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=PFL Overview of Technologies
What is an Energy Conversion Technology?

Schnidrig -

(2]
@©
o
o
=

Energy conversion technology refers to any system that converts
energy from one form to another. Energy comes in different forms,
including heat, work and motion. Moreover, energy can be in the form of
nuclear, chemical, elastic, gravitational, or radiant energy. All of these can

be converted into useful energy (...).

R. Wolfson, "Electricity” in Energy, Environment, and Climate, 2nd ed.,
New York, NY: W.W. Norton & Company, 2012, ch. 11, sec. 1, pp. 292
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=PFL  Overview of Technologies
What is an Energy Conversion Technology? - 1% law

Energy conversion technology refers to any system
that converts energy from one form to another. Energy
comes in different forms, including heat, work and motion.

Jonas Schnidrig

= Energy Balance

z Em Z Eout
E out
sout .
‘ El z Qin + Win + minhin
in . . .
‘ = Z Qout + Wy + mouthout

out
= Mass Balance

Z Min = Z Mout 2R
\Q/

out

= First law eff|C|ency
Egut useful Energy ~ EP™

= required Energy Y. E;,
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Tony Stark’s Iron Man suit is designed to fly continuously for 100 years
using its chest arc reactor. The reactor holds only 5kg of an ultra-dense
fuel. In fight mode, the suit draws a constant power of 2 MW, but due to
conversion losses, only 70% of the fuel's energy is converted into useful
work. Using the first law of thermodynamics and considering mass
conservation, what minimum energy density must the fuel have (in JkQ)
to support this operation?

o0 w >

25%

1.80 x 10 J/kg
1.26 x 10 J/kg
2.00 x 10" J/kg
2.50 x 10" J/kg

25% 25% 25%




cPrL Tony Stark’s Iron Man suit is designed to fly continuously for 100 years using its chest arc reactor. The reactor
holds only 5kg of an ultra-dense fuel. In flight mode, the suit draws a constant power of 2 MW, but due to
conversion losses, only 70% of the fuel's energy is converted into useful work. Using the first law of
thermodynamics and considering mass conservation, what minimum energy density must the fuel have (in
J/kg) to support this operation?

1. Total Energy Requirement (Useful Energy):
= Operation time for 100 years:

= t = 100 x3.156 x 107s ~ 3.156 x 10° s
= Useful energy needed (given 2 MW power draw):

* Eusefun=P-t =2 X 10° x 3.156 x 10° = 6.312 x 10%°

2. Energy Balance & Efficiency:
= The fuel must supply extra energy to account for the 30% losses. Thus, the total fuel energy Ef,; required is:

Efyel 6.312:101°
] Efuel = fue =
n 0.70

~9.017 x 101%]

3. Energy Density Calculation:
= With 5 kg of fuel available, the energy density (¢) must be: E = mc?

_ Efyer _ 9.017 x 10%°

I . 15 L
o 5 kg ~ 1.8034 x 10+,

kg €=£=C2=9'1016_
m

L)

B ENV-421

Jonas Schnidrig



=PrL

B ENV-421

Overview of Technologies

What is an Energy Conversion Technology? - 2" law

Energy conversion technology refers to any system
that converts energy from one form to another. Energy

comes in different forms, including heat (Q), work (W) and

others.

Yyout
2

Vin
1

yin I
2

(Iryreversibility
§5'=0
The variation of entropy (5S¢) of any thermodynamic system (i),

caused by internal processes, can only be positive (irreversible
process) or null (reversible process)

Clausius

fioso

The First Law of Thermodynamics states that heat can be transformed
tho work, and W?Ikl to hfa); throu%h tg cyc/lca]/ process, However, as

eat can flow naturally only from a'hot to“a cold reservoir, heat is
naturally lost to the environment in a cycle

Kelvin-Planck

It is impossible to build a machine operating with a cycle whose only
effect |s to convert a given quantity of themmal energy into an equal
quantity of mechanical work

Jonas Schnidrig
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=PFL  Overview of Technologies
What is an Energy ConversionTechnology? - 2/ law ) e - ..

Schnidrig ©

Jonas

Which of these conversions is feasible according
to the 15t and 2" law?
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=PFL  Overview of Technologies
What is an Energy Conversion Technology? - 2"! law

Energy conversion technology refers to any system
that converts energy from one form to another. Energy
comes in different forms, including heat (Q), work (W) and

Jonas Schnidrig

others.
= Carnot
Itis not possible to build a machine operating between
two given heat sources (at different temperatures) with
an efficiency higher than the efficiency of a reversible
cycle operating between the same two heat sources
Wlout
= Carnot efficiency (Carnot factor) 6,
what you can get at most
Mideal = ™ hat you have to pay
Jizoutmax ‘?‘3
-1
- 'i'n + Qén
: gut Tout
=1l-—=1—-———=960 &
in + Qén Tin c =5
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=PFL  Overview of Technologies
What is an Energy Conversion Technology? - 2"! law

Energy conversion technology refers to any system
that converts energy from one form to another. Energy
comes in different forms, including heat (Q), work (W) and
others.

Jonas Schnidrig

= 2nd |gw efficiency e

The second-law efficiency (¢) compares the actual
performance of the process (n) compared to the
maximum possible efficiency (Oc) it could achieve, if
reversible.
Wlout
what you really get
€E =
what you can get at most
iyout jrout
1 1

= Viflout,max - (Qin + Qén) . 9(;

*?;'3

3

{
4

n
0.

0
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=PFL  Conventional Technologies
Rankine Cycles - Heat to Electricity

Electricity production 2020

1880 Hydro
Industrial revolution

Nuclear
Heating — Biomass, Coal .

Work — Coal (steam engine)
Living with nature

Electricity

Coal

] uondwnsuo) ABisug jenuuy

[200 1] 4,01 Suoissiwe 200 aAeINWNY

Biomass Wind Turbine

Hydro Turbine
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Kinetic Energy
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o0 1950 2000 Solar Energy Photovoltaics
Years
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Heat to Work

Q’ in
Heat input
P Work output

Wout < Q'in .0

Waste Heat Qout = Qin — pyrout

Carnot Factor
Tcold [K]

0=1-
Thot[K]

Conventional Technologies

Definition:

Heat-to-power engines are systems that convert thermal
energy from a heat source into mechanical work or
electricity through thermal cycles.

Principle:

Transferring energy from a high-temperature fuel source to
a working fluid that expands and produces work, then
rejecting waste heat at a lower temperature. The efficiency
is fundamentally limited by the Carnot factor, which
depends on the temperature difference between the heat
source and the waste heat sink.

Key Performance Metrics:
Electrical Efficiency n,; = Qﬂ_ < 0 (35-60%).

TCOld[K]

Carnot Factor 6 =1 — ThotK]

=) @ =

-
'Y

Jonas Schnidrig




=PrL

o
By + % = XY

Hydrocarbon
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Conventional Technologies

Heating - Combustion

Oxygen

Carbon dioxide

N

Water

+/,/‘\

Heat and Light

A chemical reaction where a fuel reacts with
an oxidizer (typically oxygen) to produce heat
and light.

Fuel + 0, — CO, + H,0 + Energy

Key Components

Fuel: Hydrocarbons (e.g., biomass, coal, oil, natural gas)
Oxidizer: Typically, atmospheric oxygen (0,)
Heat: Initiates and sustains the reaction

Products of Combustion

Primary: Carbon dioxide (C0,), Water vapor (H,0)
Byproducts:

= Complete Combustion:
Only €O, and H,0

= Incomplete Combustion:
Carbon monoxide (C0O), Soot (C), other hydrocarbons (H,C,)

Combustion Types

Complete Combustion:
Sufficient oxygen leads to maximum energy release

Incomplete Combustion:
Limited oxygen results in lower energy efficiency and pollutant formation

Importance in Heat Production

Energy Conversion: Core mechanism in heating systems, power plants, and engines

Versatility: Applicable across various fuel types and technologies

[y
C_]

Jonas Schnidrig



=PFL Conventional Technologies
Heating - Fuel usage

Coal
Biomass

[2.] 0061 0} pasedwiod Ajewouy eJmeJeduja_L

1850
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Era: Prehistoric to Early Industrial
Sources: Wood, agricultural residues

Uses: Heating homes, cooking, early
industry

= Coal (solid)

] uondwnsuo) ABisu3 [enuuy

deoueak.
1eafxny

[

Era: Industrial Revolution (18th-19th
Century)

Origins: Geologically transformed plant
matter

Uses: Powering steam engines, electricity

generation, industrial processes

= Liquid Fuels (Oil)

Era: Late 19th Century to Present
Origins: Fossilized marine organisms

Uses: Transportation (cars, ships),
heating, petrochemicals

= Natural Gas (gaseous)

Era: 20th Century to Present

Origins: Associated with oil deposits,
microbial activity

Uses: Residential/commercial heating,
electricity generation, industrial
applications

Y
-]

Jonas Schnidrig
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Heating - Origin of Fuels

AN /
/7 | AN
Biomass

Mio.
of years

Geological Processes

XX

Gas, Oil, Coal

)

Millions of Years

B ENV-421 E

Conventional Technologies == -

Resource Composition
C-H-0 [%]

40-50 5-6 40-45 15-20 MJ/kg Annually
Natural Gas Gaseous 75 25 - 55 MJ/kg Millions of years
_ Liquid 85-87 13-15 <1 43 MJ/kg Millions of years
15-30 MJ Millions of years

Solid 6090 35 515

Atmospheric CO,

Source: Carbon dioxide present in the Earth’s atmosphere
Role: Fundamental carbon source for all photosynthetic life

Photosynthesis

Process:
= Plants absorb CO, and sunlight to produce glucose and oxygen
=  6C0, + 6H,0 + LightEnergy — CgH12,06 + 60,

Outcome: Accumulation of biomass (plants, trees)

Biomass Accumulation
Formation: Dead plant material accumulates in environments like forests, swamps, and wetlands

Characteristics: High in carbon content, rich organic material

Geological Processes

Transformation:

= Heat & Pressure: Over millions of years, buried biomass undergoes chemical and physical changes

= Timeframe: Tens to hundreds of millions of years
Result: Formation of fossil fuels

Formation of Fossil Fuels

Coal:
= Origin: Terrestrial plant material
= Types: Lignite — Bituminous — Anthracite (increasing carbon content)
Oil & Natural Gas:
= Origin: Marine microorganisms (plankton, algae)
= Process: Oil forms from liquid hydrocarbons; natural gas from gaseous hydrocarbons

Characteristics:

Energy Density: Higher than original biomass
State: Solid (coal), Liquid (oil), Gas (natural gas)

[=Y
-~
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Power Cycles - Camot (maximum)
Chemical/Nuclear Energy Heat Engine §
. Q‘in
Heat input Work output
‘ Wout < Q’in .9
Waste Heat QOUt = Qin — out P
b1 Tcold [K]
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=PFL  Conventional Technologies
Power Cycles - Rankine cycle

Thot
Heat input -

Qm

Work input ‘

Q'out — Q’in _ Wout +

Evaporator

liquid

Q’in

liquid

A

Work input
Pump

B ENV-421

Work output
Turbine

W out
aseous

Heat waste
Condenser

) @ =)

Chemical/Nuclear Energy
Heat Engine

» Most used Power Cycle

= Working fluid passes through phase
change (gaseous — liquid)

= 4 Steps
1. Evaporation
= Heat input
= Furnace

2. Expansion

= Work output

= Turbine
3. Condenser

= Heat waste

» Heat exchanger
4. Pumping

= Work input

[y
©

Jonas Schnidrig
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Power Cycles - Rankine Cycles-Coal ™
= Coal as fuel for heat
= ~40% of electricity
production
3 « South-Africa 94%
« China & India 70-75%
=" - 9 kt/day coal for 1GW
Rl = Operation @
el [ - Extraction/Mining
* Unloading ,
* Pulverization
1850 1900 1950 2000 ® CombUStIOn

Years



=PFL  Conventional Technologies .

Power Cycles - Rankine Cycles - Coal "™

Heat input in o
Fuel Evaporator T™ =500— 700°C
—p
us

Work output
Turbine

Wout .

Heat waste
W in Condenser
jout
Work input Q )
Pump Transmission

TOout =30 — 40°C i Lines

Y

1
e gt |
Generator

Transformer

Condenser Cooling Water Condenser

B ENV-421

33%
40%

Heat Engine

= Rankine Cycle
« Evaporation
* Expansion
« Condensation
* Pumping

21

Jonas Schnidrig
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PFL  Conventional Technologies .
Power Cycles - Rankine Cycles - Coal "™

22

33% o

= b

40% £

O

%]

(2]

Heat Engine g
S

Discuss in groups what advantages/challenges
are being faced with coal power-plants?

nnnnnn - Kayaking .
V|deo games

SW|mm|ng
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PFL  Conventional Technologies .
Power Cycles - Rankine Cycles - Coal "™

= The impact of 1TGW coal power plant

33%
40%

Heat Engine

Jonas Schnidrig

Water Scarcity & Pollution

8.5 Mt/year Usage

v

Sillleniliteryear

125 ktlyear
375 kt/year
300 kt/year
125 kt/year

" _Pallution

Land Use

300 kt in-watert®

Infrastructure -

80-400 ha / year

B ENV-421
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Conventional Technologies m ‘m
Power Cycles - Rankine Cycles - Nuclear Fission
Rankine Cycle §
= Nuclear as Fuel for Heat
= ~10% of electricit?/
production globally
.=  France: 70%
. « USA: 20%
=3, 3 » China: 10%
18 = 200 kg of enriched uranium
=35 g per year for 1 GW
LR = Operation
=38 o » | + Recovery/Extraction/Mining
SIS || e 2USNRC * Enrichment
* Reaction
* Reprocessing
* Disposal

1950 2000

B ENV-421
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Power Cycles - Rankine Cycles - Nuclear Fission

Heat input .
Fuel Evaporator T =300— 700°C

gaseous

Work output
Turbine

= Rankine Cycle
Evaporation
Expansion
« Condensation
Pumping

Heat waste
Condenser

Win

Work input Q out

Pump
Contaffiment bhilding )

; ( Turbine ) ( Transformer )

_@
=
=

Control rods ~ f---...
- 7 .
g — = etg‘J . =
«<=TD S
@
Neutron Fissile Nucleus Split U-235 Released neutrons,

o e (Uranium-235) o releases heat, oslowed y water, ma [ o2
neutrons, gamma “captured” by other 235 C—1~
radiation and (cham reaction), U-238, —
fission products or fission products

o

%

20

Fission of Uranium-235 in a Nuclear Reactor
©UMICH 2020

)

B ENV-421
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=PrL  Conventional Technologies
Power Cycles - Rankine Cycles - Nuclear Fission

Aer@= |

Discuss in groups what advantages/challenges are
being faced with nuclear power-plants?

weone KQYAKING i
video games
ice fishing hlklng SW|mm|ng
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= m = 5
35% £
Power Cycles - Rankine Cycles - Nuclear Fission 5
Rankine Cycle §
Advantages
.Avai\ableatlowcosl Available at high cost - LOW Greenhouse GaS Em|SS|onS
Australia * Operational Emissions: Emits no greenhouse gases during electricity
Kazakhstan generation.
Canada + CO, Avoidance: Has prevented approximately 55 gigatonnes of CO, emissions
Russia over the past 50 years.
Nemibia = High Reliability and Capacity Factor
et « Capacity Factor: Achieves a 93% capacity factor, the highest among all energy
Brazil sources.
china « Stable Baseload Power: Provides consistent and reliable electricity supply,
Ukraine essential for grid stability.
e = Efficient Land and Fuel Use
- « Land Efficiency: Requires significantly less land compared to renewable
00 05 L0 15 20 sources like sdlar and wind. ‘
Uranium Resources (million metric tons) « Fuel Efficiency: A single uranium fuel pellet contains the energy equivalent of
one ton of coal or 149 gallons of oil.? \;?.
Largest Uranium Resources = Contribution to Energy Security
Uranium 2022: Resources, Production, and Demand. * Reduced Import Dependence: Lowers reliance on imported fossil fuels,
©QECD enhancing national energy security.

+ Complementary to Renewables: Balances the variability of renewable energy
sources, supporting a stable energy grid.

B ENV-421
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35%

=PFL  Conventional Technologies A m m

Power Cycles - Rankine Cycles - Nuclear Fission

0 20 40 60 80 100

Rankine Cycle

Challenges

United States

% =« High Costs and Cost Overruns

* Levelized Cost of Energy (LCOE): Approximately twice that of
Euronean Union - - combined cycle natural'gas and three times that of utility solar or
P onshore wind (2024).

© Over 30 years

® 10-30 years

(s1eak) obe abeiany

© Lessthan10 years

China

» Construction Overruns: Projects like the Vogtle reactors in Georgia
Russia - - escalated to $35 billion for 2 GW capacity, 2.5x the projected cost, and
were completed 7 years behind schedule.
= Aging Fleet and Capacity Decline
oo | [ % + Fleet Age: Average age of reactors in advanced economies is 35
years.
Korea _ ” + Projected Decline: Without intervention, nuclear capacity could
gggbease by two-thirds from 280 GW in 2018 to just over 90 GW by
India _ z = Nuclear Waste Management
» Spent Fuel Storage: As of 2021, the U.S. stored 89,178 metric tons of
commercial spent fuel across 39 states with no permanent repository.®
- ! * Long-Term Hazards: Spent fuel emits 10,000 rem/hr of radiation ten
years after use, necessitating management plans spanning one million
Age profile of nuclear power capacity in selected regions, 2019, ©@EA years.
= Limited New Projects and Dependency on Subsidies
* Project Initiation: Only two new U.S. nuclear power projects have
begun since 1990, both reliant on substantial federal subsidies.
» Investment Barriers: High upfront costs, long lead times, and risks of
delaa\ys det?_tr private investment, necessitating government intervention
and support.

B ENV-421
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Cumulative CO, emissions 103 [t CO,]
Temperature Anomaly compared to 1900 [°C]
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Recap week 2

Introduction to Energy Systems
a brief history of time

2020
Environmental revolution

Heating — Electric, Qil, Gas, Biomass,...
Work — Renewables, Nuclear, Gas, ...

Mobility — Electric, Gas, Oil ,...
Protecting nature

<1800

Agricultural revolution

Heating — Wood
Living by nature

Biomass

Hydro

1930 Gas
Social revolution

Heating — Gas, Biomass, Coal

Work — Gas, Oil, Coal
Mobility — Oil
Living from nature

1880

Industrial revolution
Heating — Biomass, Coal ]
Work — Coal (steam engine) Oil
Living with nature

Coal

Temperature
Cumulative CO> \ \

1960

Technical revolution
Heating — Electric, Oil, Gas, Biomass, Coal
Work — Gas, Qil, Coal, Hydro
Mobility — Oil
Dominating nature

1800

1850

1900 1950
Years

2000
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Recap week 2

Energy Balance Fundamentals

Resources

Costs & Emissions
Annual availability

Mobility

echnical

Annual Resource Consumption
[TWh]

Demands

=
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Industry
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Energy Balance Fundamentals
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Technology

Fossils & Renewables
Investments & O&M
Efficiencies & Emissions
Storage

( Winter peak \

constant demand

o

T
§281
i
e
s
)

Almost constant demand

- Iilllllllr ‘ DEEEEE]

N

S R T I B T Winter heating
Montns

Monthly Potential
Twh]

L “m £
il 11 i il |.II ‘

Tesiseiasine izsiseraswne TEiiisvaswnte 1:sissiasnne
Months.

S mmer peak
\ Snow melting . P

Example: Wind turbine operation Eyyj,q = 2 [MW] ” o | o |
. Capacity factor: ey (0 ﬂﬂﬂﬂﬂﬂﬂi-

. . . . 28% 28% 18% 17% 14% 15% 14% 16% 28% 30%

Defined as the ratio between installed capacity and the useful amount of power to be delivered. = January

Enables modeling of intermittency c,(t) and maintenance shutdown c, -
9 ¥ v EwinaUan) = Eyina - cpy(Jan) - toy(Jan)

. Seasonality Output

. h =2[MW] - 32[%] - 24[h] - 31 [days]
E; (t) [Pem d] E; [kWingtanedl - ¢p (O[=] - t0p(6) [m] = 476 [MWh]
= Annual Output = Annual
E, [kWh] E; [kw; 1 cpl-1- 8670[ h ]
"N C.
' |year installed! " &p year] E%ﬁzﬁ = E [kWinstalted - z (Cp(t) tap(t) [Perlod])
- ~ E; [kWingaiteal - Z¢ (cp (O] ,,(8) . Yecp(t) h
sl ey 0 i) ~ E; [kWingarted tl—’; 8670 | = = 400 [Gwh]
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Analysis and Evaluation of Energy Systems

= Conversion efficiency

* Primary Energy _ Esccondary (t)
nconv(t) TE

primary(t)

2
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8
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Eprimary = ZreResources Er

» Secondary Energy

= Distribution efficiency

_ . = ) _ . () = —Prmal®
Esecondary - Eprlmary Nconversion = Eprlmary Lconverswn Maist () Esecondary (t)
* Final Energy = End-use efficiency
EFinal = Esecondary *MNdistribution = Esecondary - Ldistribution Eend-use(t)
Nend-use(t) == ==

Efinai(t)

= Combination of efficiencies

Egemana = Erinat - Nend—uses = Efinal —Leng-use = ZsESectors Es

Usystem(t) = Neonw(t) * Naist () * Nend—use(t)

Primary energy is any extraction of energy
products in a useable form from natural
sources. This occurs either when natural
sources are exploited (for example, in coal
mines, crude oil fields, hydro power plants)
or in the fabrication of biofuels.

Mabiity

Secondary Energy, is the energy after the
conversion technology, prior the distribution
losses.

Industry Househokds

Final energy consumption is the total
energy consumed by end users, such as
households, industry and agriculture. It is
the energy which reaches the final
consumer's door and excludes that which is
used by the energy sector itself.

Services

End-use energy demand, or useful
energy, is the last measurable energy flow
before the delivery of energy services.




=PrL

1st law

Recap week 2+

Energetic principles

o » )
fin —

Egut
Energy Balance
Zin Ein = Zout Eout

Zin Qin + Vi/in + minhin
= Zout Qout + Wout + mouthout

Mass Balance
Zin Mip = Zout Moyt
First law efficiency

useful Energy EQUt

" requiredEnergy Y, Ein

2nd

Ain
yin )

a5

law

(Ir)re versibility
5St=0

he variation of entropy (5S') of an cy thermodynamic system
i), caused by internal processes, can only bé positive
(imeversible process) or null (reversible process)

Clausius

fﬁ?qso

The First Law of Thermodynamics states that heat canbe
transformed into work, and work into heat through a cyclical
process. However, as heat can flow naturall onrl{ from a hot
toa c’old reservoir, heat s naturally lostto the environment in
a cycle

Kelvin-Planck

It is impossible to build a machine operating with a cycle
whose only effectis to convert a given quantity of thermal
enery into an equal quantity of mechanical work

" out
1

‘out
2

Carnot (link between heat and work)

It is not possible to build a machine operating between
two given heat sources (at different temperatures) with
an efficiency higher than the efficiency of a reversible
cycle operating between the same two heat sources

Carnot efficiency (Carnot factor) 6,
what you can get at most

Nideal = what you have to pay
Vi outmax
1
B -gut - Tout B
10
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Recap week 2*
Heat Engines

=PrL

1880

Industrial revolution
Heating — Biomass, Coal
Work — Coal (steam engine)
Living with nature

Coal

Biomass

Hydro
Nuclear

1850 1900 1950
Years

2000

w
H

Jonas Schnidrig

== Electricity production 2020

Electricity

U
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HE Kinetic Energy Wind Turbine

B8 Hydro Turbine
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Solar Energy Photovoltaics
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Chemical/Nuclear Energy
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Heat Engine
* Definition:
Heat input " Heat-to-power engines are systems that convert thermal
Work output . .
. ) energy from a heat source into mechanical work or
msm electricity through thermal cycles.
Waste Heat out =t Cout * Principle:

cold
=1- (K] Transferring energy from a high-temperature fuel source to

hot
o a working fluid that expands and produces work, then
rejecting waste heat at a lower temperature. The efficiency
. is fundamentally limited by the Carnot factor, which
Key Performance Metrics: depends on the temperature difference between the heat

Electrical Efficiency 7., = — < 0 (35-60%). source and the waste heat sink.
Qin * Heat source

Teold[k] * Combustion (chemical)

Thot[K] Nuclear

Carnot Factor @/ =1 — .
* Geothermal
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=PFL Recap week2*

Heat Engines “‘m

F ue ls & Co m b ust io n ChemicaliNuclear Energy oot Engine

A chemical reaction where a fuel reacts with
an oxidizer (typically oxygen) to produce heat
and light.

Fuel + 0, —» CO, + H,0 + Energy

2
=
8
c
=
5}
(2]
17}
©
c
o
S

___ @ /
&y +°% o+l +)

Hydrocarbon Oxygen Carbon dioxide Water Heat and Light

Mio. Resource Composition Energy Formation
C-H-O [%]

' of years
'Y ) Solid 4050 56 4045  1520MJkg  Annually
GeO|09lca| FIOEEEEEE Gas, Oil, Coal m Gaseous 75 25 - 55MJ/kg Milions of years
_ Liquid 8587 1315 <1 43MJkg Milions of years
T EEE)

Solid 60-90 3-5 5-15 15-30 MJ Millions of years
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=PFL Recap week2*

Heat Engines: Rankine Cycle =) @ =)

| ] | ] | | | | i
liquid - gaseous - liquid
- o
Heat input S «  Most used Power Cycle - Heat 33%
¢ Work output »  Working fluid passes through phase Coal oYo Sompusion 40%
Work input W™ ﬂ‘ change (gaseous — liquid)

Jonas Schnidrig

jyout . Power Plant e+ s+ +4
Wnu .. ; ) 4 Steps ) owe a — e e __‘__ Heat Engine
QOut = Qin — prout 4 jsin 1. Evaporation
Heat input Fuel ;iiéfffér
Teold Waste Heat Furnace =

2. Expansion
Work output

Work output

Turbine 7""3":ut
Heat input 3. Condenser
Heat waste
Evaporator Heat exchanger I
4. Pumping “in - Condenser
Work input Work input out
gaseous Pump Pump
Work output Heat
Turbine Nucear Fission
3 Cin Nuclear
3 Q Tirout
g
= Power Plant Rankine Cyole
Fuel Heat input
\ B liquid aseous ve Evamoreioe
Wgrk :ytput
Heat waste o e
W in Condenser y ~
. Q out Heatwaste
Work input “in Condenser

Pump Work input Tout
|

Pump
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Heat input

Work input

B ENV-421

Conventional Technologies

Power Cycles - Brayton Cycle (gas only)

Qm

Work output

‘ virout

Q'out — Qin _ Wout +
Waste Heat

Fuel

T‘

gaseous

Heat input
Evaporator

gaseous

)

i

gaseous

Work input
Compressor

!

Q'out

aseous

Heat waste
Condenser

Work output
Turbine

Wout

= Working fluid passes only in gas

@

Chemical/Nuclear Energy

phase
= 4 Steps
1. Evaporation
» Heat input
= Furnace
2. Expansion
= Work output
= Turbine
3. Condenser

» Heat waste

= Heat exchanger
Compression

= Work input

Heat Engine

w
-

Jonas Schnidrig
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Heat input

Work input W™ ‘

B ENV-421

Conventional Technologies
Brayton Cycle

Power Cycles -

Qm

gaseous

Fuel

Work output

Wnut

Q'out — Q’in — Jout + Wwin
Waste Heat

Heat input
Evaporator

gaseous

Win
—

Work input
Compressor

Qin

Q‘out

Work output
Turbine

Wout

Heat waste
Exhaust

= Working fluid passes only in gas

@

Chemical/Nuclear Energy

phase
= 4 Steps

1. Evaporation
» Heat input
= Furnace

2. Expansion
= Work output
= Turbine

3. Condenser

» Heat waste

= Heat exchanger
Compression

= Work input

Heat Engine

[
©

Jonas Schnidrig
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=PFL  Conventional Technologies
Power Cycles - Open Brayton Cycle - Jet engine

Heat input )
Evaporator T™ =1200—-1700°C

gaseous

Work input
Compressor

Work output
Turbine

Wout

Heat waste
Exhaust

INTAKE COMPRESSION COMBUSTION EXHAUST

AR — 7
“v;\‘-ﬁ- C__H
ﬁ-"ll'.jL.._ |l!

= : X
:lmnm-_"‘%#ll.’

Air Inlet/ Combustion Chambers Turbine

Cold Section Hot Section

B ENV-421

Jet engine
= Overview
* Generates electricity or provides kinetic energy for
aircraft

» Operates on the Brayton cycle using fuels like
natural gas, kerosene, propane, or jet fuel
Main Components
» Compressor
= Increases incoming air pressure up to 30x
» Combustor

= Burns fuel with compressed air to produce
high-pressure, high-velocity gas
* Turbine

= Extracts energy from gas to drive compressor
and generate power

= Can produce up to 110,000 hp in large
airplanes _ )
twice the Titanic’s engines

Operation Process

e Air — Compressor — Combustor — Turbine —
Output sha

« ~40% efficiency

=y =

£l
(-]

Jonas Schnidrig
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Fuel

Work input
Compressor

Win

gaseous

B ENV-421

Conventional Technologies
Power Cycles - Combined Cycle CCGT

Fresh air
gaseous

Exhaust .
Heat waste Gas mixture Q out
Exhaust gaseous

Heat input
Evaporator ’ _
Tér = 1200 —1700°C
gaseous
Q in Work output
Turbine
W out

Qout yin
Brayton — YRankine

T = 500 — 700°C

CCGT
T = 500 — 700°C
Q in Heat input
I Evaporator
gaseous
Work output
Turbine
k] .
3 v@zOlLt
O P liquid aseou s
Heat waste
W in Condenser
) Q out
Work input
Pump

TRt = 30 — 40°C

F 3
=y

{
!

Jonas Schnidrig
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B ENV-421

Work hput
Compressor

Wi

Conventional Technol o
nventional Technologies rm‘m

Power Cycles - Combined Cycle CCGT - Gas Powe

N Erpter Combined Cycle Gas Turbine (CCGT)
» Integrates gas turbine (Brayton cycle) with steam turbine
(Rankine cycle) for enhanced efficiency

CCGT

Heat hput
Evaporator

e »  Utilizes multiple fuel types like standalone gas turbines
P » CCGT systems utilize waste heat from the gas turbine to
w power the steam turbine, maximizing energy extraction and

reducing fuel consumption

Main Components
* Gas Turbine (Brayton Cycle)

= Compresses incoming air and burns fuel to produce high-
pressure, high-velocity gas

= Generates primary electricity

= Emits hot exhaust gases
* Heat Recovery Steam Generator (HRSG)

= Captures and utilizes exhaust heat from the gas turbine

= Evaporates water to produce steam for the Rankine cycle
» Steam Turbine (Rankine Cycle)

= Uses steam from HRSG to generate additional electricity

= Enhances overall power output and efficiency

= Operation Process

* Air — Compressor — Gas Turbine — Exhaust — HRSG —
Steam — Steam Turbine — Output Shaft

= Key Advantages
* Increased Efficiency

= Combined cycle can achieve efficiencies up to ~60%, higher
than open Brayton cycle alone

» Effective Heat Utilization

= Exhaust gases from Brayton cycle provide sufficient heat to
drive the closed Rankine cycle

F 3
N

Jonas Schnidrig

—




="l CCGT - Example

A combined cycle power plant employs a gas turbine
(Brayton cycle) with combustion at 1,400K and an
exhaust temperature of 550 K. Waste heat is
recovered to drive a steam turbine (Rankine cycle)
where steam enters at 600K and condenses at
300K. Only 30% of the Brayton cycle’s rejected heat
is available for recovery. Using Carnot efficiencies for
both cycles, determine the overall efficiency
(expressed as a percentage of the fuel input).

25% 25% 25% 25%

A. 55.2%
B. 65.7%
C. 66.6%
D. 75.7%
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Cogeneration - Fundamentals
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* Definition:
Cogeneration (Combined Heat and Power -
CHP) is the simultaneous production of
electricity and useful heat from a single energy
Heat input Qm source, such as biomass, coal, or natural gas.
P Work output *  Principle:

Wwout < Q'in -0 cold In conventional plants, ~60% of energy is lost as
0=1-— r [K] waste heat. CHP utilizes this heat, achieving
Thot[K] higher overall efficiency.

Waste Heat Qout = Qin — Wout
UP i ‘ Quseful * Key Performance Metrics:

Q-Loss _ Qin . Wout_Q'usefuz Electrical Efficiency n, = o (35-60%).
Quseful

i — xusejut _AEO
Thermal Efficiency 1, = o (35-45%).
Utilization Factor e = Mﬁﬂ = N + 71 (>80%)

B ENV-421



tPFL  Cogeneration - Tridel Lausanne

A cogeneration plant is designed to supply both
electricity and heat. The useful demand is

15 MW of electricity and 40 MW of heat. The
plant operates at an electrical efficiency of 459
and a thermal efficiency of 80%. Using only th
useful output for each branch, determine the
minimum fuel input (in MW) required for the
plant sizing (the design must cover the branc
with the higher fuel demand).

25% 25% 25% 25%

A. 33.3 MW
B. 40 MW
C. 50 MW
D. 55 MW
S @se
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=F*L Emerging Technologies
Cogeneration - Types and Applications

Jonas Schnidrig

= Technologies:
» Gas turbines, internal combustion engines, steam turbines, fuel cells.
» Scale: From micro-CHP for households (~5 kWe) to large-scale plants (>10
MWe).
= Applications:
« District Heating: Large-scale CHP plants in cities and industries.

 Industrial Processes: Combined heat and electricity for drying, steam, or
chemical processes.

» Residential: Micro gas turbines or fuel cells for small-scale heat and power
needs.

B ENV-421
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=PFL Conventional Technologies :-s: ~rircioe:

. Moves thermal energy against the
Heatmg cycles - Heat Pumps natural flow of heat (from cooler to

warmer areas) by utilizing a cycle.

Jonas Schnidrig

= Definition:

A device that transfers heat from one location to another
using mechanical energy, providing both heating and

cooling.
Heat output
Condenser . CyCIe:
« Evaporation:
yout
Q Working fluid absorbs heat from the cold space and
evaporates.

« Compression:

gaseous

Work input . . .
Compressor Compressor increases the working fluid’s pressure

o and temperature.
wtn « Condensation:

Expansion
Valve

Hot working fluid releases heat to the hot space and
condenses back to liquid. -
« Expansion: R/

Qin Working fluid expands, lowering its pressure and -2}
temperature, ready to absorb heat again. o

Heat input
Evaporator

gaseous

B ENV-421
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Expansion
Valve

B ENV-421

Conventional Technologies =)
Heating Cycles - Heat Pumps - Cooling " Y4

Q'in
Sink = Extracting heat from Cold area
T hot * Fridge etc.
Heat output gout = Releasing heat in hotter area

Condenser * Ambient surrounding

Work input Qin
Win .

gaseous

= COpCEarnot _ Q" _ Teold [K]
Cooling win Thot [K]-Tcold [K]

min

liquid
Carnot
Heat input " e = COPCOOllng

)in  Evaporator —
4 ’ COPCooling

Jonas Schnidrig
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Expansion
Valve

B ENV-421

Conventional Technologies -
Heating Cycles - Heat Pumps - Heating " Y4

Q'in

& = Extracting heat from source
Thot « Ambient air
— * Ground Source (Geothermal)
Condener ¢ - Water (Lake e.g., EPFL)

aase0us v ™ INCreasing temperature of sink
Compressor
— Win
X Qout
liquid . COPHeating — win > 1
. Heat input - COPgaT?-Ot _ Qout _ ThOt [K]
in Evaporator - 1. -
Q P eating ngin Thot [K] —Tcold [K]
. _ CoPfemel
Source COPHeating

Tcold

o
=y

Jonas Schnidrig
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Heat Pump - Example

Areversible heat pump provides both heating and
cooling. In winter mode, the indoor temperature is
20°C and the outdoor temperature is 0°C; in
summer mode, the indoor temperature is
maintained at 20°C while the outdoor temperature
is 30°C.

If real devices achieve about 50% of the ideal

performance, what are the approximate actual
COP values?

COPpeqting = 3.5, COPcooiing = 1.25
COPheating 7.3, COPcooling ~ 14.6
COPheating ~ 10, COPcooling ~ 21.3
COPpeqting = 14.6,COP,pp1ing = 10

Q

S O % »

25%

25%

25%

25%
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=PFL  Emerging Technologles
Hydropower - origin

atmospheric moisture
over ocean

. —~—— atmospheric moisture
over land |

2
=
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c
I
5]
(2]
»
©
c
o
3

transport of moisture
from ocean to land

s s - yJ
ice sheets } k wm
and glaciers - ,spow'"{ei 2 Plimped Rydro
4 VN N&Ht deDrance
©\Bilfefin.ch

S

groundwater
recharge

evapotransp

water use

wetlands
brackish

AS
.. “agricultural
water use

S

' ___municipal
3} water use

streamflow
to ocean
gocen &

ocean
mixed zone

P A N

B ENV-421
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=PFL  Emerging Technologies
Hydropower - working principle

Bernoulli:

ng=g2x+%+v,%

vx
\
' High energy side (head):

gHu = pa% + 9Zy +0= ng + Zhead gHT
Low energy side (tail):

Hydroelectric Dam

gHy =P+ gz, + 0 = gHy + Trau gH;
At turbine:
€12 = g(H1 - Hz) = g(Zu - ZL) - 2.9H,

€12 = (gzl - gzZ) + (% _%) +%(U% - ’U%) — Closs

Jonas Schnidrig

by
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Emerging Technologles
Hydropower - working principle

Bernoulli:

x=gzx+%+v,§

Potential Energy: Ep,; = mgh

= m: Mass of water

= g: Acceleration due to gravity

= h: Height difference (head) h = z; — z,
Kinetic Energy: Ex;, = %mv2

= m: Mass of water

= v: Velocity of water

Power output: E = npQgH
= 7 Efficiency of turbine and generator
= p: Density of Water (~1000 kg/m?)
= Q:Flowrate Q = Av
= g: Acceleration due to gravity
= H: Effective head
= A: Area

2
Effective head: H = h + & + =
pg 29

Transferred specific energ(

P1 P2 1
€12 = g(zl - ZZ) + 7_7> +—(17% - ‘U%) — €losses

2

—_—

|

Jonas Schnidrig
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=PFL  Emerging Technologies
Hydropower - Turbine applications

2000 005
15'2)0 6 nozzles ng=n 1075
A
500 N
/A S
200 LIFXN,
r 100 ARSI 77?*‘ % Kapkan —
T2 A ) —r———
s0 (hozes —1gEANA7 VATARNY \@__* e =
head | Pelton—| A \ e i
H 20 B e
0 Francis __ \ \ \}\_ |
~ — o
5 — e
\\‘- \ .\ DAY
) \\\ NSNS
0
01020 4 60 80 100 150 200 250 300

Specific speed Mg ——=

B ENV-421

p1 D2 1 =
e, = (921 —9z,) + <; _?> +E (vlz - U%) — €loss

Water wheels

displacement

impulse

Jonas Schnidrig
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u H | |
Hydropower - Turbine applications
?E“:: 6 nozzles nq =n I:)::S
,‘A
500 4
X7/
200 Y/ /x 1]
N\
r y T‘ﬁ% 4 7[7)\ % Kaplan _4L~ |
| so [nozzes - ZNGAAA e \_@__—@ bulb/tube  pmm—
head L Pelton— N AN L Sy l%j ]
H 20 l % o \\V\‘.
10 francs __ \ N\
==
s —~ S
\\‘- \ DAY
2 N
®01020 w0 s 80 100 150 200 250 300
Specific speed Mg ——=

B ENV-421

b1 P2 1
ez = (921 — 9z,) + <_ __> +E (vlz - U%) — €loss
P p
Water wheels displacement impulse
er, = (921 — gz,) + (% _%) + ~ €loss

Type: Impulse turbine — 92%
Best For: High head (300m+) and low flow

Design Features: Spoon-shaped buckets
mounted on a runner

Applications: Mountainous regions, small-scale
hydro projects

=

Jonas Schnidrig
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=

p1 p2\, 1 =
M = = e, =(gz —gz)+<———>+—(v2—v2)—e 2
Hydropower - Turbineapplications ™ 7" " "\» ) 2 7 e
Water wheels  displacement  impulse §
= Francis -
2000 © e =(921 —g7,) + (% —%) +%(V12 —v3) — €jpss
m nozzles n,=n QO.S . . B
1000 “a;‘ TR  Type: Reaction turbine — 96-
- : — 97%
r:o = P « Best For: Medium head (10-
o | SIS 4 bbb 300m) and medium flow
head [ Pelton—| LT — - . . . .
W oo [ = N \V*xﬁ  Design Features: Mixed radial |
1 e - e and axial flow Y :
2 BN FRTERT « Applications: Most common in ﬁ “
large hydroelectric plants - )
®01020 w0 s 80 100 150 200 250 300 ° ReverS|b|e|
Specific speed Mg —— . .
B Pumping & Turbining e

B ENV-421
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P2 1 2 2
R H ] — — - -z _ _ ) — €lpss
HYdmmr - Turbine appllcahons ez = (g7~ 92 + < p P ) TR —va) —e

Water wheels displacement impulse

= Kaplan/Bulb

* e, =(gz; —gz,) + (pl

Pz) 1. 2 2
=—=)+-(vi —vj) —e
p p 2 1 2 loss

28’?0 nor/l's n,=n 00.5 H H
1000 NP TR  Type: Reaction turbine — 90-95%
0 O . — « Best For: Low head (below 10m) and
rT:: ) %} v % % Kaplan _‘ hlgh fIOW
12 A — ——f— . .
| 5o jmeke RGO € I - Design Features: Adjustable blades
head [ Pelion | AR TS .%, . .
H 20 — ) \\\\\WK\‘w (Kaplan) or integrated generator housing
=== = (Bulb)
5 \\‘\ . ‘.\\\ 2\;\:\\\ ° [l " . -
2 R Applications: Large river systems, run-of-
river hydro projects
0 01020 4 60 80 100 150 200 250 300

Specific speed Mg ——

B ENV-421
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Emerging Technologies
Hydropower - Hydro Dam

=

= Working Principle
+ Water Storage: Dam creates a reservoir to store
water

* Flow Control: Release water through turbines as
needed

» Electricity Generation: Flowing water drives
turbines to generate electricity

e 4 / ; H'.er;; Dam
-H A Dixence n Key Components

© VilaisiPhototheque

¥4 ) * Dam and reservoir

" « Intake structures

* Penstocks (water conduits)
* Turbines and generators
 Tailrace (water discharge)

= Advantages
* Reliable and controllable power source
» Provides flood control, irrigation, and water supply
* Long operational lifespan

Jonas Schnidrig
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Emerging Technologies

Hydropower - Run-of-River
Hydropower Plant

f ‘RunLof-ri\;er
aftwerk Muhleberg

Hydroelectric Dam

Long Distance
Power Lines

Powerhouse

1 Generator

=

Jonas Schnidrig

Working Principle

* Natural Flow Utilization: Harnesses the river's
natural flow and elevation drop

* Minimal Storage: Little to no reservoir; relies on
continuous flow

* Electricity Generation: Water diversion directs flow
through furbines to produce electricity
Key Components
+ Diversion structures (weirs or intake)
* Canals or penstocks
* Turbines and generators
* Natural river channel (tailrace)

Advantages
» Lower environmental and ecological impact
* Reduced initial construction costs
* Minimal displacement of communities

Challenges
» Dependent on seasonal and river flow variability
+ Limited storage for energy generation flexibility

N
[
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Emerging Technologies
Hydropower - Pumped Storage

Pumped Hydro
Nant de Drance
©Buletin.ch

Hydro-electric schemes

Pumped storage

Switchyard

" Upper reservoir
Elevator & PP
Intake

Principle '|Pumped-storage plant

Main access tunnel I l

@ Surge chamber
Dlsf:harge L o -
0 P ‘r,ra_J

 Power plant
Breakers

Transformer vault

=

Jonas Schnidrig

= Working Principle

Energy Storage: Uses two reservoirs at different
elevations

Pumpi n_? Phase: During low demand, excess
electricity pumps water to the upper reservoir

Generation Phase: During high demand, water is
released back to the lower reservoir through turbines
to generate electricity

= Key Components

Upper and lower reservoirs
Pump/turbine units

Penstocks (water conduits)
Switchyard and grid connections

= Advantages

Balances grid demand and supply
Provides rapid response for peak load management
Enhances grid stability and reliability

Eout o
NRountrip = Fin = ~80%

-3
Y



=P*L  Hydro Power - Example

A hydro energy storage installation is designed to operate in both generating
and pumping modes. At the site, water is available at a flow rate of 40 m?/s
from an upper reservoir with a vertical head of 300 m.

85% Pelton & Kaplan
81% Francis & Francis
83% Kaplan & Francis
91% Pelton & Kaplan

©Cow>

a) Which turbine type is most appropriate for this reversible operation?
A) Pelton turbine (n = 93%)
B) Kaplan turbine (n = 91%)
C) Francis turbine (n = 90%) = 2% s e
b) Using the given data and assuming:
» Water density p = 1000 kg/m?
 Gravitational acceleration g = 9.81 m/s?

Compute the overall round-trip efficiency
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Wind - Origin of wind energy

Jonas Schnidrig

= WWind Generation Factors:
« Differential Solar Heating:

= Uneven heating of Earth’s surface
creates temperature and pressure
differences.

e Coriolis Force:

= Earth’s rotation deflects wind direction,
influencing global wind patterns.

* Pressure Gradients:
= Air moves from high to low-pressure
areas, driving wind flow.

- “Secondary” Solar Energy

B ENV-421
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Wind - Working Principles

Jonas Schnidrig

Energy Conversion Process:
* Wind Kinetic Energy — Mechanical Energy — Electrical
Y2, Energy
Key Forces on Rotor Blades:
* Lift:
» Primary force driving blade rotation.

A2 = Generated by the pressure difference on the blade
surfaces.

* Drag:
» Resistive force opposing blade movement.

Betz's Law:
« Maximum Theoretical Efficiency: 59% of wind’s kinetic

energy canlt6)e captured
Pmax=§ X Y%p Av3 =~ 59% X Yap Av? o

Practical Efficiency:

+ Real-world turbines achieve up to 40% efficiency due to
various losses.

B ENV-421
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Wind - Key equations

Jonas Schnidrig

= Kinetic Energy of Wind:

1 1
© Exin = -mv* == pAv3
Ev_olution of wind turbine 2 2
heights and output » p: Air density (~1.225 kg/m?® at sea level)

300m

= A: Swept area of the turbine (4 = nr?)

200m

= v: Wind speed (m/s)

% - ;T i LIS A N | = Extractable Power:
32 September 19, 2017 : Bbl:zzr:berg 9 —_— 1 3 J— 1 2
lew Energy Finance b P -_ 2 pAv Cp — 2 p nr cp

= ¢, : Power coefficient (< 0.59 as per Betz's Law W

B ENV-421
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Wind Turbine - Example 1

Awind turbine has a rotor radius of 40 m.
Assume the air density is 1.2kg/m? and the
wind speed is 10 m/s. If the turbine extracts
40% of the available wind power, determine
the extractable power per turbine and then th
number of turbines needed to supply a total

25% 25% 25% 25%

power demand of 100 MW.
A 71

B. 83

C. 92

D. 101

VAl 83
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Emerging Technologies )ﬂ%
Wind - Efficiency and Design Considerations

Drag

» Losses Reducing Efficiency:
+ Wake Losses:

Total aerodynamic force = Turbulence behind turbine reduces wind speed for
downstream turbines.

Lift

» Tip Losses:

Flow direction —
—

* Drag Losses:
= Resistive forces opposing blade movement.
» Overall Real-World Efficiency: ~40%

» Blade Design:
* Aerofoil Shape:

= Optimizes lift-to-drag ratio for maximum energy
capture.

* Variable Pitch:
= Adjusts blade angle based on wind speed to

HAWT Savonius Darrieus  H-Rotor optimize performance and protect against high
winds.

t

= Energy lost at the blade tips due to air spilling over.

~
[

Jonas Schnidrig
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Wind - Wind Turbine Operation ﬂ

e
=
B
c
=
]
(2]
n
©
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Power = Operational Wind Speed Range:

P * Cut-in Speed: Minimum wind speed to start
generating power (~3-4 m/s)

* Rated Speed: Wind speed at which turbine

V <Veutin "enun< Vi v".ﬂ

. el generates its rated (maximum) power (~12-15
energy  power increase the WT to m/s)

capture  according to v withstand very

not Viated < V < Veurou high speed Is  Cut-out Speed: Wind speed at which turbine
worthwhile; Koptat ratod pover too costly; shuts down to prevent damage (~25 m/s)
WT (dimension of the . .
electric generator) such high v is = Power OUtpUt Relationship:
stopped to avoid Torque overload rare, so only ;
to Jv?aurce little power . : No power generation.
is lost . : Power

increases with the cube of wind speed.

* Above Rated Speed: Power output remains
constant at rated power until cut-out speed.

« Above cut-out Speed: No Power =3

Veut-in Veut-out Vo

B ENV-421
X
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|
Mnd Tumlne - Example 2 A wind turbine has a rotor radius of 40 m. Assume the air
. . . ) density is 1.2 kg/m?® and the wind speed is 10 m/s. If the
The previous wind turbine has a cut-in speed of turbine extracts 40% of the available wind power
3 m/s, reaches full rated power at 12 m/s, and cuts
out at 25 m/s. 25% 25% 25% 25%

Over one year, assume:
« 2000 hours with wind speeds below 3 m/s
* 4000 hours with wind speeds between 3 and

12m/s

* 1500 hours with wind speeds between 12 and
25m/s

« 260 hours with wind speeds between 25 and 50
m/s

Determine the annual energy production (in MWh).

A. 15GWh
B. 25GWh
C. 50 GWh
D. 100 GWh &S
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Spectral Irradiance (W/m?/nm)

Emerging Technologies

PV - Origin and Potential of Solar Energy

Solar Radiation Spectrum

5% |
Ultra
Violet

At the distance we are from the Sun total
solar irradiance is approximately 1360 W/m?

53% Infrared —>

Energy absorbed by water vapour and
atmospheric gases at absorption bands

At sea level solar irradiance is roughly 1000 W/m?

250 380 1000 1500

Wavelength (nm)

Solar Radiation:

* The sun emits energy as a black-body radiator at
~5780 K, reaching Earth with irradiance:

* In space: ~1367 W/m?
+ At Earth’s surface: ~1000 W/m? (varies by location,
time, and atmospheric conditions).
Air Mass Coefficient (AM):

» Describes the path of sunlight through the
atmosphere, influencing irradiance:

* AMO: Spectrum outside atmosphere (~1367 W/m?2).

 AM1.5G: Includes diffuse radiation, standardized at
1000 W/mZ.

Global Energy Context:

» Solar energy potential far exceeds global energy
needs, with 0.1% of Earth’s surface covered by 20%
efficient PV panels sufficient to meet annual global
demand

[N
=

Jonas Schnidrig

\Q/
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Emerging Technologies
PV - Working Principle of PV

Step 1:

a photon hits an
electron-hole
pair

Step 3:

The electron gets
dragged by the
electic field of
the P-N juntion

Step2:
The electron and
the hole split

and move
e H

Step 4:

The electron and
the hole are
collected at
the contacts

= Mechanism:;

* Incident photons excite electrons in
the semiconductor, creating electron-
hole pairs.

* A p-n junction separates these
charges, driving current in an
external circuit.

= Semiconductor Dynamics:

» Photons with energy > bandgap are
absorbed.

* Doping enhances carrier
concentration:

» n-type: Adds electrons.
» p-type: Adds holes.

]
[- ]

Jonas Schnidrig

\Q/



=PFL  Emerging Technologies
PV - Working Principle of PV

\/ 4 N
- . B
» ¥ @
Optical Losses 19100 .
~8%
& Optical Losses 10107
~8%
n-type lil
semi-cond. "
n-type Low/high photons not caught &
semi-cond. recombination losses & depletion
p~lyPe . & themal
semi-cond. - ~68%
p-type .. Electron
? semi-cond. Hole+
ntype Ohmic Losses
semi-cond. Sisis
n_wpe imic Losses
semi-cond.
p-type
semi-cond. .
p-type
semi-cond. ‘

n-type
semi-cond.

P-type
semi-cond.

n-type
semi-cond.

p-type
semi-cond.

n-type
semi-cond.

p-type
semi-cond.

ﬁ. Ohmic Losses &system

~y
©

Jonas Schnidrig

losses
~14%
S
‘0
»y A
>hoton
Ohmic Losses

o

Recombination Losses ;
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PV - Equations and Energy Balance

Jonas Schnidrig

effect:
Irr T > ISC T, VOC T > PMPP T
Temperature effect: he
T T 9 ISC T, VOC l 9 PMPP J, " PhOton Energy EPhOtOTl = 7
I = Charge Carrier Generation: G = Ippoton - @

where « is absorption coefficient.

= Power Output:
s P=1V,
* max power at Pax = LnaxVimax

- , o
- efficiency defined as: n = —zcident

Pma.x

= Thermal Effects: Efficiency decreases with
increasing temperature due to reductions in -
open-circuit voltage.

» Practical Metrics:

4 » Standard Test Conditions (STC): 25°C, 1000
W/m?, AM1.5G.

. Fi . _ ImpPVMPP
Fill Factor (FF): FF IeVoc

PMPP

B ENV-421
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PV - Rule of thumb (1000)




=PrL
PV example

Switzerland’'s annual electricity demand is approximately
60 TWh.

If the total available roof area in Switzerand is estimated .
at 1 000 million m2, what fraction (as a percentage) of all gmm
available roof area must be approximately covered with

25% 25% 25%

PV panels?
A 10%
B. 30%
C. 60%
D. Something else

- 10% 30%
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L Emerging Technologies K
Other Solar Applications

Jonas Schnidrig

Photoconversion
n=25%

Thermalisation

n =50%

Solar energy Thermochemical

Reaction

n= 12% - V' ZE A -
g R7R

B ENV-421
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Geothemmal - Fundamentals

= Origin: Heat from Earth’s formation and radioactive decay.

» Geothermal Gradient:
» Average global increase of 20-30 K/km
» Switzerland: ~30K/m

. * Anomalies (up to 100 K/km in volcanic regions).

Atmosphere

Structure of the Earth
and the
Geothermal Gradient

OceanicCrust

Imm,,he,e oo Potential:
» Worldwide geothermal heat flux: ~50-60 m\W/m?>.
» Theoretical power potential: ~1% of global electricity needs.
» Swiss geothermal flux:
= ~65 mMW/m?

= maximum of 4 TWh-el annually
~7% of national electricity needs

200km

Free Space Crust Upper Mantle

v

Atmosphere 0

Temperature
Gradient

@

§ 8

1°K/km (average)
T T T 3000

Temperature (°K)

§ 88

7000
0 1000 2000 3000 4000 5000 6000 7000

Radius (km)

= Sustainability:

* Renewable but requires careful management; over-extraction
can deplete reservoirs (very very veeeeery slowly).

B ENV-421

>

Jonas Schnidrig

\Q/
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Geothemnal - Applications

* Direct Heat Uses:
* Ground source heat pumps for heating/cooling (5-20°C at

Jonas Schnidrig

Heat input shallow depths).
Evaporator
* Industrial/agricultural heating (20-100°C) and district
gaseous heating SyStemS.
—>
Work outout » Examples: Lotschberg tunnel (CH) for sturgeon farming,
Tu,b,-,,z geothermal sidewalks in Oregon (US).
g 1y out = Electricity Production:
N * Dry Steam: Vapor from reservoirs drives turbines (e.g., The
@: il aseous Geysers, USA).
Heat waste * Flash Steam: Uses pressurized hot water, with 30-40%
i Condenser flashing to steam.
Work input Q-useful + Binary Cycles: Secondary working fluids like ORCO/KaIina -
Pump enable usage of lower temperature sources (70-90°C). R/
Q‘Loss

= Combined Heat and Power (CHP):

 Integration of district heating with electricity generation
improves efficiency.

B ENV-421



=PFL  Geothermal Example

A geothermal power plant is designed to operate on a binary cycle that exploits
heat from a geothermal reservoir. The reservoir provides water at 200 °C while
the plant uses ambient cooling water at 20 °C (293 K).

a) Calculate the theoretical (Carnot) efficiency of the power cycle

b) In practice, irreversibilities reduce the performance so that the actual
electrical efficiency is only 50% of the Carnot efficiency. Determine the actual
electrical efficiency.

c) If the geothermal reservoir supplies 100 MW of thermal power, what is the
expected electrical power output of the plant?

Theoretical efficiency: 38.1%; Actual efficiency: 19.1%; Electrical output: 19.1 MW
Theoretical efficiency: 45%; Actual efficiency: 22.5%; Electrical output: 22.5 MW
Theoretical efficiency: 33.3%; Actual efficiency: 16.7%; Electrical output: 16.7 MW
Theoretical efficiency: 50%; Actual efficiency: 25%; Electrical output: 25 MW

oo »
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Biomass - Fundamentals and Biomass Potential

Jonas Schnidrig

Definition:

* Biomass is organic material derived from plants
or animals, storing solar energy via
photosynthesis.

Photosynthesis Equation:

° COZ + 6H20 + nght Energy - C6H1206 + 602
Theoretical Efficiency:
» Photosynthesis captures only ~0.6% of solar
' energy as biomass, with a maximum efficiency
' of vars of ~3% for C; plants and ~5% for C, plants. 7
|j—& (X Sustainable Potential:

Geological Processes -
Gas, Oil, Coal « Global: ~270 EJ/year (~50% global energy

I DT I needs)
Hlions ot Years .
* Real yields are lower due to land use and

practical limitations.

B ENV-421
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=PFL  Biomass Potentials in Switzeand

Biomass potentials have been collected based on Thees et al. (2017)" for all 10 identified biomass types and
defined as follows:

Jonas Schnidrig

Primary Energy (PJ per year)

Theoretical potential: the energy contained
in the biomass available.
Sustainable potential: the amount that can

be used for energy purposes, after deduction Manure Agricultural crop  Industrial Organic part of ~ Green Sewage
. . by-products organic waste household garbage waste sludge
of environmental and techno-economical T48.8 T14.9 T13.6 T6.0 743 T4.9
Lo S 26.9 $2.6 $2.7 $3.9 $5.8 S 4.9
restrictions. A24.3 A2.6 A0.7 A-2.1 A33 Al4
Already used potential: the amount already
T Theoretical
used for energy purposes. potential
S Sustainable
potential
A Additional
sustainable
. - potential
Forest wood Industrial wood Waste wood Wood from landscape

residues maintenance

T107.5 T (24.0) T (14.4) T9.4

S 26.1 $7.6 s11.7 s4.8

A9.0 AO A25 A25 2R
\Q/

Additional sustainable potential: the extra amount that can be used supplementary for energy purposes.

Additional sustainable = Theoretical — Restrictions — Already Used

B ENV-421

10. Thees, V. Burg, M. Emi, G. Bowman, R. Lemm, Biomassenpotenziale der Schweiz fir die energetische Nutzung, WSL Berichte, Heft 57, 2017.
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Emerging Technologies </
Biomass - Energy Conversion Pathways

Jonas Schnidrig

= Thermochemical Processes:
« Combustion: Direct burning for heat and electricity.
= Efficiency: ~85% (heat), ~30-45% (electricity).
« Gasification: Produces syngas (CO, H,, CH,) for power or fuels.
» Key Reaction: € + H,0 - CO + H,
« Pyrolysis: Produces bio-oil, syngas, and charcoal at 400—700°C.
» Yields: 360 kg oil, 200 kg gas, and 330 kg charcoal per 1 ton of wood.

= Biochemical Processes:
« Fermentation: Converts sugars to ethanol.
* Yield: 1 kg glucose — 0.5 L ethanol (70% efficiency).
- Anaerobic Digestion: Organic matter — Biogas (CH,, CO,).
= Efficiency: 65 m? biogas/day for 3 tons of manure.




=PFL  The concept of the biorefinery 2
using biomass as source of carbon, energy and structure

* variety of feedstocks, technologies, products/functions
* choice between biofuels, biochemicals and bioenergy
* maximize the use of biogenic carbon

* closing energy balance with only renewable energy

BIOENERGY Jepartate
poumanc acid Aminoacids. _—
Ferulic acid e
Aromatics Gylcine 5 methyffurfural
Sinapic acid Furfural
Galic acid Aconols Butanol
aldenyies
BINAAS BIOREFINERY SR BIOFUELS e
BIODIESEL
> Bocrerca
[¢] o P8 (18 o) - —
ol A2~ Bl0-BASED _——
HO % 7. CHEMICALS & Botyro
(] e P e iy MATERIALS Bodiese!
SUCCINIC ACID POLYLACTIC ACID Biorefiosty P, Surk
VI = —] process vy g satmont
{ STRUCTURAL —
| MATERIALS Methanation
Gositcaton /" steam refoming
Thermochemical 2= catatytic reaction -
Conversion Briquette R a
technologies Direct combustion \R,
Peliet
Aerobio digestion
Pretreatment Socherrics! Extraction
techhotogies Anaerobic digestion
Fermentation
Acid Physicochemical

B ENV-421



=PFL  Biomass conversion technologies 2

Jonas Schnidrig

Biomass to X:
Pyrolysis
Gasification/HTG
Anaerobic digestion
Fischer-Tropsch
Biomass to ethanol
Methanol synthesis
Alcohols to jeffuel

CO,-to-X:
Ethylene/propylene synthesis
Benzene

Xylene

Acetic acid

DME

Bio-SNG

Plastics from chemicals (i.e. PE, PP, HDPE, PS, PVC)

Chemicals processing to fuels and products -

B ENV-421
2
\
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Emerging Technologies
Biomass - Challenges and Applications

Jonas Schnidrig

= Advantages:
* Renewable, carbon-neutral, versatile (heat, electricity, transport fuels).

= Challenges:
* Low energy density (1 %), land competition, and seasonal availability.
= Applications:

* Electricity: Biomass CHP (Combined Heat and Power) systems.
» Transport: Ethanol in gasoline (5-24% blends), biodiesel as a diesel

substitute.

e |Industrial Use: Residual heat, chemicals, and fertilizers from bio-refineries.
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Infrastructure TRt ke
Storage - Fundamentals and Needs for Storage, | 3

. Def nition:
Energy storage enables the decoupling of energy supply and demand, addressing

temporal and spatial mismatches.

* Importance:
» Balances the variability of renewable energy sources like solar and wind.

« Supports grid stability by peak shaving and managing seasonal demand shifts.
* Enhances energy efficiency and reduces reliance on fossil fuels as storage.

= Key Metrics:
. Efﬂcu_ancy (77): . ) Energy output
Fraction of stored energy recovered during discharge: n = “Energy input _ in " Nout

= Example: For pumped hydro:
Npa = Npumping * Neurbining = 90% - 92% = 83%

» Energy Density (e):
Energy stored per unit volume or mass (e.g., kWh/m* or Wh/kg).

* Power Density (p): .
Rate at which stored energy can be delivered (e.g., W/kg or W/m?3).

©
~

Jonas Schnidrig

\Q/
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el
Sto Classification of Energy Storage Technol !
rage - Classification ergy Storage Technologies
S
Reserve & Response Transmission & Distribution Bulk Power
Services Grid Support Management
2
:<E:3’ Hydrogen & Fuel Cells
Compressed Air
o Energy Storage
g
o
=
w : KEY
= High-Energy Types of Storage
€ o Supercapacitors
- 2
j :
s =
-
w
o
[
<
5
0
3 P
12 R—
8
L
(%] . o
High-Power Supercapacitors Mags::i': m‘gg’,ﬂge =
1kW 10kW 100kW 1MW 10MW 100MW 16GW :j

SYSTEM POWER RATING, MODULE SIZE

3
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Storage - Classification of Energy Storage Technologies

Mechanical Storage:

Jonas Schnidrig

= Pumped Hydro:
+ Efficiency: 70-85%.

Reserve & Response Transmission & Distribution Bulk Power
Services Grid Support Management . Energy Density:
Mj
0.01 E /m
2 Pumped Hydro
é Hydrogen & Fuel Cells  Power Storage *  Example:
Nant-de-Drance
Compressed Air 9
Energy Storage E = mgh =10"-9,8- 2225 = 2.18 GWh

» Applications: Large-scale storage for renewable energy.

o
w
g
2 KEY ; .
= [ Types of Storage = Compressed Air Energy Storage (CAES):
T3S - « Efficiency: 27-70%.
w £ Hydrogen-related

= .
E + Energy Density: 15 MJ/m?3
g * Example: Stored in caverns or salt domes.
T -
o a—n
2 = Flywheels: 51

P » Efficiency: ~90%.

§ m * Energy Density:

s 240 — 950 MJ/m?3

« Equation for stored energy:
1kW 10kW 100kW MW 10MW 100MW 16W E 1 I 2
=<lw
SYSTEM POWER RATING, MODULE SIZE 2

where [ is the moment of inertia and w is the angular velocity.
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Storage - Classification of Energy Storage Technologies

DISCHARGE TIME AT RATED POWER

Hours

Minutes

Seconds

Reserve & Response Transmission & Distribution Bulk Power
Services Grid Support Management
Pumped Hydro
Hydrogen & Fuel Cells Power Storage
Compressed Air
Energy Storage
1kW 10kW 100kW MW 10MW 100MW 16W

SYSTEM POWER RATING, MODULE SIZE

KEY
Types of Storage

Hydrogen-related

;

Thermal Storage:

= Sensible Heat: Q = mcAT
Energy stored by changing the
temperature of a material

« Example: Water tanks, molten
salts.

= Latent Heat:
Energy stored during a phase
change (e.g., solid to liquid)
e Q =mL
« where L is the latent heat of
fusion.

Jonas Schnidrig

\Q/
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=PFL  Infrastructure
Storage - Classification of Energy Storage Technologies

Jonas Schnidrig

Reser;eef;iI:::ponse Transm(i;srsiido;us;glsrttribution Bulk Power E I ectroc he m i cal Sto rag e
(Batteries):

Pumped Hydro

Hydrogen & Fuel Cells Power Storage

: = Efficiency: 75-95%.

Energy Storage

L M]
= Energy Density: 100 — 1400;

Types of Storage

(e.g., Li-ion batteries).

DISCHARGE TIME AT RATED POWER

= Key Equation:

# — Stored energy depends on
s | capacity: E =V(Q
T — e ow 0w o where IV is voltage, and Q is

SYSTEM POWER RATING, MODULE SIZE Cha rge i n a m pere_ho u rS (Ah ) .
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DISCHARGE TIME AT RATED POWER

Infrastructure

;

Storage - Classification of Energy Storage Technologies

Reserve & Response
Servic
Pumped Hydro
Hydrogen & Fuel Cells Power Storage
Compressed Air
Energy Storage
High-Energy
Supercapacitors
kW 10kW 100kW 1MW 10MW 100MW 16W

SYSTEM POWER RATING, MODULE SIZE

KEY
Types of Storage

Hydrogen-related
Mechanical

Chemical Storage:

= Hydrogen production via
electrolysis:

= H,O0 + Electricity — H, +§02
= Efficiency: 25-50%.

= Energy Density: 10 MJ/m3
(hydrogen gas).

Jonas Schnidrig

’_ H’ _‘
\Q/
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Storage - Energy Storage Applications

= Applications:

+ Short-term (seconds to minutes):
» Frequency regulation and load balancing.
= Examples: Flywheels, batteries.

* Mid-term (hours to days):
= Grid stability and peak shaving.
= Examples: Pumped hydro, compressed air.

* Long-term (seasonal):
= Seasonal heating and renewable energy integration.
= Examples: Thermal storage, chemical fuels (e.g., hydrogen).

= Key Examples:
» Torino Sensible Heat Storage:
= System connects 5,000 buildings; efficiency: 80-90%. ot

* Crescent Dunes Solar Plant (USA):
= Molten salt stores energy for 10 hours, powering 75,000 homes.

Jonas Schnidrig




Product price (US$,4;5 per kWh,,))
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=PFL  Infrastructure
Storage - Advantages and Challenges

» Advantages:
« Enhances grid reliability and renewable integration.
* Reduces reliance on fossil fuel-based backup systems.

Jonas Schnidrig

20,000 -
2004 £,,] e System = Pack ¢ Module a Battery O
10,000 “ing + Improves overall energy system efficiency.
- * Pumped hydro (utility, =1+ 8%)
5,000 " Lead-acid (multiple, 4 + 6%) . Cha"enges:
Lead-acid (residential, 13 + 5%) . H|gh Costs:
2000 & Lithium-ion (electronics, 30 + 3%) = Example: Li-ion battery costs (~$120-250/kWh in 2023).
1000 = Lithium-ion (EV, 16 + 4%) . LOW Energy De nS|ty
2 Lithium-ion (residential, 12 + 4%) s
S = Example: Flywheels: , compared to hydrogen’s .
500 ® Lithium-ion (utility, 12 + 3%) . E . t | C .
= Nickel-metal hydride (HEV, 11+1%) nvironmenta oncems:
' i = Land use for pumped hydro.
200 2012 | @ Sodium=sulfur (utility, -) | o ) L
o Vanadium redox-flow utilty, 11:+ 9%) = Resource extraction for Li-ion batteries (e.g., cobalt, lithium).
100 A ® Electrolysis (utility, 18 + 6%) = Future
= Fuel cells (residential, 18 + 2%)
S00(‘)01 OI01 61 ; 16 1(;0 10‘00 10, 600 : Market GrOWth:
= Battery costs projected to decrease by 50-60% by 2030.

Cumulative installed nominal capacity (GWh,,,)

= Global energy storage capacity expected to increase tenfold
by 2050.

* Research Focus:

= Advanced materials for higher energy densities (e.g., solid-
state batteries).

= Hybrid systems combining thermal and electrochemical
storage.

* Policy and Deployment:
= Incentives for large-scale storage deployment.

= |Integration into renewable energy roadmaps (e.g., [IEA’s 2°C
Scenario).
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=PFL  Modeling the infrastructure
Grids as constraints of the energy system

Jonas Schnidrig

Resources e Ene rgy vectors EHV

BE: e

Costs & Emissi . .
Anmual availabilty - Electricity
_ * Methane
: * Hydrogen -
NS

Technology V= I T » Distribution & Transmission&

Flossilst & Rtengwggllas -_WI-J |eve|S
EfficiencisetzigEemissions .MMte:haneLl\P/IPOZSb:ra) R EleCtnClty LV, MV, HV, EHV
 Gas: LP, MP, HP, EHP K, 3

I

i =
G |
l
H}%} - O] ~<XXX%%%M—>
1
LT

5 - - @g
: - Transformers o e .
1
up
Transformers I &
down B e Tr - ® @
LV &

Schnidrig et al. 2023, Assessment of the Role of infrastructure in energy system models, Frontiers in Energy



=PFL  Grids as constraints of the energy system £
How to characterize grids?

P Power limit [MW]

1000
. ] ;
ref A 10000
Capacity s; £ : '
loss i
Losses ! z o
=3 | | Grid
% 100 .
= sl 3 e Electricity
ﬁ S t t. ‘q&; A Hydrogen
m a ations n(g)‘ % = Natural Gas
o
A‘H‘ ES,Out E MP
.] . g g 10 = Losses [%/km GW]
1 s (ve) 10.0
S, = max = max — %]
9 t ¢ n(g) @ 30
0 (ere)
sloss _ prSout e 10
+Eg" =Eyg 04 0s
inv _ ginst _inv jinst . ) ly
Cgl=Sg" g g™V geg Eosoplos el v geg 01 10 10.0 %R?‘
Reference length [km]
inv . .
where qgv. Investment costs [MCHF] © El*: Losses GW]
cg" : Specific investment costs [l nlgss: Specific losses o]
Sist: Installation size [Gwinst) I . Grid reference length  [m]
1t : Installed grid length [km] ES : Powerused [GW]

Reference average length
The averge distance an “energytron” is travelling between two

= conversion/production/consumption points in Switzerland

Schnidrig et al. 2023, Assessment of the Role of infrastructure in energy system models, Frontiers in Energy
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Carbon Capture

Biomass
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Geological Processes
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Gas, Oil, Coal Py
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Infrastructure
Carbon Capture - Fundamentals

= Deéfinition:

Carbon Capture and Sequestration (CCS) involves the capture of CO, emissions from industrial or energy-related
processes, followed by transportation and secure underground storage to prevent atmospheric release.

= Capture Methods:

* Post-combustion:
Uses solvents (e.g., amines) to absorb CO, from flue gases.

* Pre-combustion:
CO; is separated from syngas (H, and CO,) in Integrated Gasification Combined Cycle (IGCC) plants.

* Oxy-fuel combustion:
Combustion in pure oxygen produces a flue gas primarily composed of CO;, and water, simplifying CO, capture.

= Energy Requirements:
Capture and compression of CO, consume 15-30% of the power plant’s energy output, leading to an energy penalty:

Energy Penalty: AE = £S5

gross

* For a plant producing 500 MW, with a CCS energy demand of 100 MW:

_ 100MW
AE = 500MW 20%

=
[}
(-]

Jonas Schnidrig
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Infrastructure
Carbon Capture - Transport Methods

* Transport Methods:

Jonas Schnidrig

* Pipelines:
Most cost-effective for distances <1500 km. CO, is compressed to 8 MPa for transport, with capacities of ~20 Mt/year.

+ Ships:
Economical for long distances (>1500 km), with CO,, liquefied at 0.7 MPa for storage and transport; typical capacity: ~6
Mt/year.

* Trucks/Rail:
Limited capacity and uneconomical for large-scale applications.

= Storage Options:

* Depleted Oil/Gas Fields:
Often used for Enhanced Oil Recovery (EOR), utilizing CO, to extract additional oil.

+ Deep Saline Aquifers:
CO, dissolves in brine and reacts to form stable carbonates.

* Unminable Coal Beds:
CO, adsorbs onto coal surfaces while displacing methane.

* Re-use
Use CO; as input product within the value-chain (plastics, synthetic fuels etc.)
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Infrastructure
Carbon Capture - Storage Mechanisms and Capacity

= Capture Mechanisms:
» Residual Trapping: CO, is physically trapped in pore spaces due to capillary
forces.
« Dissolution Trapping: CO, dissolves in formation water over time.
* Mineral Trapping: CO, reacts with minerals to form stable carbonates (e.g.,

CaCOs,).

= Storage Capacity (estimated Global Capacity):
* Oil/Gas Fields: 675-900 GtCO,
» Deep Saline Aquifers: 1,000-10,000 GtCO,

= Cost Estimates:
« Storage costs range from $0.5-8/tCO,, including monitoring costs of $0.1-
0.3/tCO..

[y
[y
-]

Jonas Schnidrig
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Infrastructure
Carbon Capture - CO, utilization and Industrial Applications

Jonas Schnidrig

= CO, Utilization and Industrial Applications

= CO, as a Resource:
« Enhanced Oil Recovery (EOR):
CO, injected: 3.15t — CO, / t — Oil extracted
« Chemical Production: Methanol, urea, and polymers are produced using

captured CO,.
» E-Fuels: CO, is combined with hydrogen in methanation to produce synthetic

fuels:
C0, +4H, - CH, + 2H,0
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Infrastructure
Carbon Capture - Challenges and Future Potential

= Challenges:

Energy Demand:
Capture and compression require ~20-30% energy penalty, reducing plant efficiency.

Infrastructure Costs:
High initial investments for transport and storage infrastructure.

Leakage Risk:
Long-term monitoring is necessary to ensure CO, remains trapped.

Integration with Renewable Hydrogen:
Combining CCS with green hydrogen production (from renewable electricity) to create net-zero

emission systems.

Expansion of Utilization Markets:
Emerging applications in synthetic fuels, materials, and chemical feedstocks could offset CCS costs.

Policy Support:

Financial incentives and stricter CO, emissions targets can drive CCS adoption to meet climate goals.

[y
[y
N

Jonas Schnidrig
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