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1 Context and methods

1.1 Introduction

Lignin is the second most abundant renewable metteature. Most of the plant material on earth
contains this substance. Lignin free or low ligpiant products can only be found in fruits, fruit
bodies and roots. All other parts of the plante lstems and leaves, contain substantial amounts of
lignin. If it comes to the use these later partsbiofuel production, the question of what to ddahwi
this lignin becomes crucial. In any system in whlabfuel is produced from another type of
biomass than fruit bodies (e.g. corn or oils prédsem fruit bodies), the lignin issue is of great
importance. Furthermore, the part of biomass wiidontaining lignin, called lignocellulose, is by
far the biggest part of the natural material a\ddaon terrestrial earth for sustainable productbn
energy and chemicals.

Lignin is of a completely different chemical natiihan the other main components of biomass, like
cellulose and hemicellulose and cannot be convemtecethanol.

Typically, the lignin content of lignocellulosic teaial is between 15 and 30%. This means that if
the other components of biomass are transformem ethanol at theoretical yield, which is -

depending on the mechanisms involved- slightly argthan 50%, in any lignocellulose based
bioethanol factory, the amount of lignin producedl Wwe at least half of the produced ethanol.
Typically it's rather the same amount as ethanath\fie yields of the present state of art, there i

in the majority of the cases even more non hydedlysesidues, of which most is lignin, than

ethanol

Furthermore, lignin is potentially an import markgbduct as raw material for chemical and life
science industries. Its aromatic compounds havdipteilspeciality chemical properties and show
important bioactive effects.

Some studies for energy need in bioethanol plamsvghat the energy content of lignin is higher
than the need for ethanol production. ThereforeneW a part of the lignin is used for process
energy there will always be an energy excess wbahbe used for other purposes like external
energetic uses or as chemical raw material.

The evaluation of the potential impact of ligninpaeation and of different options for lignin
separation and its use for non energy purpose spp@athese reasons to be a highly important
task.

1.2 The problem to be solved
121 General objectivesof the simulation

The work here reported addresses the followingaivges:

- Development of a simple simulation tool that allotescheck at any stage of research-
before, during and after the research work- thiei@mfce of a big amount of parameters on a
complete industrial system for economical and ecologicdiiceincy of the process,
including the different options for lignin sepaaati

- Development of a tool that for energy data andstwent can be calibrated with any type of
other external data: literature data, input frorheotsoftware like ASPEN or IKARUS,



calculations done ad hbor offers from equipment producers. In the workehdone the
two first possibilities will be used in order to ladle to compare our work with other
simulations. This shall also allow to compare thieeplevel of the investment figures used
among several partners in the project.

Development of a tool that, after calibration, danthe selected specific types of systems,
calculate all the relevant economic and mass strdata using standard engineering
approaches (like exponential law for investment atkar relations for energy
consumptiof), but being able, once the calibration is doneyeny quickly evaluate a big
amount of variants by calculating in one step thelications of any set of the numerous
parameters involved, without being obliged, durihg evaluation phase, to pass from
different specialised software to another.

Development of a tool with limited complexity fohd user but that still contains
information about significant parameters like inwesnt costs, energy consumption or
waste treatment cost and which automatically adéwetsalues for such complex parameters
to changing process parameters.

Development of a tool based on Excel spreadshdbvae which calculates the global
mass, energy and economic balances of an entie¢hiimol production factory.

Simulation of different initial scenarios in orde&r evaluate which are the most important
parameters on which the lignin related resear¢herNile project has to concentrate

Contribute to the understanding of the sensitiotythe models towards uncertainties and
variations of the process parameters

Simulate the different options for lignin non eretig uses and compare the cost benefit
resulting for given market values of this lignin

Finally as far as the results of the NILE projedi e sufficiently final and representative
for such purpose, the various options of ligninasapon will be simulated in a final case
study involving straw and softwood as raw material

1.2.2 Problemstobesolved in thefirst step

In a first step, the work concentrated on the dgwelent of the computer simulation tool itself and

on a first application with values as good as add at that time. For this achievement the goals
can be organised in four tasks: collection of datmstruction of a mass and energy flow sheet,
economic evaluation, evaluation of first completerarios.

1.3 Description of work on collection of data
For solving the problem of data availability seveygproaches were developed:

Assessment of literature data. Fortunately, thergjuite a lot of data published about

bioethanol production. Even for aspects like innesit cost and energy efficiency, there

exists a lot of elements in literature. These ditere data represent a good benchmarking
reference that allows to adjust the work here din&hat has been presented by other
groups in the past.

1 Detailed calculations could be introduced into the model, but this has not been done for the moment
2 Except for distillation where an exponential law was used as well



- For some elements, no literature data was availdilies was namely the case for most
elements regarding lignin separation at the fromdl. eFor this case, engineering data
available company internally have been used.

1.4 Description of work on mass and energy flow sheet
In this subtask, the main problems addressed wereoatypes:

- definition of the structure of the calculation @lnselection of the parameters, organisation
of the individual sheets, formulas to be used efithge options selected for these questions
are described in the following paragraphs

- optimisation and debugging of the first versionisTWwork needed special attention. Some
initial choices of the excel options, turned oub®problematic. Easy creation of new sheets
and easy copy-paste of information is not possilile some Excel options. Some work had
to be redone with new formulas in order to obtamae user friendly organisation.

14.1 Principleof organisation of the model

The principle of the calculation is to have one &@xsheet for every major process step, which is
called MODULE. All of these modules have an ideatistructure. What changes is the transfer
formula between the input stream and the outpetsir All inputs are either coming from another
process step or corresponding to a physical inputhemicals, energy, raw materials etc. All

outputs are either going to another process stepp @ physical output of the system to the
environment (effluents, output to air, solid regdumarket products etc.).

Products added in every process step are lisdeparate column labelled "Added Products".

The transfer formula defines the way the inputastre of each module are converted into output
streams

1.4.2 Modulesand sheets

On the left side of every module an identical disthe components of the module input can be seen.
This list is freely defined on the first module. &iges on this first list are automatically transsoit

to all modules. For improved readability and easierk, an identical list of products is also
automatically shown on the right. All values aregrcent of the total flow in this step as weliras
absolute values which are all in tons/hour.

QIERE MR OED All mass values in tons/hour
undried raw material Input from Masses Added Products Output Masses Out of System
on total humid raw material
| _ 168.00%  19.76 260.50%  30.6 428.50% 50.41 _ |

Dry Matter 85.00%  10.00 0.00% 0.0 88.50% 10.41 Dry Matter

Organic 77.63% 9.13 0.00% 0.0 77.63% 9.13 Organic
Lignin Screening_Impregn 16.12% 1.90 0.00% 0.0 16.12% 1.90| 0 Lignin
Hexosan Screening_Impregn 32.88% 3.87 0.00% 0.0 31.89% 3.75| 0 Hexosan
Pentosan Screening_Impregn 16.97% 2.00 0.00% 0.0 1.70% 0.20| 0 Pentosan
C6 Sugars Screening_Impregn 0.00% 0.00 0.00% 0.0 0.00% 0.00] 0 C6 Sugars
C5 Sugars Screening_Impregn 0.00% 0.00 0.00% 0.0 15.28% 1.80| 0 C5 Sugars
Other Screening_Impregn 11.66% 1.37 0.00% 0.0 12.65% 1.49| 0 Other

Ash 7.37% 0.87 0.00% 0.0 10.87% 1.28 Ash
Na2S04 0.00% 0.00 0.00% 0.0 0.00% 0.00] 0 Na2S04
H2S04 0.00% 0.00 0.00% 0.0 3.50% 041| o H2S04
Other Screening_Impregn 7.37% 0.87 0.00% 0.0 7.37% 0.87] 0 Other

Liquids 83.00% 9.76 253.53% 29.8 340.00%  40.00 Liquids
H20 Screening_Impregn 83.00% 9.76 253.53%  29.8 340.00% | 40.00] 0 H20
Ethanol 0.00% 0.00 0.00% 0.0 0.00% 0.00| 0 Ethanol

Table 1.4-1 Example for the organisation of a statdnodule



Transfer formula can be written freely by using d&wcell calculation formula. For allowing to
identify them easily they are highlighted in darlamge. Not highlighted output fields are just doing
a standard addition of input and added products.

Input fields are highlighted in brighter orangethe column "Added Products”. By default, all input
values are zero and highlighted. Input can eitreedbne in percentage values or in absolute t/h
values. In the later case, highlighting has totenged manually.

Process chemicals are listed as separated lirtae and of the components list (table 1.4-2). Their
values are entered in the "Added Products” coluntim mentical highlighting conventions as in the
previous section.

The same applies for utilities.

Process Chemicals 0.00% 0.0
(added in Module)
H2S04 0.00% 0.0
NaOH 0.00% 0.0
Yeast 0.00% 0.0
Enzymes 0.00% 0.0
Utilities 0.00% 0.0
Steam (t/h) 0.00% 0.0
Compressed Air (m3/h) 39.2
Cooling water (m3/h) 0.0
Electricity (kW) 59.8

Table 1.4-2 Example of area for process chemigadsutilities

A special case of transfer formula is the splittiagd merging of material streams. Typical
examples are a filtration, an evaporation, a jgnof several process stream originating from
different modules. For various reasons it turnetitolbe most efficient to have a separate area in
the Excel sheet reserved for such splitting anaingi operations, called split or merge tables. This
allows namely to easily calculate what happensauthoo heavy and incomprehensible formulas.
In case of problems with the calculated values, palitial and total mass streams for every
component of the mass streams can be examinedaih @ they are listed in an easily controllable
way.

Allmass values in ons/hour Total Main Stream ~ Filtrate Control Sum
to Hydrolysis 2
[TotalFlow | I 51.5880706 30.87680006 20.7112705 515880706
Dry Matter 10.4116 7.486160059 2.92543994 10.4116
Organic 9.133 6.759840588 2.37315941 9.133]
Lignin 19 i.e 0.0 1.896
Hexosan 38 38 0 3.75196|
Pentosan 0.2 0.113441262 0.08625874 0.1997
C6 Sugars 0.0 0 0 0
C5 Sugars 15 0.0 iL5 1.527705|
Other 1.8 0.998439326 0.75919567 1.757635|
Ash 1.2786 0.72631947 0.55228053 1.2786
Na2S04 0.0 0 0 0
H2S04 0.4 0.233812837 0.17778716 0.4116
Other 0.9 0.492506633 0.37449337 0.867
Liquids 41.1764706 23.39064 17.7858306 41.1764706]
H20 41.2 23.39064 17.7858306 41.1764706]
Ethanol 0.0 0 0 0
Gaseous products 0 0 0 0|
S02 0.0 0 0 0
C02 0.0 0 0 0
02 0.0 0 0 0




Table 1.4-3 Example of a split table

143 Main parameters

Every module is headed by a process parameteiosestiich has the function of a main panel
showing all variable parameters used in this madule
Process Parameters

Lynd 1996, p. 748
Key parameters Cellul. loss to byproducts ~ 3.00% l—l

Sugar yield on hemic. 90.00%

Miscellaneous Concentration acid 98.00%

Concentration caustic 0.00% Lynd 1996, p. 748

Biomass/Water 25.00%

Table 1.4-4 Example of a process parameter section

Sources of data can be indicated by using the Habelling function.
The main parameters used in this work are thewviatig:
- raw material: composition in terms of components

- pre-treatment. water/biomass ratio, loss of ceflelon degradation products, sugar vyield
from hemicellulose, C5 recovery yield, water contgffiltration cake

- lignin separation: water/biomass ratio, loss ofutese in degradation products, recovery
yield of lignin, water content of filtration cakenergy efficiency of drying, dryness of
powder

- hydrolysis: water/biomass ratio, sugar yield frostiudose, water content of filtration cake

- ethanol production: ethanol yield on C6, ethan@ld/ion C5, concentration of ethanol,
energy efficiency of distillation

- waste treatment: energy efficiency of drying, dggef solid residue, COD (=chemical
oxygen demand) reduction of biological treatment

For the C5 sugars it has been supposed for ssiirgilified modelling that all of them are separated
in the pre-treatment step.

The remaining values are defined by the additiorproicess chemicals and utilities that can be
found in their corresponding section.

144 Global flow sheet

The automatic display of the calculated valuesvatyeprocess step was a major challenge of this
work. The objective for this was to obtain one Hxsteeet which summarises all mass flow values
and shows them for each process step in an edsitjifiable way on a one page flow sheet.

The difficulty was to find a way of presentatiorattallowed to include all data in a readable form.
The big amount of information makes it difficult fib everything in a readable format. Finally a
guite dense presentation has been retained toatsatb be taken over into Word files in one single
horizontal page (see Figure 1.4-1).

Process steps (modules) appear there as orange thaxeare labelled with the process name, which
corresponds precisely to the name used for evepyistthe Excel sheet.

The main process streams are indicated by yellowwa: Every stream is named with a
corresponding label (white colour).
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The mass flows at every module (inputs, outputs feowl in between modules) are indicated by
black arrows and the corresponding values in bitacke

Utilities and added process chemicals are showedtdam coloured arrows.
System outputs (market products, output to envimtjrhave red arrows.

The initial goal to have an automatic generationhef process flow sheet was difficult to achieve.
No functions allowing that in a simple way coulditentified in Excel.

In the first model, unfortunately, the creation afconsistent flow sheet had to be carried out
manually and represents an important part of workeivery scenario. Many elements must be re-
adjusted manually. But once a scenario is doneexiisging sheet can be used very efficiently for
displaying the value in order to do consistencyc&hand trouble-shooting.

A global verification sheet allowing to sum up @puts and and compare them to the outputs has
further been developed. This allows to make suserib error in stream assessment and calculation
has been made. Indeed: in case of such errorsatieeyery likely to show up in this calculation as a
non zero balance between inputs and outputs.
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Figure 1.4-1 Example of a global flowsheet (withbgmin separation). Fictional system parametety @ illustration purpose
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1.5 Description of work on economic evaluation

Here again the problem can be decomposed into dtteegng of data and the realisation of the
calculations.

For data gathering, a geographical frame (couritthi@ project) had to be fixed. The assessment of
all economic parameters (chemical cost, utilitisalaries etc.) represented a further group of
problems to be solved.

Furthermore, the realisation of the calculationguested a choice of the economic model to be
used: calculation of a payback system for the itmaest, calculation of financial cost (interests and
capital costs), calculation of return on investment

151 Investment costs

Investment costs have been evaluated for everyepsostep. A basic evaluation was done for a
standard size of the equipment. The actual valus ween calculated by using standard

extrapolation formula as currently used in engimgglscaling factors of 0.6 exponential). The

parameters determining the extrapolation were tadefor every process step in a way to make
them adapted for the nature of the equipment used.

The following parameters were used for the diffepgoncess steps:
- pre-treatment: total mass flow
- lignin extraction: total mass flow
- lignin precipitation (LPS): total mass flow
- lignin drying: evaporated water flow
- hydrolysis: total mass flow
- fermentation: total mass flow
- distillation: evaporated water flow
- drying of fermentation residue: evaporated watawfl
- evaporation of distillation residue: evaporatedexdiow
- biological treatment (waste water treatment): flovworganic material

The calculation base is for equipment produceddsidered in the European Union. Considering
other regions of the globe as possible supplieghtéonsiderably improve the cost structure of the
equipment.

152 Operational costs

The evaluation of this part (including financialstpmight represent the biggest uncertainty in this
project. This is due to strong local dependencgp®rational cost (e.g. electricity prices which can
be very variable from one country to the other){ biso to unknown information difficult to
evaluate (for example: the real need for man poamel maintenance for this type of production
plant). The following is explaining the optionsesgked for our calculations.

Utilities and process chemicals were evaluated rdatg to a French industrial level cost base at
the end of the year 2004"4uarter 2004).
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Manpower was estimated as based on an averagg &aldhree shifts (resulting in 5 teams per 3
shifts in order to take into account free days,days and other leaves). For a plant size of 10
ton/hour of dry raw material, 12 workers per teaaravassumed.

The price of enzyme was not available, but wagHerfirst step adjusted in a way to have global
prices for hydrolysis that are in the same rangthasulphuric acid costs, that would be necessary
for realising the same hydrolysis task.

Yeast was for the first step supposed to be rebieland if any additional had to be produced on
site and all cost for its production was suppogele included in investment for fermentation and
other operational cost.

For pelletisation of the residue before combustmmly operation cost was considered. Possible
investment costs are absorbed in the productionfoogellets that was here used (10 Euro/ton for
100 Euro/ton of energy value for sales).

Regarding the calculation of financial cost, diffier options were evaluated. In order to make the
present evaluation fit with other work of the authdinally a simplified model was used (a global
20% as margin). The main goal of the work hereisde the dependency of production cost from
the different options for lignin separation andsise

1.6 Scenarios to be evaluated
Multiple scenarios are possible for bioethanol picitbn plants as considered in the Nile project.
The following list gives the main aspects as weltlee technical options for each of them:

- Hydrolysis process: Acid hydrolysis, enzymatic lofgsis, separate hydrolyis and
fermentation (SHF) or simultaneous saccharificatiod fermentation (SSF)

- Type of lignin separation (front end: extractioteafpre-hydrolyis, end of pipe: extraction
on the solid residue after final hydrolysis, exti@t process: alkaline or with organic
solvents)

- Type of pre-treatment (HCI, H2SO4, steam explos8D?2)
- With or without C5 separation after pre-treatmenfilbration
- Options for treatment of residues and liquids

- Type of raw material: Spruce or Wheat straw

An adapted choice had to be done for reducing timeber of variables for this first stage. This had
to be done in a way that the data generated wireepresentative for the general question this is
the role of lignin in a future bioethanol plant.

2 First simulations

2.1 Preliminary remark

This report shows various calculation results faetpf computer based experimentation- on the
interest of lignin separation for other use thaargy production in the process. The different rssul
have been obtained over a period of 4 years aeddit step of the work different model conditions
have been applied, with generally speaking an asgen the introduced details from the early first
simulations (just below) throughout the projecttiluthe most detailed calculations of the final
“"cutting edge" models.

It appeared interesting to the authors to showetdution over a several year project work and to
present the calculation results and details foryestage of the work. The authors believe that goin
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through these different results, allows to get #elbampression on the importance of the here
examined question, than this would be possiblaubygiving the final most detailed models, which
are not completely confirmed by experimental dagagabise of limited time and money in this

project. Only the final commercial implementatioh @ process can definitively decide these
guestions. Also the general impression the autbotsrom this work, was that the more details
were introduced in the calculations the more itapee difficult to understand in which conditions

lignin separation would be the most promising, #r&more it became also difficult to support all

parameters with experimental data.

However the authors trust that when going throdbtha details of the work the reader will get his
own opinion on the question, which hopefully wi# blose to the -cautious- conclusions formulated
at the end of the report.

2.2 Selected scenarios for early simulations
221 Preliminary resultsfor Wheat straw

It is generally assumed that lignin extractionasier for straw or other annual plants (higherdgel
of extractable lignin). For this reason, the fegaluation concentrated on straw as raw material. A
basic case without lignin separation was usedratesence.

Pre-treatment on straw is in the project done aiigam explosion using H2S04.

The first simulation was carried out by using alke@lextraction (NaOH) on the solid part after pre-
treatment and filtration (front-end lignin sepaoatwith C5 separation).

The initial case studied was 10t/hour of dry biospds assess the impact of the lignin use on the
economics of the overall biorefinery process alatively small scale. This gives also a reasonable
size for lignin market development. Such a planilddherefore constitute a realistic first step in
the commercial upscale for lignin non energeticsuaéioethanol production plants.

The assumed overall ethanol yields from raw biomease 40% for C6 and 35% for C5.

The selected process is using investment ratioseapdgy consumptions suggested by the NREL
publications, namely Lynd et al. (1996)

The figures here used are based on the "advanchddiegy" scenario, adjusted for some points
with less optimistic data where ever this seemegsgary to the authors of this report.

The general process concept was adapted to theeshesed else where in the project at this stage
of advancement (no power cycle but drying and psfiadon of the residue). However separate
hydrolysis and fermentation (SHF) was assumed.

% Lynd et al., App. Biochem. Biotechn., p. 741-7@/58), 1996
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Figure 2.2-1 Example of a global flowsheet (witniin separation). Fictional system parameters foljllustration purpose
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The lignin extraction yield was supposed to be 85%.

The flow sheet for the reference case without fend lignin separation, is identical with the
exception that the cake from the pre-treatmenbiagydirectly into the enzymatic hydrolysis. The
process steps "Lignin-Extraction”, "LPS" and "Ligiidrying" are dropped.

2.2.2 Economic results for wheat straw

The investment was estimated to be 34 million Horothe base case and 37 million Euro with
lignin separation. The later figure takes into agdothe cost for alkaline extraction and lignin
precipitation and drying. Benefits for reduced msissams thanks to the separation of lignin have
been calculated. But also increase of investmenthe lignin separation variant for the steps of
evaporation and waste treatment was included ircah®ulations (because of the additional stream
coming from alkaline extraction).

The solid residue after hydrolysis was supposedodotransformed into pellets, usable for
decentralised energy production. The fuel valuepiliets was estimated to be 100 Euro/ton (dry
basis). The lignin revenue for a marketable lignas supposed 250 Euro/ton ex works.

Using these assumptions, a complete simulationasfsnibalance, energy need and investment cost
for every process step has been carried out. Teteled calculations showed that under the
selected hypothesis the potential reduction of peadn cost for 1kg ethanol is from 89
Eurocents/kg to 66 Eurocents/kg, or 51 Eurocents/I.

It can be concluded, at this stage, that the s@paraf lignin at the front end does virtually alldo
obtain substantially reduced cost for straw ethgmoduction. This preliminary conclusion has, in
the following chapters, to be confirmed by furthemprovements in the model and —as far as
available- experimental data about lignin extrattyeeld, ethanol yields on C6 and C5 sugars as
well as by more detailed calculations of investnarsts and energy balances.

2.2.3 Results Spruce

A similar preliminary simulation was carried out feoftwood Spruce. Although in this case the
lignin separation yields seem to be clearly lowee calculations were applied also to a raw
material with a typical Spruce composition. For temaining, identical options were used for this
scenario than for the case of straw. A lignin esttoa yield of 40% was assumed.

The reduction obtained is less than in the previcase and going from 85 Eurocents/kg to 75
Eurocents/kg. The main reason for this is the redugeld of lignin which gives lower revenues

but with additional investment and chemicals casilar to the case with higher lignin separation.

However, even in that case, it can be preliminasdncluded that lignin separation pays for more
than the cost generated by the separation.

2.24 Updating of smulationswith lower yield data

Before doing further work on the sensitivity of thedels, material balance data, mainly for the
different yields and process step concentratioas,ldieen collected and defined in cooperation with
other project partners. The resulting yields wargeneral much less optimistic than for the earlier
case from literature that has been examined ipté@ninary work.

The finally retained figures were: 80% C5 yieldprehydrolysis, 90% of C6 yield in enzymatic
hydrolysis, 79% of ethanol (on theoretical 51%Jfamentation and 40% recovery yield of lignin.
The model also used conservative assumptions abogentrations of the process streams (20% in
prehydrolysis and 10% in enzymatic hydrolysis).the text that follows, several options with
higher concentrations are also analysed.
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With these parameters the global production prias slightly higher because of the reduced yields,
but the difference between the two models was pgesounced (same size of plant as initial
models: 10 tons of straw (on dry)/h, deliveringen&b6200 tons of ethanol per year):

- Without lignin front-end separation: 82 cts/kg & @&s/L,
- With lignin front-end separation: 77 cts./kg or&%/L.

2.2.5 Ethanol concentration

An important factor for production cost is the centation of the ethanol before distillation. With
the new figures this was of course lower than lier @arlier simulations. Several dozens of process
variants have been examined for understandingithesnce of different scenarios on that question.
The table below gives a summary of the results.

Case | C5 separation Lignin Dry matter Water insoluble solids Ethanol in
number after pre- separation in prehydrolysis (WIS) in enzymatic distillation feed
treatment hydrolysis
1 Yes 40% 20% 12.00% 2.41%
2 Yes 40% 20% 20.00% 2.96%
3 Yes 40% 29% 20.00% 3.52%
4 Yes None 17% 20.00% 2.31%
5 No None 17% 10.00% 2.96%
6 No None 20% 13.5%* 3.81%
7 Ethanol 90% Not applicable 20.00% 6.70%
extraction

* highest possible value in the model

Table 2.3-1 Influence of the different process paters on ethanol concentration in distillation

The sensitivity to raw material composition hasoaleen evaluated. In the NILE project, the

different partners used different straw composgiahthis stage of the project. The one used # thi

model was available internally and is in betweendhktremes. However an optimistic composition

(higher hexose and pentose) was used to verifgehsitivity to the selected composition. With the

most optimistic compositions available within NIltle increase in case 5 was from 2.96 to 3.14 %
and in case 6 from 3.81 to 4.05%.

Ethanol extraction of lignin is a very good optioom this point of view. But even there the WIS in
enzymatic hydrolysis would have to be at least IA%rder to reach 4% ethanol concentration.
With 20% WIS it would be 6.7% (case 7)

3 Work on further improvement of models

3.1 Overview on the work in this step

In a further step, the simulation work has conadett on verification of the multiple system
variants in order to get a better understandinthefkey factors of a bioethanol production system
and more particularly of the possible influencdighin separation on technical parameters and on
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ethanol production costs. For this purpose it vaagartant to verify numerous aspects of the basic
simulation model:
- energy costs have been made compatible with othieE ldroject data (different project
internal and published models use quite differeetrgy needs)
- the distillation energy as a function of ethanat@entration has been modelised
- ethanol concentration has been further studiedtia@dlifferent factors influencing it have
been better understood
- the influence of the raw material composition waalgsed in detail
For this purpose, four types of simulations havenbecovered from earlier work and all have been
updated and debugged:
- basic simulation without C5 separation after peattment, without lignin separation
- as above but with C5 separation after pre-treatr(gdl: improve yield of biotechnology
through reduction of organic acids, phenolic arfteoinhibitors)
- with lignin front-end alkaline separation, with G&paration after pre-treatment
- As preceding, but without C5 separation after peattment
For each of these systems, multiple simulationsH#een carried out. Among the varying factors
were:
- concentrations of process streams during pre-teatiand during enzymatic hydrolysis (in
most cases this is adjustable by changing the ahuddresh water added in stream)
- three different raw material compositions
- percentage of recovered lignin (40 to 99%)
- dry matter obtained in the filter cake after pratoygsis and after enzymatic hydrolysis
- yields on ethanol for C6 and C5 components (diffehgdrolytic steps and fermentation)
- sales price of lignin

3.2 Updated energy costs

During the verification work of the model paramsteall the energy data available were analysed.
The sources used different ways of presentationsacmhsiderable work was necessary to organise
the data in a consistent manner that allowed coisgrar From this it resulted that quite different
energy data are used by different authors (extemaices and project partners). Namely for steam
consumption an important difference was detected.

Table 3.2-1 shows the steam data obtained withmibiee optimistic assumptions (pre-treatment at
215° C, 45% dry, SSF at 10% solids, 37° C, 72 Hours

MJ/Liter kﬁ SEtng / t steam/h*
Pretreatment 15 0.6 14
Drying 1.9 0.7 1.8
Distillation 9.8 3.8 9.2
Evaporation 4.0 1.6 3.8

* for a 10 tons straw/hour plant

Table 3.2-1 New steam consumption data used isithelations

Fore the sake of consistency, these lower steamtdate been implemented in our models for all
the following simulations. All energy data otheaththe specifically mentioned in table 3.2-1 are as
before (based on NREL data).
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3.3 Modelisation of distillation energy

Distillation energy is the most important contrilout to the energy needs of bioethanol. It depends
mainly on the ethanol concentration. This depengleremm generate energy consumptions for

distillation varying by more than 50%. To improveranodel, the available data on that topic were
collected and analysed. Fig. 3.3-1 shows the d&ga @nversion into a graphic that is treatable by
Excel. A regression equation was determined andcctineesponding equation introduced into the

calculations of the spreadsheets.

Distillation Energy to ethanol concentration y = 0.1044x°0-9969
R? =0.9683
— 25
(@)
@
c 20 :
m & EthanolConcentration
o 15 |
= = Pow er
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2 : ‘ ‘ ‘ :
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Figure 3.3-1 Plot and regression equation for ltisitin energy

3.4 Further work on ethanol concentration before distillation

The identification of factors that can increase éki@anol concentration before distillation has been

a constant worry within the work for this projedhe target ethanol concentration in the project

was 4%. First calculations (see tab 2.2-1) showithanost of the case studies done so far we had
problems to meet this target. Therefore additiomak has been done to understand the reason for
this.

The results obtained on the different topics ararearised in the following:

« Concentrations of process streams. In the revieweatlels the highest possible
concentrations for process streams were re-applied. cases were compared (see table
3.4-1): 20% dry matter in prehydrolysis and 12% WiSnzymatic hydrolysis (hereafter
called "low concentration”) and 29% dry matter irelpydrolysis and 20% WIS in
enzymatic hydrolysis (hereafter called "high coricaion”). The high concentration case
corresponds to the highest concentrations expetattgrunder verification in NILE or
other projects (as far as known to the authors)t A&gn be seen also in table 3.4-1, passing
from the low concentration to high concentratiorcrgases considerably the ethanol
concentration (from 3.99 to 5.76% and from 4.3 5% for respectively without and
with lignin recovery).

» Separation after prehydrolysis. Table 3.4-1, alkows that with such separation the
ethanol concentration collapses to almost half. odding to these new models, the
increased yield achieved of this separation ofbitbis must therefore be very important to
counterbalance this. However this allows a quitedgeecovery of the the C5 sugars which
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might be used in another process (see chapter bmlo@5 separation). In all other cases

this separation cannot be recommended.

Lignin yield. Lignin separation clearly favours tethanol concentration. The potential is

anywhere between 5.76 and 8.86% depending onghim Irecovery yield (from O to 99%

recovery).
Water
ooy | mouoe | tgnn | eug | euw | tesment |
. . - Recovery 94% 94% ’ . A’ EtOH
Prehydrolysis | in enzymatic in distillation

# hydrolysis
12 With Separation 20% 12% none 0.826 0.652 22.5 2.14%
g | after prehydrolysis 29% 20% none 0.787 0.621 216 2.75%
10 Without Separation 20% 12% none 0.671 0.530 18.3 3.99%
g | after prehydrolysis 29% 20% none 0.634 0.500 16.8 5.76%
20a 20% 12% 40% 0.598 0.472 22.3 4.35%
| With separation 29% 20% 40% 0568 | 0.449 20.2 7.26%

after prehydrolysis

23 29% 20% 99% 0.405 0.320 20.7 8.86%

# is the number of the simulation in the simulation log file

Table 3.4-1 The main variants of importance forab&inable ethanol concentrations before digtillat

» Adjustment of filter cake after prehydrolysis. Imetcase of lignin separation it was also
found that the filter cake after prehydrolysis hadome cases to be more humid to allow
the 20% WIS goal in the enzymatic hydrolysis.

* Raw material composition. More favourable raw mateompositions clearly increase the
ethanol concentration (see related chapter hergafte

These new calculations show that the target coretémt can be easily met with the reviewed
models (except in the case of separation of stredi@spre-treatment).

3.5 Influence of raw material composition

The straw composition here used (average compnosititernally available, see first part of the
following table) seems to be on the lower side efichble and possible quality of industrial
material. Other organics seems rather high asasgetish. Therefore a more optimistic composition
has been evaluated (simulations # 35 and 36) asdltbwed to reduce the cost by about 15%!

Furthermore a "dream composition" was evaluatedu(sitions # 41 and 44), with very high lignin
content (40%), almost only hexosans (50% compaveshty 5% pentosans) and low organics as
well as ash. A complete lignin separation wouldhiis case allow production costs of as low as 8.6
Eurocents/liter!
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% EtOH
Lignin | Hexosans | Pentosans Othe_r Ash Lignin EU/kg EUL I:\I/\I/ii.Stgﬁgt . _in .
organics Recovery 94% 94% distillation
#
38 19% 39% 20% 14% 9% none 0.634 0.500 16.8 5.76%
21 40% 0.568 0.449 20.2 7.26%
22 80% 0.458 0.362 20.7 8.25%
23 99% 0.405 0.320 20.7 8.86%
35 21% 43% 23% 8% 5% 40% 0.491 0.388 20.3 7.91%
36 99% 0.338 0.266 20.8 9.67%
41 | 40% 50% 5% 2% 3% 40% 0.442 0.349 21.8 5.71%
44 99% 0.109 0.086 22.3 7.92%

# is the number of the simulation in thewation log file

Table 3.5-1 Results obtained with different raw mateompositions (all based on high concentratiwdels)

3.6 Potential for increased yields

After optimisation of the models, it seems intaregto redo a comparison for higher yields as had
earlier in this project. Namely the 79% on theooy fermentation seems rather low and can be
expected to be improved. For this reason, it seetasant to study the relative importance of lignin
separation also for higher yields. The table bestvws that with such improvement (the advanced
technology scenario of Lynd 1996) the productioste@an be considerably reduced.

Strikingly, the cost reduction potential for ligniabout 80% recovery) stays almost exactly the
same for reduced yields or the more optimistic ¢asaund 25%)!

Prehydrolysis Enzym. Hydrolysis Fermentation

. . % EtOH
cs c6 cs c6 Yt'he(';(’):’“ t‘ﬁ;’):’“ Lignin EUkg | EUL 'm’iisgergt in
yield yield yield yield y Y| Recovery 94% 94% ' distillation

. cé cs5
| 66% 95% 90% 90% 79% 79% none 0.602 0.475 16.8 6.15%
o1 | 66% 95% 90% 91% 81% 81% 40% 0.568 0.449 20.2 7.26%
2o | 66% 95% 90% 91% 81% 81% 80% 0.458 0.362 20.7 8.25%
18a| 77% 97% 90% 94% 95% 95% none 0.486 0.383 16.1 7.64%
15a| 77% 97% 90% 94% 95% 95% 82% 0.371 0.292 20.1 10.12%

# is the number of the simulation in thedation log file

Table 3.6-1 Potential of increased yields for reiuncof production cost (all based on high concatian models)

4 Final simulations (cutting edge models)

4.1 Summary about the development of the cutting edge models

The first set of simulations presented above, vdenge with a simplified model approach. It was
not possible to take into account all details drelfirst objective was to obtain in a reasonaltesti

a few models that allow first simulations and gavBrst idea about how lignin separation influences
the economic feasibility of bioethanol from ligntdase.

20



411 Improvementsinthe model

In the further work, several improvements were dehé&h are outlined below. Detail explanations
follow in the next chapter. Further on, also thedaour of the new cutting edge models is studied
in direct comparison to the earlier models

Investment level was checked with regard to whatidee by the other project partners
involved in simulations

In earlier models the separation efficiencies ie fiiltrations (after each of the two
hydrolytic steps) were calculated using the rermgriiumidity in the filter cakes, assuming
that the concentration in the liquid in the fileake is the same. During the progress of the
project work more and more the idea was introduoegse counter current washing — with
claims of up to 99% washing efficiency- by the otsemulation partners. For this reason
also the work done on lignin was adapted to thid #re models were modified in this
direction.

In the "other organics" and in the "other ash" sqrads can be insoluble. Earlier models
supposed them all soluble, which is probably qughat for wood raw materials, but likely
to be slightly wrong for straw and other annualnpdacontaining nitrogen and silicates.
Therefore several new variables were introduceddking into account these insolubilities
in the "other organics" and in the "other ash" gach washing step: after pre-hydrolysis,
after main hydrolysis, after lignin extraction).

Also the solubilisation of a small part of the ligrwas introduced as a parameter (set to
10% in all the following standard simulations)

The calculation of the WIS (water insoluble solidsas adapted to the last changes
mentioned just above. For adjustment of the watéhé enzymatic hydrolysis a definition
of WIS was used that takes into account all theluides.

Earlier models supposed no C6 hydrolysis in thetg@ment and no additional C5
monomer yields in the enzymatic hydrolysis. Reaafitrmation mentions however the
possibility to have some not neglectible yielddath reactions. The C6 sugar yield was put
to 27% and the C5 sugar yield in the following lofgsis step was given the same value as
the corresponding C6 yield.

The yeast continued to be supposed recyclable eowlirgg on the substrate (and by this
contributing to some of the % lost on the theoedtjeelds of ethanol on sugar).

However the enzymes were in all simulation of chept4.2 and 4.3 supposed to be
produced on site. Using some preliminary data a savestment cost that were presented
in the project, an additional amount of investmemtresponding to 12% of the investment
without enzymes production was added to the capatsis.

For the lignin separation, new options were inticetii

» Lignin separation without C5 separation after peatment. This allows to have
higher concentrations also in the case of lignpasation.

* The flow resulting from the lignin precipitation RIS) can now be alternatively
introduced in the enzymatic hydrolysis or at thd emthe waste water treatment.

» A end of pipe lignin purification was introducedarthe model, by allowing to make
a lignin extraction on the solid residue after anatic hydrolysis.
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- The raw material composition used in all furtherkvff not specified else) is for straw the
more favourable composition of the early simulagi@amd for Spruce the identical as in the
earlier simulations.

- For economic and ecological reasons recovery otlieeicals used in the lignin front end
separation would be of interest. An evaluationtuas point has been carried out, but where
not stated differently no sodium recovery was cd&®d in the simulations of chapter 4.

- The conversion of the C5 fraction as well (and ordy the C6 parts including cellulose and
other hexoses) is one of the main challenges fiardubioethanol plants. The results about
this were not available at the writing of this repdout an estimation of the possible
influence of this aspect has still been carried out

4.1.2 Illustration of some variations encountered

After the first series of upgrading of the modétgluding comparative work on different scenarios
to check the consistency of the models, a few satmaris were launched in order to check how the
interest of lignin separation would come out at fi@nt. The used parameters were as they were at
this stage of the work, originating of some caseliss done just before this and not including the
additional parameters of chapter 4.2

Although these are not the final conditions retdinge are nevertheless dealing here with possible
conditions that could be realised in some caséaadfstrial system's development (except maybe
the lower investment that seems now too low if skem the point of view of the end of the
project). The system was based on 10 tons dryrafvétour and 40% dry matter in pre-treatment
and without sodium recovery in the lignin separmatiBrice and cost information was like earlier
(namely a lignin sales price of 250 Euro/ton). Thiger parameters were as mentioned in the table
4.1-1.

It's important to insist on the fact that theseradlels identical to what was used in the laterkwor
in this chapter, but without the further changescdbed under 4.2.

Prehydrolysis Enzym. Hydrolysis Fermentation
Yield on Yield on Investment % EtOH
C5 C6 C5 C6 wis theor theor Cc5 Lignin EU/kg EU/L Mio. Euro in
yield yield yield yield c6 Y cs Y Separation | Recovery 94% 94% : distillation
#
84 56% 22% 91% 90% 5% 79% 79% off none 0.714 0.563 38.3 1.3%
85 56% 22% 91% 90% 5% 79% 79% on none 0.679 0.535 39.5 1.3%
86 56% 22% 91% 90% 5% 79% 79% on 99% 0.626 0.494 457 1.5%
87 56% 22% 91% 90% 20% 79% 79% off none 0.447 0.352 245 6.4%
88 56% 22% 91% 90% 20% 79% 79% on none 0.447 0.353 26.1 4.7%
89 56% 22% 91% 90% 20% 79% 79% on 99% 0.433 0.342 34.6 5.0%

#is the number of the simulation in the simulation log file

Table 4.1-1 Some early simulations during the final step of the work (not including the additional parameters)

As it can be seen in the table, in these casese@aration is not detrimental in the base model
without lignin separation whatever the concentratis in the enzymatic hydrolysis. With low
concentration models, C5 separation is even phdéitd-urthermore, the lignin separation with 99%
recovery rate is just slightly beneficial for lowrecentrations (12% reduction of ethanol cost) and
almost neutral for the higher concentration modefsy 3% reduction)!

4.2 More details about some improvements/changes in the models

In the following, more details are given on somethe modification of the new models, on their
importance for the simulation and on the valueained for the final simulations.
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421 Verification of investment costs

In the early simulations, the investment coststli@r ethanol plant (lignin recovery part excluded)
were based on the already mentioned NREL publicatiynd 1996). As in the progress of the
project work, investment data became available fotiner partners, several efforts were undertaken
to evaluate how the different investment levelsenetated to each other.

The strategy chosen for this evaluation was to Eitawan exact mass flow mirror of a system in our
simulation model and to compare the investment ¢bat results with our formulas to the
investments found by other partners with the sarassmfiow data.

The first comparison was about a Spruce system%tVBIS in hydrolysis and without C5
fermentation according to a publication by Wing(2803Y. For this case, it was possible to create
a precise copy of the mass flows. The informatibbymd was corrected by the cumulated inflation
from 1% quartal 1994 to last quartal 2009. For determimatf this average, inflation in the U.S.
was calculated with an inflation calculator avaiéabn Internet which gave an average increase in
cost of life by 2.5 % per year. The resulting invesnt was converted in Euro and compared to the
investment announced by Lund University (convefteth Swedish Crowns to Euro, and increased
by 15% for compensating from the publication dapeta 2009). The result was that the so
calculated updated cost of our model was 20% lothan the investment obtained with the
Wingren data. This can be considered as a rathmat ggreement, given the very different sources
of the information (one in the US, one in Europe).

The situation was quite different for a straw cadéiough the method used was the same in order
to express each investment in terms of a Euro 2G3®, the resulting investments we obtained
were about two times smaller than the referencéaimélowever there was some uncertainty about
the factor between total direct cost and fixed hphvestment (a standard factor calculated by
most software).

Taking into account all available information, wec@tled that it was consistent to introduce a factor
of 1.5 for increase of investment. All the invesitsefor all the calculations that follow are based
on this higher investment.

4.2.2 Counter current washing

The introduction of the counter current washingfis major importance for the system parameters
of a bioethanol/lignin plant, as it can be seeab 4.2-1. Namely the production cost is rather
sensitive for this feature.

For better understanding it has to be noted thatldlver recovery rate in the table corresponds
approximately to a normal pressing/washing withoanter current. From the table it results that
with a good counter current washing the ethanolcentration is significantly higher (17%
increase) and the production cost significantlydof% reduction). This is of course due to the
higher amount of ethanol produced with better s&par of the streams.

Regarding the interest of lignin front-end separatwith a good counter current washing the lignin
benefits are less striking, although still subsenthe improvement on ethanol production cost
going down from 28.5% to 25%.

4 Wingten, A., Galbe, M., Zacchi, G.: Techno-Economic Evaluation of Producing Ethanol from Softwood: Comparison of SSF and SHF and
Identification of Bottlenecks , Biotechnology Progress, 19(4), 1109-1117, 2003
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Prehydrolysis  |Enzym. Hydrolysis
_ % EtOH
Recqvery rate Recovery rate of Lignin EU/kg EU/L In\{estment o5
of dissolved . Mio. Euro in
dissolved products | Recovery 94% 94% T
products distillation
#
360 80% 80% none 0.540 0.426 36.9 8.9%
361 80% 80% 99% 0.387 0.305 39.7 13.1%
362 99% 99% none 0.490 0.387 37.9 10.5%
363 99% 99% 99% 0.368 0.290 40.8 15.0%

# is the number of the simulation in the simulation log file

Table 4.2-1 Influence of the recovery rate in the two countercurrent washings (high concentration models)

42.3 Work oninsoluble” other organics' and " other ash”

Table 4.2-2 shows how different options for insddulparts of the various "other" fractions
influence ethanol production cost and ethanol cotmagon in the distillation. The influence is
significant. With 100% insolubles we get a veryfeliént result than if we suppose that everything
is soluble. Rather surprisingly the production @sts down with high insolubles.

Prehydrolysis
. . L % EtOH
Insolubles in | Insolubles in other Lignin EU/kg EU/L In\{estment oF
. Mio. Euro in
other organics ash Recovery 94% 94% T
distillation
#
364 100% 100% none 0.449 0.354 38.2 7.9%
365 100% 100% 99% 0.326 0.257 415 10.0%
366 0% 0% none 0.490 0.387 37.9 10.5%
367 0% 0% 99% 0.368 0.290 40.8 15.0%

# is the number of the simulation in the simulation log file
Table 4.2-2 Influence of the different insoluble parts (high concentration models)

Remarkable is also the fact that the positive éféédignin separation goes down in case of no
insolubles (from 27.5% improvement to 25%), althotige starting point for ethanol cost is higher
in the later case.

4.2.4 Lignin separation without C5 separation after pre-treatment

In earlier models it was supposed that the C5 sugend other solubles are separated by
filtration/washing before going to the lignin extten step with the insolubles. However there
might be a clear economic interest to renouncehi® step also in the case of lignin front end
separation. We have here selected the low contemi@ase for our simulations in the table, as this
shows some interesting behaviour that disappeatsdber concentrations.

Separation | Recyclin Investment % EtOH
P yeing Lignin EU/kg EUIL . in
after of LPS Mio. Euro o
. . Recovery 94% 94% distillation
4 prehydrolysis filtrate
368 off off none 0.664 0.524 54.7 2.49%
369 off off 99% 0.547 0.431 67.1 3.93%
370 off on 99% 0.490 0.387 53.1 3.93%
371 on off none 0.700 0.553 59.1 1.75%
372 on off 99% 0.532 0.420 57.3 2.35%
373 on on 99% 0.530 0.418 56.8 2.35%

# is the number of the simulation in the simulation log file

Table 4.2-3 Influence of C5 separation after pre-treatment and of LPS filtrate recycling for front end lignin separation (low
concentration models WIS 5%)
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The reference situation is here to separate ligvithout recycling of LPS filtrate. As one can
calculate in table 4.2-3, for low concentration mlsdthe separation after pre-treatment is against
expectation more advantageous (20% reduction ianethcost) than if this separation is not done
(17.5%).

425 Optionson recycling of filtrate of LPS

Referring again to table 4.2-3, it can be seen timatrecycling of the LPS filtrate does introduce

substantial benefit when done without separatidar girehydrolysis. This advantage disappears
when the later separation is switched on. Howesanust be clarified that these are purely mass
stream calculations that include only changes westment due to different size of the equipments.
Possible increases due to more expensive matémnetisesist to acidic conditions or to addition of

alkali for neutralisation are at this stage notoacted for. Such further calculation was not done
because it is not clear what will be the pH aftéxing. There is substantial alkali coming from the

lignin extraction step (there is no counter curneashing in this step), which might be enough to
get acceptable conditions for hydrolysis. But thés not been experimentally verified so far and
would have to be introduced into the models as ssdaboratory data are available.

4.2.6 Purification of end of pipelignins

During this project an experimental evaluation ofification of end of pipe lignins from the solid
material resulting from filtration after enzymatgdrolysis has been done. Therefore a simulation
model corresponding to such purification has aksenbconstructed. For showing the sensitive point
in these modelling we have selected a revenue @Eafso/ton for the purified lignin.

From table 4.2-4 we see that with 40% lignin sefiamathe additional revenue is balanced by the
additional production cost. This means that we abeut at the break even point for lignin
separation for this scenario. With higher yields ¢thanol production cost starts again going down.
Therefore the production cost of lignin must irsthase be clearly lower. This has to be compared
with front end models where we have production @fstbout half of 350 Euro, because of the
synergistic effects with other process steps in éttganol plant. In the case of end of pipe
purification there are no such effects. Neitheihere any dependency of other parameters than the
pure lignin related investment, the additional cloats and the yield of lignin extraction. Also the
ethanol concentration is logically not influencedtbe lignin extraction.

Water
Dry Matter Iqsoluble Lignin EUlkg EUIL In\{estment % I_EtOH
in Solids (WIS) Recovery 94% 94% Mio. Euro in
Prehydrolysis | in enzymatic distillation
# hydrolysis

374 Without separation 20% 5% none 0.664 0.524 54.7 2.49%
375 after prehydrolysis 35% 20% none 0.490 0.387 37.9 10.50%
376 Without separation 20% 5% 40% 0.658 0.519 83.2 2.49%
377 after prehydrolysis 35% 20% 40% 0.489 0.385 66.8 10.50%
378 35% 20% 99% 0.372 0.293 68.4 10.50%
379 . . 20% 5% 40% 0.665 0.524 62.5 1.75%
380 a}?é':gf:ﬁﬂfg;;gis 35% 20% 40% 0.486 0.384 44.9 5.52%
381 35% 20% 99% 0.373 0.295 46.1 5.52%

# is the number of the simulation in the simulation log file

Table 4.2-4 Results obtained with end of pipe separation of lignins
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4.3 Sensitivity to process parameters

In the following the same process variants are ka@s in chapter 3, in order to see if after the
additional modifications the behaviour of the madslsimilar.

4.3.1 Ethanal concentration depending on the parameters

It is interesting to compare the different ethacmhcentrations before distillation obtained for the
early models to those of the final cutting edge eledTable 4.3-1 gives these values that can be
compared to those of table 3.4-1. The resultingrashconcentrations are here significantly higher
than those obtained in the earlier work. This casilg be explained by the changes in the process
parameters: the raw material composition, the nadbjed C6 sugar generation in the pre-treatment
and C5 sugar generation in the enzymatic hydrqglysie counter current washing, the new
parametrisation of the insolubles. All these par@nsetend to increase the ethanol concentration
and the sum of their effects turns out to be radfigcient.

In order to verify the consistency of our modefig ibove parameters were set to the earlier values
in our cutting edge models and the resulting etheocentrations were compared to those in table
4.3-1. This was done for the following simulationghe log file:

* run 319 with old conditions gave 2.03% to be coragdo run 12 with 2.14%
* run 322 with old conditions gave 3.31% to be coragdo run 10 with 3.99%
* run 328 with old conditions gave 3.75% to be coragdo run 20a with 4.35%

This shows a very good consistency. Given that sexlla WIS of 10% in the new runs instead of
12%, it seems normal that the values are lower. é¥@w verification shows that this is not enough

for explaining the reduction. In any case, the tasion is that our new models do not favour

higher ethanol concentrations as it might be catexduat a first glance. On the contrary, they even
slightly disfavour it and give for the remaining'gusingly reproducible concentration results when

compared to the earlier models.

Water
Dry Matter Insoluble . Investment With earlier
) . Lignin EU/kg EU/L ) conditions
n . .SOIIdS (WIS) Recovery 94% 94% Mio. Euro . %_ E_toH applied to
Prehydrolysis | in enzyma_mc in distillation]|  cutting edge
# hydrolysis models
319 With separation 20% 10% none 0.606 0.478 49.6 2.72% 2.03%
apq| 2fter prehydrolysis 35% 20% none 0527 | 0416 411 5.35%
322 Without separation 20% 10% none 0.577 0.455 44.4 4.77% 3.31%
3p4| 2fter prehydrolysis 35% 20% none 0506 | 0.399 375 9.94%
328 20% 10% 40% 0.505 0.398 47.1 6.21% 3.75%
Without separation o N N N
329 after prehydrolysis 35% 20% 40% 0.449 0.354 40.9 12.60%
331 35% 20% 99% 0.351 0.277 40.5 15.80%

# is the number of the simulation in the simulation log file
Table 4.3-1 The main configurations and their ethanol concentrations before distillation.

The production costs are of course very differentl amo more comparable with the older
simulations. Although the investment has increaselstantially, the increased concentrations,
better separation of streams (therefore we produgeh more ethanol) and other changes in the
model reduce for most cases the production costhanol. Among the other changes in the model
is the fact that the better control of the insobslbdllows to recover more as usable energy (patiets
our case). Indeed the revenue from pellet prodndias significantly increased.

However the relations in percentage of the productiost for the different process configurations
are almost constant, although the spread betweeratiants is slightly reduced. For example the
difference between the highest and the lowestpastiter is 51% in the early work, but only 42%
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now. This confirms a general tendency observed ellsmwhere: the cutting edge models are really
cutting edge in the sense that they have a morgtsenparametrisation system that needs more
careful simulation work to show the advantageslifprin separation. They show still a very good
reduction of ethanol production cost, but the réidus are slightly lower for cutting edge models if
the technical performance increases (like herednigbncentration, but also higher yields or better
separation of streams).

4.3.2 Influenceof improved yields

For higher yield models table 4.3-2 shows a sinbknaviour than what can be seen in table D3.6-
1. However the gain on percent of ethanol productiost is less stable and in general lower than in
the early model. For example the best case hasl@¥#y improvement (compared to 24% earlier).

This might be explained by looking at the variatidor the investment. They are clearly lower,

except run 335 (about stable). However at loweovery and lower yield increase (run 333) we

have a 10% reduction (compared to 6% earlier) amd334 is about the same as what we had
earlier. But we are clearly at higher concentraidqfo EtOH). These seems to confirm the

observation already made that high concentratigtinguedge models show a slight reduction of

interest for lignin recovery, although it's stilearly and strikingly favourable.

Prehydrolysis Enzym. Hydrolysis Fermentation
Yield on Yield on Investment % EtOH
C5 C6 C5 C6 theo theo Lignin EU/kg EU/L Mio. Euro in
yield yield yield yield ry Y | Recovery|  94% 94% : distillation
# C6 C5
332 66% 95% 90% 90% 79% 79% none 0.506 0.399 37.5 9.9%
333 66% 95% 90% 91% 81% 81% 40% 0.457 0.360 41.0 12.4%
334 66% 95% 90% 91% 81% 81% 80% 0.390 0.308 40.9 14.3%
335 77% 97% 90% 94% 95% 95% none 0.384 0.303 36.2 13.6%
336 77% 97% 90% 94% 95% 95% 80% 0.314 0.247 39.4 18.1%

# is the number of the simulation in the simulation log file

Table 4.3-2 Potential of increased yields for reduction of production cost (all based on high concentration models)

4.3.3 Influenceof raw material composition

The results for different raw material compositiomsable 4.3-3 are quite similar to what has been
discussed for table 3.5-1. On the contrary to edlults above, the percentages of reduction are
almost constant except for run 344 which showsranease of the reduction (it's in fact a very
similar system to 333 above that gave the samdtyesu except for the highest lignin case (run
356) where the reduction is less pronounced likatlher cutting edge models.

Oth Lignin | EU/K EuL | 'nvestment " |;:;0H
Lignin Hexosans Pentosans orgarﬁ::s Ash Re::govlery 9 4%g 94% Mio. Euro distillation
#
339 19% 39% 20% 14% 9% none 0.572 0.451 37.0 9.66%
344 40% 0.494 0.390 40.3 12.19%
345 80% 0.411 0.324 40.2 14.10%
346 99% 0.370 0.292 39.9 15.25%
350 21% 43% 23% 8% 5% 40% 0.432 0.341 40.9 12.60%
351 99% 0.309 0.244 405 15.80%
355 40% 50% 5% 2% 3% 40% 0.405 0.319 43.4 8.35%
356 99% 0.132 0.104 422 11.81%

# is the number of the simulation in the simulation log file
Table 4.3-3 Results obtained with different raw material compositions (all based on high concentration models)
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4.3.4 Influence of achemicalsrecovery system

For the sake of giving an estimation, the influelmnfea possible sodium recovery system on a
Spruce based process was evaluated for potentiggsawith such an option. On this purpose, a
recovery process based on membrane electrolysisinehsded in the calculations. Additional
investment and electricity were calculated. Thevecy rate of the chemicals was supposed being
90%.

The model here used was at an intermediate comatiemi(\WIS of 10%), with a SSF process and at
a size of 24 tons dry raw material per hour.

The value in table 4.3-4 show that additional réiducof ethanol production cost can be expected
from this. In the case here examined, the possiiie savings are around 7% independently of the
lignin yield.

Prehydrolysis Enzym. Hydrolysis
cs ce cs cs Lignin EUkg | EUL "I\‘/‘I’igsg‘:gt 9% EIOH
yield yield yield yield Recovery 94% 94% ' in distillation
#

411 68% 26% 0% 68% none 0.406 0.320 86.9 4.1%
412 68% 26% 0% 68% 40% 0.379 0.299 91.5 4.7%
413| 68% 26% 0% 68% 80% 0.299 0.236 89.7 5.4%
414 68% 26% 0% 68% 40% 0.350 0.276 94.4 4.7%
415| 68% 26% 0% 68% 80% 0.273 0.215 93.5 5.4%
# is the number of the simulation in the simulation log file # 414 and 415 are with sodium recovery

Table 4.3-4 Results obtained with a Spruce model and sodium recovery

4.35 Influence of additional conversion of the C5 fraction

In the case of a straw based process, also theemdé of the potential conversion of all C5
components were evaluated. The model here usedaivas intermediate concentration (WIS of
10%) and at a size of 24 tons dry raw materialhper.

The results show that the benefits of lignin sefi@maare quite exactly the same for this case as in
model with no C5 conversion (about 4% for 40% Iigmecovery, about 18% for 80% lignin
recovery). Although the ethanol concentration icmbigher and the investment lower, the much
lower ethanol production cost of the reference easi@out lignin separation, makes that finally no
difference can be detected with regard to this tijpes

Prehydrolysis Enzym. Hydrolysis Fermentation
0,

cs | s | e | o | e | o) g | e | e | o

yield yield yield yield Recovery 94% 94% ’ distillation
# C6 C5
400 87% 3% 0% 90% 90% 0% none 0.643 0.507 91.5 2.9%
401 87% 3% 0% 90% 90% 0% 40% 0.617 0.487 96.3 3.2%
402 87% 3% 0% 90% 90% 0% 80% 0.526 0.415 94.9 3.7%
403| 87% 3% 90% 90% 90% 85% none 0.392 0.309 86.9 4.8%
404| 87% 3% 90% 90% 90% 85% 40% 0.378 0.298 91.8 5.3%
405| 87% 3% 90% 90% 90% 85% 80% 0.323 0.255 90.5 6.1%

#is the number of the simulation in the simulation log file

Table 4.3-5 Results obtained with additional conversion of the C5 fraction
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4.4 Comments on the results obtained during the different steps of this report

The different steps of simulation presented in piheceding text give an interesting and varied
picture of the behaviour of lignocellulosic bioatibhplants with lignin separation. Advantages that
seem to be clear under certain conditions mighinbeh less pronounced or even disappear under
other conditions. The presented data show that thesr no clear obvious conclusions on the precise
guantitative economical importance of any of theapseters examined for lignin separation
systems. Configurations that are very promising igiven context may become less or much less
promising in other conditions. Although qualitativelear advantages could be observed for lignin
front end separation, a multitude of small detdisving apparently little importance were
nevertheless observed that all together broughutaB@nificant changes in the quantitative
behaviour of the models.

This observation leads us to introduce the notiomarking point of a model which means the state
of all other parameters of a system around whiehvtriation of one single parameter is calculated.
One of the main findings of the work done in thigjgect is that this notion of working point is
fundamental to any simulation study of lignin sepian. Depending on which working point has
been selected, variations in ethanol productiom cas be more or less pronounced.

The main problem with this is that the experimenl@ia available at the moment of writing of the
report, do not allow to sufficiently identify thegion in which this working point is located. Too

many uncertainties remain about the best concemigathat are technically possible, as well as
about the precise system configurations. Also apontant limitation is that the complete system
including lignin recovery could not be tested i fbroject due to limitations of time and budgets.
Namely for example it is not known which would e treal influence of lignin separation on the
yields of the hydrolysis and fermentation. Althoumgtimistically one would expect improvements

of the yields, we don't really know if the yield would even hbeleast the same as without lignin

separation.

For fixing the working point sufficiently only vergpecific studies including work on extended
optimisation by pilot plants could give the necegsdetail information. For that, an extensive
testing programme would be necessary allowing tomoge the different parameters. But even in
that case this would only be valid for a very speamall region around a selected working point
and does not allow to exclude other better conastiaround other working points in other not
connected regions of the highly multidimensionacpof all possible working points!

This is one of the important points that have baleserved during the simulation work done in this
project: changes in the system configuration, idiclg even apparently not important small shifts in
the working point of the system, can bring aboupssing changes in the behaviour of the models.

For example, for the more detailed parametrisatidroduced in cutting edge models, several
unexpected results did appear.

In the beginning of our work with cutting edge misdéhe benefits for lignin separation were much
more limited than what appeared earlier and thessary lignin sales price appeared to be higher
than 250 Euro/ton (see chapter 4.1.3). Howevernduthe detail work on these new models
(chapter 4.2 and 4.3), the introduction of new peaters resulted again in models with significant
interest for 250 Euro/ton.

Another example: At a first glance, the cutting @agodels seemed to have a much higher ethanol
concentration than the earlier models. However whenwas analysed more in detail it turned out

5> Several unpublished examples are known to the authors, where clear advantages for yields have been stated
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that it was not the model itself that gives highencentration, but the accumulated small changes
in several new parameters. When these changesresseto the old state, concentrations with the
cutting edge model were even lower than with thiéezasimulations!

As a third example, the separation of the solubfe=r pre-treatment -although in general resulting
being too costly- came in some cases out profitabén with pure mass stream considerations, that
is without supposing increased yields thanks toelopresence of inhibitors.

One of the difficulties resulting from this study that small changes in the raw material (for
example having 1% more lignin or 0.5% more insagblcan easily induce much bigger relevant
changes in the outcome (order of 10% or more oanetihcost). This is already the case if one takes
just into account the purely mass stream calculagsues. If changes in the operating conditions
are considered this can increase still the indweettion and change completely the outcome of a
study, or even result in an inversion of tendendies switch to another working point region is
occurring.

However some general tendencies can still be gelii@oly detected. Lignin front end separation is
clearly inducing multiple positive synergistic effe with the other process steps. They are more or
less pronounced depending on the working point,jrbany case they are significant for economic
evaluation, in the sense that in all cases of femt separation the resulting lignin productiontcos
is lower, by 50% or more, than if this lignin woué produced without counting the savings in the
rest of the ethanol plant.

Another important observation is that the improvetmef the performance of the ethanol

production system does not necessarily increaskehefit of lignin separation. On the contrary, we
have found parameters (like efficiency of the ceunturrent washing, increase in WIS for
enzymatic hydrolysis) that weaken the positive @ftd lignin separation when they get to a higher
level. However we do not know with certitude thiaistis the case for all possible other working
points of the system. Furthermore even if the benaf percent of ethanol price diminish in some
case with better technical performance, they stayur studies still in an order of magnitude tlsat i

highly interesting for future lignocellulosic eth@rmproduction factories.

45 Final simulations

At the end of the work, for each of the raw matsriatraw and Spruce, a final series of simulations
was run. For the definition of the working point thiese simulations, the data most likely to be
technically feasible was used, as it was availahikein the project at the moment of the writing of
this report, namely including highest confirmed camtrations and yields.

For the size of the plant, 24t/hour of dry raw miatavas used. According to the latest information

available, the investment was increased by an iaddit 33% with regard to the data used in the
preceding chapter (4.2 and 4.3). For personal 2&spersons (including operators and supervisors)
at an average salary cost of 50000 Euro/year vet¢adned, as outlined in Wingren 2003.

Cost for chemicals and utilities were the same s&sluthroughout this work, as well as the sales
price for pellets and the cost for the raw matefak evident reasons (rise of the general pricelle

for energy and chemicals) this should be furthetatgd. But no consistent set of data including all
these elements was available at the moment. Furtherthe markets are fluctuating and it is not
really clear at what levels the energy prices stdbilise in the coming years. Therefore, in otder
maintain the global consistency of the results,sdume data set was used as in the earlier chapters,
at lower energy price level as valid throughout fing five years of the last decade (about 2001-
2005).
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Enzymes cost and yeast were considered as in theneg, that is enzymes cost at similar level of
cost as for sulphuric acid giving the same resuéin acidic hydrolysis process and yeast considered
as recyclable with additional yeast for compensatiblosses grown on process substrate (Wingren
2003).

The concentrations and yields are as given in ehapter. The calculation of the water addition in
the enzymatic hydrolysis was done based on waseduble solids (WIS). In both cases a WIS of
10% was selected. Compared to the earlier optioss use here thus rather intermediate
concentrations, but which are considered as relidtiigher concentrations can be expected and are
aimed at by different research teams, but they weteconfirmed at the moment of the writing of
this report. As done by other partners in the mtojeo C5 enzymatic hydrolysis and fermentation
was considered (C5 yields are zero) as other dasanet confirmed up to the date of reporting.

Lignin separation was supposed to be after prenreat, with alkaline extraction, without filtration
of the pre-treated cake (what we call earlier "aithC5 separation™) and with recycling of the LPS
filtrate. Unless otherwise stated, the lignin sapege considered was 250 Euro/ton. Sodium
recovery is not included, unless other mention. pYofit for better yields or reduced enzymes
consumption was considered. If such advantagesdmiproven technically, the results for lignin
separation would be still clearly better.

451 Straw based process

For the process using straw, all data were accgririhe input of the other partners in the project
working on straw based models. The here used raeriabcomposition had an even higher lignin
content than the earlier more favourable compasitib straw (identical to the final composition
used by other partners). The components were: higBi2%, hexosans 41.7%, pentosans 25.2%,
other organics 5.1%, ash 4.8%.

All other organics were supposed soluble and d&liashe raw material was supposed insoluble.
5% of the lignin was considered as dissolved inpiteetreatment. A loss of cellulose of 3.9% in the

same step was included in the calculations. Therdger in the pre-treatment was 35% and the dry
matter of the filter cake after enzymatic hydradysias 36%. A counter current recovery of 99%

was assumed, using 20m3/h of additional wash water.

With the yields given in the table below, this fésdi in lignin related savings of 17.5% (with ligni
price of 250 Euro/ton) or 32.5% (with lignin pricé 350 Euro/ton). If the C5 fraction is also
converted into ethanol, this does not substant@ignge the results (data not shown). It has to be
pointed out that no benefits for yields or enzynomsumptions were calculated so far (as no
optimised and confirmed experimental data was alkd). Also the consideration of sodium
recovery would still increase the savings (see ftat&pruce below).

Prehydrolysis Enzym. Hydrolysis Fermentation
0,
cs cé cs cé thgl;” tfé‘l&” Lignin EU/kg EUIL ",:/l"iisgergt /0 Ilzr:OH Cost
. yield yield yield yield c6 cs Recovery 94% 94% ’ distillation | reduction

431 87% 3% 0% 90% 90% 0% none 0.701 0.553 127.4 2.7% 0.0%
4321 87% 3% 0% 90% 90% 0% 40% 0.673 0.531 131.3 3.0% 4.0%
433 87% 3% 0% 90% 90% 0% 80% 0.578 0.456 128.5 3.5% 17.5%
434 87% 3% 0% 90% 90% 0% 40% 0.620 0.489 131.3 3.0% 11.5%
435 87% 3% 0% 90% 90% 0% 80% 0.473 0.373 128.5 3.5% 32.5%
# is the number of the simulation in the simulation log file # 434 and 435 are with a lignin sales price of 350 Euro/ton

Table 4.5-1 Results obtained in the final simulations for straw

31



Hexosan

Lignin

Pentosan

Hexosan 4LL| nin
Pentosan J\ -
Ash 0.05 Lignin AW
H20 0.00 Hexosan f
Other _~ [\/ 0.15 Pentosan =~
5. 4.60 C6 Su = Compressed Air (m3/h ~4.95 Lignin
3.69 C5 Sui Compressed Air (m3/h) Cooling water {(m3/h) 0.00 Hexosan
0.72 Ash Electricity (kW) 0.02 Pentosan
32.95 H20 - 0.19 C6 Sugars
ed Air (m3/hTy 0.00 Other 0.15 C5 Sugars
4 0.03 Ash
3.8 Steam (t/h) 0.28 H20
4.0 Compressed Air (m3/h) ~-0.00 Other
59 Goong o (1) loe ano rom raw
28.1 Electricity (kW)
i M dE Bal
0.8 H2S04 ass an nergy dlance ‘Where not md\cated else, all values in t/hour
Steam (t/h) | I
Compressed Air (m3/h) Steam (t/h) | [
Coaoling water (m3/h) (.66 Lignin Compressed Air (m3/h) Lignin
Electricity (kW) 0.09 Hexosan Cooling water (m3/h) Hexosan
[1.54/c0o2] H20 0.17 Pentosan Electricity (K\W) Pentosan
H2504 ] 0.70 C6 Sugars C6 Sugars
- 0.26 C5 Sugars C5 Sugars
= 0.14 Ash Ashl
0.68 H2O 0.6 H20 H20
Compressed Air (m3/h} 0.35 Other 0.0|Other) Other
Electricity (kW) |
J Wet cake
1
i | Filtrate |
Steam (t/h) | | R— ~~ 0.07 Lignin
Compressed Air (m3/h) — Lignin 0.00/C6 Sugars
Cooling water (m3/h) C6 Sugars 3.76/C5 Sugars
Electricity (kW) oA C5 Sugars /.07 - 183 Ash
H20 | Ash 0.00 Compressed Air (m3/h) | 18.12 H20 Compressed Air (nﬂih)l
Yeast H20 3.76 i | ™~ 9.01 Other Electricity (kW)
Other  ~ 183 < \ n
/2.9 Steam (t/h) 538 [ 6.18/coz
10.8 Compressed Air (m3/h 73
144 Cooling water (m3/h)
427 Electricity (kW) — lear Water
~ 0.0H20 Condensate
( 35.6 H20 7
[ Ethanol 0.17 Other
0.00 Ash
for sale

Figure 4.5-1 Example of a global flowsheet (withniin separation) as used for the final simulatidtistional system parameters only for illustratmurpose
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45.2 Sprucebased process

Also for the process using Spruce all data wereraaag to the input of the other partners in the

project working on Spruce based models. The hezd tenv material composition was identical to

the one used in the previous chapter: Lignin 27.5%xo0sans 62.4%, pentosans 7.0%, other
organics 1.5%, ash 1.5%

All other organics were supposed soluble, as welhlhash. 10% of the lignin was considered as
dissolved in the pre-treatment. A loss of cellulage3% in the same step was included in the
calculations. The dry matter in the pre-treatmeas w0% and the dry matter of the filter cake after
enzymatic hydrolysis was 54%. A counter currenbvecy of 99% was assumed using 10m3/h of
additional wash water.

For the ethanol production a simultaneous saccbatiin and fermentation (SSF) was considered.

With the yields given in the table below this reéedlin maximal lignin related savings of 25.3%
(with lignin price of 250 Euro/ton) or 45.6% (wilignin price of 350 Euro/ton). Also here no
benefits resulting from lignin separation for yieldr enzymes consumptions were calculated. The
data here calculated show that a sodium recovenjdnstill increase the savings substantially, but
that an increase of 100 Euro/ton of the lignin sglece would have a more important impact on the
ethanol production cost.

Prehydrolysis SSF
cs cs cs ce Lignin EUkg | EUL ",:/‘I’izsgﬁgt % EtOH Cost
yield yield yield yield Recovery 94% 94% ' in distillation] reduction
#
416 68% 26% 0% 68% none 0.437 0.345 120.0 4.1% 0.0%
417 68% 26% 0% 68% 40% 0.408 0.322 123.3 4.7% 6.6%
418 68% 26% 0% 68% 80% 0.326 0.258 119.9 5.4% 25.3%
422 68% 26% 0% 68% 40% 0.380 0.300 126.4 4.7% 13.1%
423 68% 26% 0% 68% 80% 0.300 0.237 124.0 5.4% 31.4%
424 68% 26% 0% 68% 40% 0.364 0.287 123.3 4.7% 16.7%
425 68% 26% 0% 68% 80% 0.238 0.188 119.9 5.4% 45.6%
# 422 and 423 are with sodium recovery # 424 and 425 are with a lignin sales price of 350 Euro/ton

Table 4.5-2 Results obtained in the final simulations for Spruce
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5 Conclusions

For bioethanol production from lignocellulosic ramaterials like straw and Spruce, an evaluation

of the interest of lignin separation for other tlearergy purposes was successfully carried out. This
was based on Excel spreadsheets for computer dionulaf the mass balance and of ethanol

production cost.

Multiple configurations of the different processiaats including a huge number of technical and
economic parameters were evaluated. Throughoutdhation of the NILE project, the different
alternatives were successively simulated and itimoous interaction with the other partners all the
available data about experimental results weragrated into the models. The critical factors under
examination in the project were, continuously asytlappeared, included as variables in the
calculations.

The resulting picture was much more complex thamtwdne would have expected. As in the
beginning the challenge seemed to be the identiicaf the main critical factors, during most of
the project the work concentrated on this issueeleral simulations, sensitivities to variatiofis o
the main process variables were calculated. Howe&gemore detailed information was coming up
during the realisation of the project, it resultbdt more and more of these variables had to be
introduced. While more and more of these parameters adapted to what was used by the other
project partners (i.e. with regard to yields, egergnsumption, investment etc.), it turned out that
the lignin related models were very sensitive ®¢hanges introduced in every new revision.

At the end, a confirmed model was available thatalved very similar to the models of the other
project partners based on ASPEN PLUS process diimlsoftware and IKARUS for investment
cost estimation (but without lignin separation).

However, only towards the end of the project itdoae also clear that the selection of the working
point was crucial for the cost variations due fgnin separation. Whereas in the beginning it
appeared that variations on ethanol production depended mainly on the percentage of lignin
separated and on the sales value for this sepapatetlict, it turned out at the end that these
variations could be between almost zero and 20-60%hore depending on the process conditions
for the reference case.

This difficulty is due to the fact that these cddtions depend on 30 variables or more (much more
if one includes every economic price of the inpiatshe model) of which in every configuration
many have a slight influence on the outcome. Duthéobig amount of variables and due to some
non linear behaviour of the models, it is possibigt the cumulated changes become much more
important than the small changes in each variable.

Nevertheless, the following final conclusions fréme work here done can still be drawn at the end
of the project:

- Successful modelling of complete bioethanol systamslving lignin separation for non
energy purposes was done. After implementatiomefgy and investment data from other
project partners, this simulation could be achiemedne single Excel file not needing any
data transfer to other software

- Consistency of the models was verified by comparieb several hundreds of different
simulations and by eliminating errors and improvihg calculation methods at each step of
the work.

- Several simulation models done by other partneirsgudSPEN/IKARUS software, have
been successfully miroired by our models and gafeer calibration with energy and
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investment information from these models, identiwaiss flow and comparable economic
results.

The resulting model achieved the goal of simplifyithe calculations for purposes of
efficient continuous evaluation of the implicationfsa big amount of parameters. However
these are simplified models that have for the mdnrem thermodynamic calculation

included only external data from literature and other projgartners are used.

In all examined cases, positive effects could laedt in the case of lignin separation.
Mainly for front-end separation the effects wersipee, although in some simulations with
lower lignin yields lignin, market values of mofgah 250 Euro/ton had to be supposed to
make the effects economically striking.

Realistic conditions have been found where ligrepasation is potentially a significant
factor for the profitability of bioethanol produeti from lignocellulosic raw materials, that
is for achieving from 10% to more than 50% of aesluction.

Synergistic effects like reduction of investmenttive not lignin related part of the system
are substantial in the case of front end separatioere they reach in many cases 50% or
more of the lignin production cost. Whereas no seitects are possible in case of end of
pipe purification of lignin.

Only 40% separation yield of lignin has a tendeteyot be enough for clear economic
advantages, namely with 250 Euro/ton lignin markatie. Optimisation of pre-treatment
conditions should therefore in any case be realisegt higher lignin yields.

No complete set of experimental data of what wdwdg@pen after lignin separation in the
subsequent steps of the system was available. foheréhe final simulations did not
account for any benefits on yields or enzymel/yeasst. After sufficient work on
optimisation of the process in its totality it cdule expected that benefits might influence
our results positively. Vice versa, if despite rfemsive work on such optimisation only less
performing data would be found, the here presedttd might also have to be corrected
negatively.

For giving an outlook on further work to be accoisipéd in upcoming new projects, two main
points should be considered:

A more detailed sensitivity analysis on the toyatif the system parameters could possibly
be realised in order to understand better whiclkimgrpoints of the models are positive for
lignin separation and where are the main sensésvitor further research work. For this
purpose, new tools have to be developed for visat@iin and optimisation in
multidimensional vector spaces (3 dimensions orenor

Extensive experimental optimisation work would leEessary, including the pre-treatment
conditions to increase the lignin yields, hydratyand fermentation conditions and yields
after lignin separation, as well as enzyme consionptAlso further work on chemicals

recovery is highly recommended, as well as workigmn separation with organic solvent

(ethanol or other).

However, motivation to work on lignin separatiomeat be driven by cost simulations only, but
must also be driven by market needs and by ecabumjiterest to use lignin product as replacement
of other raw materials, namely based on fossil ugsss or because of their more problematic

¢ Which could be done, in principle, at a later stage
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toxicological profile. However the work here dorlsoagives an illustration that many favourable
conditions exist in which lignin non energetic usan contribute substantially to economic
feasibility and profitability of bioethanol produeh. These routes must therefore by all means be
investigated in any future work about biorefineryltiproduct systems based on lignocellulosics.
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