cheapest electricity. Future nuciedr fisson technologies, eg. molten salt
Thorium breading reactor - currently still in an experimental stage-might
become the most economical and least environmental impact solution for
CO; neutral continuous electricty production. The opportunities for a massive
Increase of hydroelectnic production are limited, already shifting the use of water
(9 TWh) from summer to wirter is 3 great challenge. PV and hydrogen production
in Switzerland have the advartage 10 provide approximately 75X of the electricry
WIthout seasonal storage leading 10 significantly lower electricty cost than from
imported hydrogen or synthetic hydrocarbons. The most economical solution for
avation and reserves is imported bio-cil converted to synthetic Kerasene, for
which large storages already exist

renewable energy, energy storage, cost of energy, power plant units, CO; free, nuclear

Highlights

= Renewable energy on demand Is essential for replacing fossil fuds and can be realized
by combining intermittent energy supplies like photovoltaic and wind with battery
and seasomal sorage im 3 power plant unit

« Importing renewable encrgy carrien raquires a storage capacity similar to the seasonal
seeage for domestic production of rencwable energy.

« Renewable energy production in Switzerland with seasomal storage and
importing renewable energy carriers Is a technical and ecomomic challenge,
respectively.

« The fuel for aviation and the energy reserves for the power plant units can be realined
with sysshetic il produced by hydriding bio-oil, svoading the need for new Large and
cxpensive stoeage systems and OO, capture from the atmosphere.

» Thermal power plants fueled with renewable energy carriers provide equal amousts of
electricity and heat. Bogh forms of energy are of high valee In the wintertime.
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