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MANAGE OUR ACTIVITIES AS A RESPONSIBLE MANUFACTURER

CLIMATE ENVIRONMENT

New targets for 2030

Climate plan : Commitment to Paris
agreement and Science-based target
trajectory well below 2°C

ENERGY
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in the industry
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Heat of Combustion as image of energy consumed to produce the
molecule and Value created per CO2 consumed
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HEAT MANAGEMENT

“* Determination of the adiabatic temperature rise
FAH L] =YAH  —NAHC

r mol f products f reagents
—ArH® [nll((l)l xproduct titer [mTOI]

’ ATliquid product™

Cp,mol,product

product titer [%] *( )+(1—product titer [k_LgD*Cp,mass,water

Mproduct

—A H° [nl:(l)l] xproduct titer [mTOI]
“ ATisobutene= c
p,vol,water
¥ Example: CO2 to n-Butanol

e Hypothesis: (no metabolic leakage)
e 4CO2+ 12 H2 = C4HyOH + 7 H20
e Heat of reaction calculated from enthalpy of formation = exothermic
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HEAT MANAGEMENT
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Probably impossible to reach more than 10-20 g/L without external cooling

* Low Titers = High Capital Cost

+ 100 kt/year of lactic acid = energy loss of 93 900 MWh/year = equivalent of the energy consumed by more

than 14 000 Europeans in their households.
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PROCESS SOLUTIONS

L]
(]
.

“* Option 1: Internal heat exchanger.
e High heat exchange area
e Occupy a lot of volume in a pressurized vessel = cost

e Same heat exchange areq, but at reduced pressure
e Recirculation loop =& Pumps needed and large volume to circulate at low titer.
e Impurities can accumulate

reactor temperature constant.
e Titer might be limited = High exiraction cost
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GAS SOLUBILITY IN WATER VS TEMPERATURE (solubility decreases with temperature)

(source: Engineeringtoolbox.com)
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— Decreased solubility fo be compensated by an increased pressure
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IMPACT OF GAS IMPURITIES
Impurities have a higher solubility and can accumulate in a liquid loop
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Significant solubilities of some impurities that could accumulate
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ALTERNATIVE CARBON SOURCES - Gas solubilities similar to H:
(H2 at 0°C: 0.001 mol/kg, CO2 at 0°C: 0.09 mol/kqg)

0.0025 mole/kg

0,04

=
(=]
ha
n

0,02

k=
=
==
wn

0,01

Solubility (g gas per kg water)

0,005

12

\ =—CH4 —
en?ineeringm?lbﬂx.cnm
0 20 40 60 80

Water Temperature (deg C)

9TH CONFERENCE ON CO2-BASED FUELS AND CHEMICALS -

MARCH 23 & 24 2021 - JEAN-LUC DUBOIS

0.0018 mole/kg

0,05

0,045

s
v

L
&
n

Solubility (g gas per kg water)
o
=
[ #5 ]

0,025
0,02
0,015
engineeringtoolbox.com
0,01 | |
0 20 40 60 80

Water Temperature (deg C)

Qs
JBIOCON

, BioRECOVER ARKEMA



ADIABATIC TEMPERATURE RISE: ARKEMA
H2 makes the process difficult, other reducing agents to be considered

Adiabatic temperature rise during the production of lactic acid Adiabatic temperature rise during the production of n-butanol
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S T Torwma e Lsiriamo)
3CO, +6H, > CHO +3H,0 298 4C0O,+12H,> 1 CHOH+7H,0 701
2 CH,0 + CO, > CHO; + H,0 -36 4CH,0 > 1 C,H,OH+ 3 H,0 177
C,HO +CO, > CiH,O, 50 2C,H,0 > 1 C,HyOH+ 1 H,0 5
BT CH:0s > 2CHO; 32

Challenging to have high titer, from CO2/H2 and good heat management. Methanol as alternative
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CAPITAL COST ESTIMATES

2 methods: Petley and Lange, Cost evaluation for the fermenter

Petley: based on pressure and temperature
“* Lange: based on heat loss

SynGas EtOH
ISBL + OSBL costs = f(Capacity)
10000
= = @ SynGas EtOH
: -
< 1000 /- Taylor 90 % C.1.,min
& / 90 % C.I.,max
o Bridgwater (A) — " ...
% 100 A5 TFetley 4 Best Methods
: A\ Lange (Eq.14) D Methods
E 10 Lange (Eq.15) X Ref. study
£
1
1 10 100 1000
Plant Capacity(kt/y)

Direct cost of the fermentation unit of CO, and H, to lactic acid

35 M$
- [3 CO, + 6 Hy > C3HsO3 + 3 Ho0 |
= 30M$ 50 g/l
o -=Petley, 10 Bars, 80 °C max
% 25M$ --Lange
£
S 20M$
@
@ 15M$
?
2 10M$
= s5Mg | " < Bg/L

0 M$
0 kt/year 20 kt/year 40 kt/year 60 kt/year 80 kt/year

Fermenter Capacity

Early-Stage Capital Cost Estimation of Biorefinery Processes: A
Comparative Study of Heuristic Techniques, M Tsagkari, JL Couturier, A
Kokossis and JL Dubois, ChemSusChem 2016, 9, 2284 - 2297
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Other main equipments: Compressor, Filtration,
Separation, water treatment, off gases treatment, ...
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INDUSTRIAL SCALE GAS FERMENTORS: 4 DIFFERENT TECHNOLOGIES

Calysta Gas (CHa) fermenter

Proteins Lanzatech/Shougang
Gas (CO/H2/COz2) Fermenter
= i —— s FERTATION thanOI
INEOS Gas (CO/H2) fermenter E Unibio Gas (CHa)
(Idled) Fermenter
Ethanol o> GEN Proteins
_ _NITROGEN
< < METHANE
Calysta FeedKind Protein Manufacturing Process :
Lanzatech/Arcelor Mittal
AR EMA (under construction)

Ethanol
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INDUSTRIAL SCALE GAS FERMENTATION PROCESSES: 3 - 6000 $/T PRODUCT

| | IneosBio | Calysta | lanzatech | Unibio | Coskata _

Location USA China Belgium Russia USA
Product Ethanol & Proteins Ethanol Proteins Ethanol
Electricity
Feedstock Biomass to Methane CcO Methane CcO
Syngas
Capacity 24 kt/y 20 kt/y 63 kt/y 6 kt/y 118 t/y
product 8 MW (pilot/demo)
CAPEX 130 M$ 80 M$ 180 M$ 35 M$ 25 M$
(2011) (2020) (2020) (2016) (2008)
ICL el Y)Y Stirred tank /  Loop reactor Jet Loop U-loop
Bubble reactor
column
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HEAT MANAGEMENT

* Challenges in heat management: a lot of heat is produced at low temperature.

“* What to do with the heat produced?
e Use for downstream/upstream process steps?
e Use in district heating?
e Use in green houses?

Challenges for the process:
e Higher temperatures would be preferable: better value for the heat.
e May require extremophiles, enzymatic process
e But gas solubility is decreasing at higher temperature...
e And microorganisms survival might be compromised.

“* Heat losses have to be seen in light of the production capacity
e Not detectable at lab scale
e May represent the energy consumption of several 10 000 European citizens at 100 000 tons/year.
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