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Why discuss fossil fuel?

1. Because fossil fuels cover 85% of our primary energy
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Reserve — to — production ratios

Why discuss fossil fuel?

1. Because fossil fuels cover 85% of our primary energy
2. Because fossil reserves are limited

Source: BP Statistical Review of World Energy (2020)
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Why discuss fossil fuel?

1. Because fossil fuels cover 85% of our primary energy
2. Because fossil reserves are limited

3. Because we’d better not reach this limit Oil &
o
-100 3
o
880 o
I
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%
“By 2050, we find that nearly 60 per cent of 40 §
oil and fossil methane gas, and 90 per cent of Ges S
coal must remain unextracted to keep within 2 f;'f’
a 1.5 °C carbon budget” 0 §
, &

Coal

5
Welsby et al., Unextractable fossil fuelsin a 1.5 °C world, Nature (2021)



Lecture 3 Fossil fuels

What, Who, What for, Why ?

Thermo toolbox : the chemical potential

Oil, gas and coal formation: in and out the organic carbon cycle

Oil (and gas) production: conventional and unconventional sources
Oil refining: from crude oil to the gas station

Perspectives



Dino’s juice

Eon Era Fra Pernod "
00

Table 26.2 Average Chemical Composition of Biochemicals as
Compared to Petroleum.

% .
Elemental Composition in Weight Percent

C = e N 0
Carbohydrates 44 G 50 204
Lignin 63 5 0.1 0.3 31.6 B
Protains 53 7 1 17 20 e
Lipids 76 12 12
Petroleum 85 13 1 05 0.5 1.

ABS

Source: From Hunt, J. M. (1806). Petroleurmn Geochemistry and Geology, Znd edition.
W H. Freeman and Co., New York, p. 63

45004600 sS4l

Petroleum & lipids € plankton <& sea environment (Mesozoic era, 66 to 252 Myr)

Coal = lower H/C ratio < lignin & vascular plants<- terrestrial environment (Carboniferous, 320 Myr)



What? Petroleum (=crude oil)
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Hsu, Robinson (Eds), Springer Handbook of Petroleum Technology

https://kimray.com/

Typical characterizations

Heavy versus light

Sour versus sweet
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API gravity =

% of sulfur content
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What? Oil products
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Who? Oil

Oil production

8,000 TWh

6,000 TWh

4,000 TWh

2,000 TWh

A,

LT

United Slates

. A Russia
L Saudi Arabéa

i 4

Canada
irag

United Arab Emirates
Iran
Brazil

X

W

—7

0 TWh
1900

1920 1940 1960

Source: BP Statistical Review of Warld Energy; the Shift Project

1980 2000 2019

OurWorldinData.orgffossil-fuets! « CC BY

Oil consumption

Oil consumption is measured in terawatt-hour (TWh) equivalents per year
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What? Gas e ™
S 100

£ o

Light hydrocarbon (#C < 5) are gaseous at ambient (T,p) @ 460l

* Natural Gas = 95% Methane = CH,

METHANE
CH

Extracted together with oil, or dedicated production

Liquified Natural Gas (LNG) : ambient p, -160°C

“ Compressed Natural Gas (CNG) : 200-250 bar, ambient T

* Liquified Petroleum Gas (LPG) = propane & butane mix

Much easier to handle: 17,5 bar ambient T

Smaller energy densities

10 15
ninCnH2n+2




Who? Gas

Gas production n Gas consumption n

Natural gas consumption is measured in terawatt-hour (TWh) equivalents per year
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What? Coal byl
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Carbon content 50%, energy density 10-20 MJ/kg

Lignite
Carbon content 60-80%, energy density 20 MJ/kg

Bituminous coal [=houille]
Carbon content 80-90%, energy density 30 MJ/kg

Coking coal
Used to produce coke by pyrolysis = industrial applications

Anthracite
Carbon content 98%, energy density 36 MJ/kg 13




Who? Coal

Coal production
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Coal consumption

Ceal consumption by country or reglon, measured in terawatt-hour (TWh) equivalents
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What for?

Primary production Final Sectors
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What for?

Residential
Other industries ___INon-energy




Energy density [MJ/L]

Why? Energy density

Fossil fuels

solar energy accumulated over millions of year
released in a second

Hydrocarbons
(see zoom)
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Why? Energy availability
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Source Astrid Kander et al, Power to the People (2013)
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Lecture 2 Fossil fuels

What, Who, What for, Why ?

Thermo toolbox : the chemical potential

Oil, gas and coal formation: in and out the organic carbon cycle

Oil (and gas) production: conventional and unconventional sources
Oil refining: from crude oil to the gas station

Perspectives



Combustion: redox reaction

Reduced carbon

CH, C,H,,0, + (n + % — %) O, ‘ nCOz + %HEO

C2H6
Combustion = carbon oxidation from reduced form to CO,
C,HO
401 | Largest energy per carbon atom
= : CyoHaz
= _ = most reduced carbon =CH,
= 35¢ -
C = j j - also per MJ/kgC0O2, per Ml/kg
z | e | Problem:
g 30l ® CHy, ] robiem :
2 [ LNP - butane ﬁ gas - very small density (kg/L)
coO > Z Z .
g 25} LNP - propane NG LNG - heavy logistics (T,p)
D [ Heavier hydrocarbons

Oxidized carbon Specific energy [MJ/kg] — much larger density (liquid)



Combustion: Hess’ law

How to estimate the released energy?

W Q

‘ Products
(T,p)
AH = Q — Hprod — Hieact

AH < ( Exothermal
AH >0 Endothermal

Reactants

(T,p)

Lower heating value: water vapour still gaseous
Higher heating value: condensed water vapour

nC + EH-; + ('n, + T—;) (OF

Enthalpy 4 2
O
State m E
, A+ (n+ ™) 0,
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5 5 m
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AcombHunv = —AfH (C,Hy,) + nArH (CO2) + ?ﬁfﬂ (H,0) + ?ﬂuqH (H20)
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Nature’s nature

General idea
Take a system out of equilibrium with the environment (T,p,u...),
Let it relax towards environmental conditions (dead state),
Collect work along the ride !

What is the spontaneous evolution?

Energy? Some spontaneous reactions are endothermal (ex: water evaporation)

Entropy? Some spontaneous reactions decrease entropy (ex: 2H,+0, - 2H,0)

Global entropy must increase Spontaneous evolution:

dH,

dSior = dS, — > () dG, = dH, — TdS, < 0

Lazy  Sloppy

\_

Reactants
(T,p)

Environment

Fixed T p /

[ =y =



Gibbs energy and chemical potential

Gibbs (Free) Energy G(N, T, p) —H-TS=N [J,(T, p)

» Thermo identity

dG = —SdT + Vdp + pdN

» Whatispu?

“Energy required to add a particle” at fixed S and V ! Josiah Willard Gibbs

(U (9PN _ (G _ (98
F\oN S,V_ ON T,V_ ON T,p_ ON /vy

W for particle exchange <> T for energy exchange



WO major conseqguences

Application AH <0 AH >0

“ For a closed system at fixed (T,p), At high
AS >0 Always temperatures

spontaneous evolution = minimize G

Application AG = (12 — Jiq )ﬁN AS < 0 At low Never
temperatures
Particles flow spontaneously from high u to low u

Two systems exchanging particles reach the same u

U for particle exchange <> T for energy exchange

“ Maximal recoverable heat: —AH 0 “AG > —-AHif AS >0
Maximal recoverable work: —AG = —AH +TAS

System drains heat from environment




he many lives of L

Pure body

Gibbs Duhem relation

dp = —sdlIl'+ vdp

pao(T,p)

Phase change

Clapeyron relation
A H

T x (@gas — ﬂliq)

dpsat _
dT

S (T,p) = 1Y (T, p)

Non reacting mixture

Activity

pi = piokpl'log z;

-'-IA{T'I P 'T]
#H{Tf P, "I}

Binary system

Binary diagram

ui (T, p, %) = p3(T, p, )
WS (T, pyxdy) = i (T, p, k)

Chemical reaction

apa(€) +bpup(é)
=cpuc(€) +dpup(§)

Law of mass action

Equilibrium displacement
(Van’t Hoff, Le Chatelier...)

25



he many (many) lives of u

Carriers density

Hn

kgT

bhm=="<

Current
J, = —€N[mob v}un

Drift Diffusion

Band alignement

Chemical potential (~ Fermi level)

in a semi conductor

Ohmic Shottky

Voltage

qV = et — Hright

_‘I.‘ o
Lhleft 7

. Hright
f—
Photoluminescence
PL(E) = C x — ABEE
=
- 0QO N
7 A 7
"""" o Rl
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Lecture 3 Fossil fuels

What, Who, What for, Why ?

Thermo toolbox : the chemical potential

Oil, gas and coal formation: in and out the organic carbon cycle
Oil (and gas) production: conventional and unconventional sources
Oil refining: from crude oil to the gas station

Perspectives



Fossil fuel formation - outline

Stepl

Step2

Step3

Step4d

Step5

&
Turn atmospheric CO2 into biomass
u pheri [ | u{‘% &
Plankton Plants 3 g L
[CH50] + O, @
Prevent biomass from oxidizing back to CO2 CgH1205
Sediments Peat
Metabolism
Let biomass mature at high temperature and pressure Vot ?, ,
aturation
Source rock Coal Respiration 3
Migrate to a trap AG = 4480kJ /mol

Combustion

Reservoir rock - ’
Extraction

H>0 + CO»

28



Fossil fuel formation - outline

Stepl

Step2

Step3

Step4d

Step5

Petroleum Coal

Turn atmospheric CO2 into biomass

Plankton Plants

Prevent biomass from oxidizing back to CO2

Sediments Peat

Let biomass mature at high temperature and pressure

Source rock Coal

Migrate to a trap

Reservoir rock -

Extraction . _ . . .
Burning Buried Sunshine: Human Consumption of Ancient Solar Energy,

J. Dukes Climatic Change volume 61, pages31-44 (2003)
29




Photosynthesis: carbon cycle’s engine

photo-chemistry carbon fixation
(light reactions) (Calvin-Benson cycle)
H,O Cco,

NADP* \
Ruy, .
\ Ub/sco

RuBP 3-phosphoglycerate
electron transport
chain
photosystem | £t
M G3P
NADPH starch
(storage)
chloroplast sucrose amino acids,
(export) fatty acids
0, (CHOH),,

Light + H,0 - 2H + energy + %2 O,
4H + CO, + energy - CH,0 + H,O X3 or x4

~ 8 red photons per CO, molecule

Sun Energy loss
1000 kJ
487 513 Out5|de photosynthetically
active spectrum
438 49 Reflected and transmitted
372 66 Photochemical inefficiency
C3 C4

126 246 85 287 Carbohydrate synthesis

65 61 85 0 Photorespiration
46 19 6 25 Respiration
s \'\ "N
' -~ £ X
Biomass 46 kJ Biomass 60 kJ

Currant Oprvon in Bictechnology

Zhu et al. Current Opinion in Biotechnology 2008, 19

Overall efficiency (light to chemical energy) : 0.1-1%
— Power density : 1 W/m?

30



hermo clash — round 1

Robert C. Jeoniengs

Photosynthesis and negative entropy production

Eenc

o Es

pedmann, Flavio Garls

asc e

Anna Panla Caxizza

Guseppe Zocchelll

[...]the Carnot cycle concept for photosynthetic energy
conversion is based on the assumption that the second law of
thermodynamics is necessarily applicable to photosystem
function. [...] If the overall quantum efficiency is high enough,

negative or zero entropy changes are able to be contemplate

31



hermo clash — round 2

)
Hinbe
FISEVIER

Commentary on: “Photosynthesis and negative
coworkers

......

by Jennings and

Jexiie

Sencasinect tomy

*.” ScienceDirect

c Lavery

A |

entropy production”

[...] the authors ignore the statistical essence of the problem.
There is no justification for excluding the interaction of matter
with light from common thermodynamics: the theory of black
body emission, which was at the origin of the qguantum

revolution, was precisely elaborated to meet this demand.

Another precursor of second law violation in photosynthesis,
according to Jennings, is Parson [6], who would have argued
against “the incorrect application of the concept of chemical
potential to photosynthetic systems” . This is again an obvious
misunderstanding of what this author really said. Parson was
by no means an opponent to the application of chemical

potential in this field. 32



hermo clash —round 3

Aawdatio ordon @ waw scencedinc tor CE—

FLSEVIES :"'-‘7;53."" ** ScienceDirect B“

FLSEVIER

Waps! repon
Reply to "Commentary on Photosynthesis and Negative Entropy Production
by Jennings and coworkers” by J. Lavergne
R.C Josmmps ** %, AP Casarza*, F. Belpo *¥, FM. Garlaschi **, G, Zucchelli *
e

T ReTATII It is argued that the chemical potential analogy does not

— R provide useful information on the thermodynamics of

e . S photosystems, as the thermodynamic efficiency of an

e R absorbed quantum is not considered. [...]
At high thermodynamic efficiencies, primary photochemistry
= can, in principle, violate the Second Law of Thermodynamics

33



hermo clash — round 4

o '. .' "
T Eras
B9 SRl
FLSEVIER e s
< L‘ ‘ ST Artw atia creen ot www xcETY e oM S————
— - -':-"f't‘.‘" - d !
7 ScencDiect BBA
Col b
HSIVIER Puctinme o Hugh pocn Acke (1% -~ . .
Reply t

. Entropy production and the Second Law in photosynthests An assertlon that the primary photochemlstry Of

Robert 8 Koo ™*, Willian W Parson ™!

~~~~~~ s o st photosynthesis can violate the Second Law of

e s e o e e thermodynamics in certain efficient systems has been put

i e e e forward by Jennings et al., who maintain their position

L lstradacten

strongly despite an argument to the contrary by Lavergne.
We identify a specific omission in the calculation of

Jennings et al. and show that no violation of the Second

Law occurs, regardless of the photosynthetic efficiency.
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hermo clash — round 5
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The preceding paper is criticized on several grounds.
[...] Jennings et al. [1] wrongly claim that their
conclusions are “in agreement with” certain earlier
papers (their references [5] and [9]), including one

written by one of the present authors.
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From the atmosphere to the atmosphere

-3’:"?‘" Organic matter

e O g : Respiration
T naic M:% .alw':: B g Photosynthesis Degradation
S | 5
ux ! Y
et oo 1 8l 2 co,
3071 IOJ g '8 g . a
| 3 < Eg R Photosynthesis requirements:

Sunlight
Water

Co,
Nutriments

‘ Surface waters close to shore

Adequate land areas
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Escaping the carbon cycle

Oxic Anoxic
Residence | & : Type of respiration é : Residence
time of OM : ; |tmeof OM
s £ Aerobic R g
. (@ consumption .
Daysto |} T o (oxygen consumption) ; seghs | Daysto <
0, S0, 5
e 3 e ) ‘-' H z
'l Pt e g
‘e ‘e . e
. . [ 4 a
Ocean bottom | % , Bacterial Fe(Ill)|  * Ocean bottom &
~1year reduction ~1year 2
K Bacterial sulfate  [EEFRACEFEFEEER T é
~750 years recuction ~750 years é’
’d_)

1m' cm OCAANARNAS e " --------------- 100 Cm

-

-
-
-
...........................

~50 Y1000 years 2 Fecucion ~50 Y1000 years

Burial rate ~ 1 cm/century Y

Sedimentary basin

v

——
Deposition of organic
matter-rich sediments

-
*Source rock in oil
generation phase
(oil window)

Source rock in gas
generation phase
{gas window)

/ source rock

infoluoki bei sov pl/



Maturation — oil & gas

Burial rate ~ 1 cm/century

Increasing pressure (100 bar/km)
& temperature (15-50 K/km)

e Displace chemical equilibriums

 Accelerate thermal clock

AGibbs free energy

Initial state

I

Activation

energy

AG

Final state

Temperature and pressure increase with depth

— g

=% gource rock in oil

Sedimentary basin

Debosilion of organic
matter-rich sediments

“~ Immature
source rock

generation phase
(oil window)

“~ Source rock in gas
generation phase
{gas window)

’ Overmature
source rock

infoluoki bei sov pl/



Maturation — oil & gas

2
Type of generated 2F £ E€§
hydrocarbons 2= é’g ééi
. . ) & |7
. . (Mostly) biotic degradation of organic matter |
Diagenesis into kerogen |
g \Biogenic J
( gas !
S | 30+ |
1
|
l'-l‘ V— |
. Thermal degradation of kerogen into 08
Catagenesis 2 |60 -
hydrocarbons
1.2
4 120+ |
Metagenesis Further carbonisation - graphite
5 150+

Organic matter - kerogen - hydrocarbons in a source rock

Very good Excellent

Source rock quality Poor Fair Good

.

Hydrocarbon generation

Temperature and pressure increase with depth

Sedimentary basin

4

———
Deposition of organic
matter-rich sediments

source rock

=== 4 Source rock in gas
— generation phase
{gas window)

’ Overmature
source rock

infolupki.pgi.gov.pl/



Maturation — oil & gas

(Mostly) biotic degradation of organic matter

H/C ratio

Diagenesis into kerogen
: Thermal degradation of kerogen into
Catagenesis
hydrocarbons
O->H,0 S 2>H,S N >N,
Metagenesis Further carbonisation - graphite

Organic matter - kerogen - hydrocarbons in a source rock

Source rock quality Poor Fair Good Verygood Excellent

5

1.0

0.5

Type I
Type 11

/ diagenesis

Type I11

catagely

Type 1V

“meta |
genesis

products given
off from kerogen
maturation

[ ] co; H20

| | dry gas
D no hydrocarbon
potential

increasing
maturation

Van krevlen diagram

|

0.1 0.2
O/C ratio

0.3
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Maturation — coal & gas

Similar story for coal:

Marine Bio polymers Land
sediments sediments
81 0.01 o
l Biomass ..o v 0.1 Biochemical 20°C
1.6 - = ® Wheatstraw z degradation
Pine .- E . 1
1.4 4 S RN Humin . Di .
et z Polycondensation IAgeTICoIo
9 1.2 - RSV o . v . - °
® A . Polymerization Humin 20°Cto 50°C
O 1.0 AN 100
‘i _“‘ :;::‘\3.,. .........
Qo
E 0.8 - Geopolymers Lignite
< 06 - Kerogen (N A
1000 - |
0.4 - €rma : Catagenesis
5 "ol ' A‘ cracking Bltulmenous 50°C to 150°C
: 1 s window"|jell e
Anthracite”|™ 0000000000000 R e " """ T T e
' : d . i Metagenesis
0 0.2 0.4 0.6 0.8 Carbonization Anthracite 1650°C
Atomic O/C ratio 10 000 - - = = = = == === B - - -~ - = == === == e
Graphite Graphite Metamorphism
0% 50% 100% 0% 50% 100%

Gas is formed together with coal - firedamp [=grisou]
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Migration

Atmosphere

Conventional

Oil and gas Q




it’s a trap

Sometimes gas without oil

Water !

Fault trap

Resource vs reserve

'_ Salt dome

Qil traps on salt dome flanks

Stratigraphic trap

® = Impermeable shale & = Porous reservoir rock © = Source rock ® = Oil well



Lecture 2 Fossil fuels

What, Who, What for, Why ?

Thermo toolbox : the chemical potential

Oil, gas and coal formation: in and out the organic carbon cycle

Oil (and gas) production: conventional and unconventional sources
Oil refining: from crude oil to the gas station

Perspectives



Atmosphere

Conventional oil

Conventional

Pressure difference

AP Porosity
e — — ¢ .
P Porosity
o O o o o o © 5 — Empty volume
- 0 9o O: @ o o - " Total volume
Volumic | 0O 0o o o Volumic
flow rate \ o o © o flow rate
Q Surface . O | a Permeability (Darcy’s law)
S Distance
Ax Q k S Aj’}
= K W ——
n Ax
Drill a well = pressure gradient - oil flow
(to bring the oil up, push, don’t pull !)
Oil flow = decrease pressure gradient Pressure

(100 bar)

k
Ohp=—A R(t) ~ 4
P = 2 AP - (t)




Consequences

Darcy’s law Pressure relaxation

S Ap
— L x 228
@ . n Ax

Competition between wells Don’t drill too close to the neighbour !
Primary Recovery Oil Recovery
Exploitation phases , L l Generally Less
Natural Flow Artifical Lift i
Secondary Recovery
‘ 30%-50
Waterflooding Pressure Maintenance
S] Tertiary Recovery >50% and
| Up to 80+%
T l I I I
¢ Thermal Gas Injection Chemical Other
Steam CO, Alkali Microbial
Hot Water Hydrocarbon Surfactant Acoustic
Combustion Nitrogen/Flue Polymer Electromagnetic

Fig. 2—Defining improved oil recovery (IOR) and enhanced oil recovery (EOR).

100% recovery is impossible
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Unconventional petroleum

Shale oil = tight oil [pétrole de shiste, de roche mére]
Shale gas [gaz de schiste]

Conventional
Oiland gas

Fracture low permeability source rocks to recover hydrocarbons

>

Oil shale [schistes bitumineux] = oil shale oil [huile de schiste].

Tight oil is the foundation for U.S. Energy Dominance
Conventional production has been in decline since 1970

Immature source rock, requires treatement to process TSR RSV proneto RO AL R R 2013
kerogen into synthetic fossil fuels.

s

2019

Peak 12238
i2 Conventional
SECURITY oll Prudhoe
@ 1970 Bay
10 954 1985

897

Fracking techniques?

‘ Energy return on investment? 3

O——70 Economic viability?

SUSTAINABILITY EQUITY

Crude Ol and Condensate Production (mmb/d)
=

Source: EIA, & Labyrinth Consulting Services, Inc. EIA Current/Monthly Updates/CRUDE OIL PRODUCTION ANNUAL_UPDATED AEO 2020



Lecture 3 Fossil fuels

What, Who, What for, Why ?

Thermo toolbox : the chemical potential

Oil, gas and coal formation: in and out the organic carbon cycle

Oil (and gas) production: conventional and unconventional sources
Oil refining: from crude oil to the gas station

Perspectives



Refining oil — what, why?

Crude oil in, oil products out

—» Kerosenes

—» Gas oils

B — Lubricants

. +—» Fuel oil

__+—» Asphalt

Costly and complicated operation
(15% of industry consumption in the US !)

Why bother?

Specific properties for specific applications

You can eat everything but the oink
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Application: diesel and gasoline (1/2)

fuel injector "‘“‘l‘l‘" ‘.'“ll“'
/\ ClOSCC - \~
. . intake W ¢xhaust
Otto cycle efficiency (see next lecture) ar [/ | e Y B
intake value Bascs exhaust valve
o 1 open Pe—] open
n= 1— 1
T
compression ratio l

Higher compression ratio
- more work recovered from fuel

exhaust

Problem: self ignition (knocking)
Combustion— =
chamber |

Piston

Cylinder

(a) Normal combustion (b) Premature combustion



Application: diesel and gasoline (2/2)

/c-J
14 benzene
aromatics
& ///
12 \
| n=paraffins {5
2 / 01-;0
g 10 \
=~
£ *e \
fj ecee ‘
E- \
g 8
9 2
= so-oclane
§ 1S0=0clane .
6 eoeo ::
4
eooee
L h 0-:-0-0-0-0
; n-neptane —__
1 2 3 4 5 6 7 8 9

number of carbon atoms

Jaffe, Taylor, The Physics of energy

Knock resistance: Octane Number
0 = n-heptane 100 = iso octane

» Don’t compress too much (if your car don’t need so much power)

» Select fuels with high critical compression ratio
Iso octane, aromatics

» Add antiknock agent » Self ignition proof design

- Fuel  Pure air Exhaust
H C/ 3 o injector intake .
H,C 2 | Banned due to toxicity
H,C '“/'F’b\CH/CHs Unleaded fuels
H2(|3 2 =sans plomb]
>
CH, ;
Tetraethyllead %
8
H : , g
H (I: Ethanol / gasoline mix : g ‘
Hale~ A "OH 3 .
H . 3 '
|l| x21.2+ (1 —33)35 [MJ/L] i\j
g N
Ethanol < Power

Exhaust

Induction Compression



Application: diesel and gasoline (2/2)

» Don’t compress too much (if your car don’t need so much power)

» Self ignition proof design
» Select fuels with high critical compression ratio > Add antiknock agent

DIESEL
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Boiling a mixture

Different hydrocarbons have different boiling temperatures - Distillation

300 ¢ *

Lo Fraction of species 2 [x,]
O 200 g8 |
S 100 e
a. °
g o -
:60 o
-100 *
0 5 10 15
nin C,Hzn42

Temperature

A: Heat up a mixture of species 1 and 2
with two different boiling temperatures (T1 < T2)

B: The mixture starts boiling.
The first bubble of gas is enriched in species 1 0

Liquid

1
. . XBgz XCgZ XCIZ XDlz
D: All the mixture turned into a gas.

The last droplet is enriched in species 2 (calculated from chemical potentials !)



Feed mip

Adapted from wikipedia

Fraction of species 2 [x;]

xE
° ° ° ° ° Gl D T,
Distillation - prlnC|p|e :
2
-
é_ B
g T
- XA
Liquid
0 = Dl
X 82 XLEZ X(u X"
300
T 200
£ 100
§ 0
-100
0 5 10 15
nin CaMaaz

Introduce pre heated feedstock of crude oil

At a given tray
* Gas phase enriched in lighter species
—> moves up to the next tray

* Liquid phase enriched in heavier species
— falls down to the previous tray

Cuts @ given locations
< given temperatures
< given compositions



Distillation tower

Number of Boiling point Uses
L carbons range
™ " Gases 1-4 0-30°C Bottled and natural gas
Fraction
joutiet Naphthas 5-10 30-180°C Gasoline
> Kerosenes 1016 180-260°C IefBSane of home
heaters, jet fuel
> Gas oils 16-60  260-350°C  Cresel fuel feedstock
or cracking
, Lubricants  >60 BOGIHC. oo olfeedstock
Rl or cracking
¥ . Fuel oil 570 490°C Candles, fuel ou! for ships
Crude oil and power stations
~400°C Asphalt >80 >580°C Roofing tar, road tar

(a) Petroleum distillation tower

(b) Petroleum fractions

Source : https://chem.libretexts.org/



Refining chemistry

Cracking / polymerization

Turn large / small chains into small / large chains

Change an oil product into another

Reforming
Create double bonds - produces H

Increase octane number

Purifying

Separate different molecules

Remove heteroatoms (N,S) - requires H

Aromatics

>
”~

N\

-

- N
oo o

N
1

Number of carbon atoms per molecule

50 |- Pehydrogenation

Paratfins
Polymerization

Isomerization ) Hydrogenation

Cracking
u Benzene Methane

—

Natural
gas =

Dedicated |
production
Coal RELUCE

Oil

Electricity 2 Mtoe
/other

48 Mt H,
By-product AR UER /3
(VI tull /2 produced with

renewables

69 Mt H,

of which <0.1 Mt H, pr enewables m

S~

2 3

Molecular Hydrogen / Carbon ration

Refining

Ammonia

<001 MtH,

Transport
4 Mt H,

Other

12 ' Methanol

IEA, 2019 W egheat



Nitrogen and

sulfur oxides

SOx : fossil fuels combustion

Agriculture

NOx :

prod & distrib

use in
industry

Transport (non road)

Industry processes

European Environment Agency

NOXx + volatile compounds + sunlight
Ground-level Ozone (Smog)

ey
g

Rt |
iy iy ¥

FER.
e

Acid rain

ale NOx + ammonia
‘ . Particles

Global warming
GWP N,O =250

/
/

N

Water Quality Degradation
Eutrophication

Qb Toxic chemicals
R
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Thermo toolbox : the chemical potential

Oil, gas and coal formation: in and out the organic carbon cycle

Oil (and gas) production: conventional and unconventional sources
Oil refining: from crude oil to the gas station

Perspectives



Alternatives to fossile fuels?

OBJECTIVES MEANS
secumry ¥ e

‘ mg Wé“c'
00 Gims?m

SUSTANASLITY EQUOY  SUSSITUNON

@ Yes ! @ CCS (PC 3)

Restraint Compensation

Lecture 4 (heat engines)

Lecture 8 (heating)

Efficiencies

Electricity (lectures 5,6,7,9)

Heating (lectures 8)

Substitution
Transport (lecture 9)

Primary production Final Sectors
10 702 toe

Transports
2780

Buildings
3130

Non-energy
950

o)
o
T o T T

S
o
T O T T

200}

CO, for electricity production
[gCO2/kWh]




Alternative fuels

OBJECTIVES MEANS
secumry soseeTy EMMICIENCY

SUSTAINASKITY EQUNY  SURSITUNION COMPENSATION

7
71

Conventional
Biomass 1st generation

based
Advanced

2" 3rd generation

Electricity :
based Electric battery
Fuel cell
H
ydrogen Amnonia
based
e-fuels

(Edible) crops - Bioethanol, biodiesel

Non competing with food & feed
Residue, municipal wastes, used cooking oil, algae...

(loaded with low carbon electricity !)

Hydrogen flow to electricy current

Hydrogen combined with atmo nitrogen

Hydrogen to reduce CO, into hydrocarbon



Alternative guestions

g @

Technical specificities?

power density, freezing point...

Costs?

Overall efficiency, feedstock availability...

Supply chain?

Compatible with current infrastructures?

Environmental impacts?

Sustainability besides CO,

OBJECTIVES

LOBRETY
AINASKITY EQUNY  SURSITUNION

MEANS
EMICIENCY

{

The Royal Society (2019), Sustainablesyntheticcarbonbasedfuels for transport



he right fuel for the right transport

Weight B Bev Bubble size representing the relative annual
Tons energy consumption of this vehicle type in 2013
FCEV
+
10,000 i B Bio- and (H.-based)
synthetic fuels Vehicle and duty.  Synthetic

cycle compatibility =fuels Biomsthane Hydrogen Electricity

City car

1,000

Long distance car

Urban van

100

Heavy-duty truck

Aviation Short
haul

Long
haul

Marine Short

joumey
Long
joumney
1,000+
Average mileage per day/trip
Km 63

“How hydrogen empowers the energy transition”, Hydrogen Council January 2017

The Royal Society (2019), Sustainablesyntheticcarbonbasedfuels for transport



ake home message

Oil, coal and gas: what, why? Basic petroleum vocabulary In and out the organic carbon cycle

A—a4
)

o

It’s all about the chemical potential !

Primary production Final Sectors

Alternative fuels

G(NaT:p) =H-TS = NP'*(T:IP)
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