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A tool to systematically consider variability in
lignocellulosic bioethanol processes
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Bioethanol in a circular economy

Co,
‘M Usage of fossil fuels steadily increasing
CO, Fuel
B ca. 50% is used for transportation fixation production
Bioethanol sustainable alternative to fossil

fuels Fuel
consumption
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Variability in the bioethanol process

Raw materials Measurement and control

@ Location

@ Harvest time

@ Composition of biomass
@ Storage

@

High turbidity

Local viscosity differences

Solid compounds in liquid mixture
Complex chemical reaction system

@ @ @
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Effect of variability on process

.'-b-é

Raw material variability Yields Economy
Productivities

> Integrate variability in process development at different scales!
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Multi-scale uncertainty analysis —results & objectives

Variability/ .
Process uncertainty Quantify effect on process outcomes:
definition definition

;- Models at different
+ : system scales

process time (productivity)

@ process yield

| del itivit lysi =
mprove models (sensitivity analysis) m Process economics

process synthesis and design
Consequences:

Suggest feasible supply chain/ process

configurations ; ;
environmental impact

Suggest new experimental procedures
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Hydrolysis model

Industrial Biotechnology

Bioprocess model

Flowsheet model

Techno-economic analysis

Supply chain model

Life cycle assessment
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perform optimal control

Chalmers University of Technology

Macro-molecular scale Bioprocess scale Factory scale Global scale Global scale
describe enzyme action describe bioprocess describe process integration | describe cost and profits describe environmental impact
maximize hydrolysis yield develop bioprocess develop process develop supply chain develop process based on
develop enzyme cocktail synthesis and design select econamically best environmental impact
perform optimal process alternative(s)
experimental designs
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Industrial Biotechnology
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(enzymatic hydrolysis)
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. enzyme

[ non-accessible lignocellulose parts
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® inhibitors
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@ vyeastcells
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The bioprocess/ hydrolysis model
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Simulation results for selected state variables for a batch process at demo plant
(10m3) scale
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Flowsheet model and techno-economic analysis
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SuperPro Designer
Bioprocess model |

OperConds Voumes FReactons  Vent/Emissions Labor, et Description
| Fieaction Data I Reaction Sequence |
Name [Fydoyss comdose . Paald 7 [T o
lOLE server g

Reaction Limting Comp. [Celiose P
Corwerson Achieved [TAD0 % (2

_ VB pys—— |
Process yields ==

Conversion Acheved [72.00 %

© Calculate to Achieve Tarpet Concentration
00000 Megrm3 (E)et [none)

g [

Assume zero neaction heat at the erthalpy calculation
reference temperature ( 0.0 C).

i drolysis cellulos *
* Femmertation Mass Sachicmety ’ Pl ceuloss
162.16 Celulose + 18.02 Water —> 180,16 Glucose IR I
Bl x i » E-
Ceerponerh | Mascea | Cerponert | Mascees. |
1 Cebiose 162.1600 Ghote 180.1570
2] Wabet 18050
Total Mass [TT80175 Total Mass [T80.157
* Stoichiometsic Coflicierds OMess O Mol v 0k | cancel| G) Hep
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Flowsheet model and techno-economic analysis

SuperPro Designer
Bioprocess model

lOLE server

VB
Process yields ﬂ Yield definitions, mass balances

Experiments * Process design

« Reactions ‘ Bioreactor chain modelling
Analyses ‘ « Scheduling
External « Utility systems

* Up/downstream
sources - P

units
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Flowsheet model and techno-economic analvysis

Water coz2
i hydrollysae A i :Z/\ -
B | 0 p rO C eSS m O d el j‘——ﬁ‘ cells, nutrients etc Co—E ap Ethanal
solids
lOL E server Prelreaiment \ :
E Mal. sieves
Process yields 7 ey s o | o | ’%:
«  Process design j——l—%

Experiments

« Reactions ‘ - Distillation
Analyses ‘ . Scheduling Di;{j HP steam )
Process steam  Steam tubine i ) _
o Utility systems =
External y sy —
e - « Up/downstream
units
Pinch == = :
an alys is to recipient Aerobic bioox. _
B el
& filtration
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Pretreatment

mass/energy balances to:

Mol. sieves
Erames E @ Techno-Economic Estimates
g
Distiaton @ Supply chain analysis
T Seanubre Boter @ Life cycle analysis

Anaerobicdig.

Aerobic bioox.
to recipient

filtration
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Life cycle assessment

« Calculates the potential
environmental impact of
ethanol production ‘

& Contribution tree: Cellic CTec2, PEG, 30% DM, 7.5 FPU, PSSF
© Flow | Fafrom shrub land, sclerophyllous - resource/land ¥ ||
© mpact category |+~ TR ETRRCIGRITS 2
* Inputs:
.
Contribution Process Amount  Unit
=l 100.00% = cthanol, product, PEG, Cellic CTec2, 30% DM, 7.5 FPU, PSSF 2.56378 kg CO2-Eq
Dat ab aS e -1 99.43% = cthanol, fermentation, PEG, Cellic CTec2, 30% DM, 7.5 FPU, PSSF 2.54820 kg CO2-Eq
75.59% == enzyme, Cellic CTec2 - DK 1.93798 kg CO2-Eq
B I O reaCtO r m o d el -l 20.26% = straw, pretreated - DK 0.51942 kg CO2-Eq
- 19.43% - straw, prepared - DK 0.49810 kg CO2-Eq
+ 18.29% - wheat IP - CH 0.46904 kg COZ-Eq
Flowsheet model 5 o.7ax Sranspert, Inry >15¢, ek averaga - RER ——
+ 00.39% electricity mix - DK 0.01004 kg CO2-Eq
00.83% Combustion, dry wood residue, AP-42 (burning lignin) - RNA 0.02132 kg CO2-Eq
+ 02.02% ! Polyethylene glycol 0.05182 kg CO2-Eq
+ 00.86% sodium hydroxide, 50% in H20, production mix, at plant - RER 0.02205 kg CO2-Eq
° SO ftW are: o p en L‘ A ¥ 00.70% whey, to fermentation - CH 0.01792 kg CO2-Eq
.

00.57% Combustion, dry wood residue, AP-42 (burning lignin) - RNA 0.01458 kg CO2-Eq
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Data flow between scales

OpenLCA

o a— ] i - ‘ L Life Cycle Assessment
.
S —
T Fm_\m/u ———
e ﬁmﬁ ——
Excel/VBA Superpro Designer

Data node Process simulation

Yields Process mass balance
Matlab Reactions Process energy balance Environmental
Kinetic modelling Design parameters Techno-economic estimate assessment
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Variability in enzymatic activities — a case study

Step 1: Data collection Step 2: Distribution fit

260 F i I Activities Celiic CTec2
m— Generalized extreme value distribution .
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Step 3: Propagation in Step 4: Techno-economic
bioprocess model assessment
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The multi-scale concept:

* includes variability assessment in early process development
- allows to determine stable process configurations
 allows for multi-objective optimization

« shall allow to determine optimal experimental conditions to perform
model validation experiments

* Ongoing: Include life cycle assessment in calculations
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