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Abstract

This report describes the economical and technical feasibility of a process for the conversion

of biomass (wood) into syngas with subsequent biological conversion to ethanol.

The ethanol production via gasification and fermentation is competitive with the cellulosic
process in Europe even on the relatively small scale studied here (30.000 tons/year). It has the
advantage over the alternative process that it can treat all kinds of biomass input even waste
streams.

Ethanol prices in the range of 0.60 euro/l (28.6 euro / GJ) seem possible even at the small
scale of operation. Most of the costs are related to the costs of the fermentor due to the low
solubility of syngas in water. The conversion of biomass to ethanol depends strongly on the
mass transfer of syngas to water in order for the bacteria to convert it to ethanol. This mass
transfer capacity should be further investigated and optimised.

It was found that there are also bacteria which produce butanol besides ethanol. Butanol has a
higher calorific value per liter (30% higher) than ethanol. For fuel purposes molecules with

more calorific value per liter than ethanol are preferable.
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1 Introduction

Ingenia and the Eindhoven University of Technology (TU/e) have received a grant from
SenterNovem (projectnumber 0268-04-04-20-012) to execute a feasibility study for the production

of bioethanol from syngas.

1.1 Goal
The goal of this project is investigate the technical and economical feasibility of a process for the

production of ethanol from biosyngas.

.Ethanol | Ethanol
Clean Up [+ Recovery
Acetic
acid
Biomass
Size l Ash +Char
reduction .
Syngas production Syngas fermentation

Figure 1-1: Schematic drawing of biomass to ethanol process

Figure 1.1 shows the concept of the biomass to ethanol process. The idea is to gasify the
biomass to syngas (CO + H;) and subsequently ferment this biosyngas to ethanol via a direct
fermentation process. The first step is to gasify the biomass input to syngas.

Gasification is a very old technology. It was used over 180 years ago in blast furnaces in the iron
industry. Soon after, producer gas was used for heating, lighting and power generation [Wereko-
Brobby and Hagan, 1996]. Gasification is a method to convert carbonaceous material to gas. This
gas can be used for combustion or for the production of chemicals, for example liquid fuels. World

wide research is being carried out to develop methods for conversion of biomass to biofuels like
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ethanol. The last decades a lot of research has been done on the gasification of biomass for the

production of renewable energy and fuels.

The production of ethanol by fermentation of sugars is also a very old process. Human beings
have been preparing fermented beverages for more than 5000 years. Fermentation of the
gasification product gas however, is a rather new development. Datar et al. [Datar et al., 2004]

are working on the fermentation of producer gas, and have successfully produced ethanol.

The gasification/fermentation pathway is very interesting alternative way of producing bioethanol.
Via traditional fermentation processes, lignin, an important component of biomass cannot be
fermented. Gasification and subsequent fermentation of the produced gas enables fermentation
of all carbon and hydrogen containing material also non degradable materials like plastics. The
resulting valuable fuel grade ethanol should make economical operation possible in the near
future.

At the Technical University Eindhoven the gasification of wood and wood plastics mixtures have
been studied extensively [Mbele et al., 2004]. In the ideal case gasification of (pine)wood results

in:
CHlyg400_66 + 01702 -—--->CO + 2/3H2 H°= +35 kJ/mole wood

Subsequent fermentation of the formed syngas tot ethanol brings the formation of ethanol from a
diversity of biomass sources into reach. Two routes can followed in this respect: catalytic
conversion of the syngas via Fischer Tropsch like processes or biological via direct fermentation.
For smaller scale installations (< 100Kton) this last route seems to be interesting compared to the
catalytic route.

Fermentation tests have been done in various reactor types. Phillips and others [Phillips et al.,
1994] used a stirred batch reactor. Klasson and others [Klasson et al., 1990] used several
continuous reactors, namely a stirred-tank reactor, a packed bubble column and a trickle-bed
reactor. The processes take place at 37<C, and the pH is controlled. A frequently used bacterium

is Clostridium ljungdahlii. This bacterium produces acetic acid as a side-product.

CO + 1/2H,0 --  1/6C,H;0H + 2/3CO, G°=-216 kJ/mole ethanol
H°=--331kJ/mole ethanol

H, + 1/3CO, - 1/6C,HsOH + 1/2H,0 G°=-97.1 kd/mole ethanol
H°=--349 kJ/mole ethanol
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CO + 1/2H,0 --  1/4ACH3COOH + 1/2CO, G°=-135 kJ/mol acetic acid
H, + 1/2C0O, - 1/4 CH3;COOH + 1/2H,0 G°=-54.8 kd/mol ethanol

In the ideal case (no side- products) this result in the following overall theoretically reaction:
CH1340066 + 0.170, + 0.17H,0 - 0.28C,HsOH + 0.44CO, He°=-59 kJ/mole wood

Overall combustion energy efficiency in the ideal case is (LHVgtano/ LHV wood)= 0.28*1233/410=
84,2%

This means that this route has potential as a possible route for ethanol production from wood.
The question is how far the ideal route can be approached and at what costs. For this reason this
report describes the conceptual design and simulation of a wood to ethanol plant via gasification
and direct fermentation. The design is based on experimental data and performed with the use of
the software package Aspen Plus. In the next paragraphs the design assumptions, the input
composition, the reactor section and the purification section are described in detail. Other process

components are discussed in the general process description.

2. Design assumptions

For the design a number of starting points have been defined and assumptions have been made:
The process is designed for a capacity of 30 kton of woodchips input per year
Proven technology is used as much as possible throughout the process
The input composition is based on measured pinewood composition
Experimental data on a laboratory scale are the basis for the reactor design
The gasifier is modelled as a Gibbs reactor: meaning that thermodynamic equilibrium is
achieved.
Ethanol is produced with 85% purity
The fermentor design is based on literature data concerning the reaction stoichiometry

and mass transfer rate.
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3 Gasification process

3.1 Gasification

Biomasss is composed of the elements carbon, hydrogen and oxygen. In addition there may be
nitrogen, chloride and sulphur, but since these are present only in small quantities they will be

disregarded in the following discussion.

Gasification is best performed with pure oxygen in order to decrease the size of the equipment via
reducing the load of nitrogen. For the production of ethanol via direct fermentation only CO, CO,
and H, are interesting gases. The other hydrocarbon gases will not ferment or in the worse case
will even inhibit the fermentor bacteria. This fact already limits the choice of gasifier operating
conditions because the maximum of yield of CO and H2 can be thermodynamically best achieved
at high temperatures > 1000<C. This fact leads imme diately to the conclusion that the usually way
of biomass gasification in a fluid bed gasifier is not possible. High temperature gasifying systems
are needed.

In all types of gasifiers, the carbon dioxide (CO,) and water vapour (H,O) are converted (reduced)
as much as possible to carbon monoxide, hydrogen and methane, which are the main
combustible components of producer gas.

The most important reactions that take place in the reduction zone of a gasifier between the
different gaseous and solid reactants are given below. A minus sign indicates that heat is

generated in the reaction, a positive sign that the reaction requires heat.

C+CO, U 2CO H= + 164.9 kJ/mol (3-1)
C+H,0 U CO+H, H, = + 122.6 kJ/mol (3-2)
C+2H, U CH, H, = -74.8 kJ/mo (3-3)"
CO+3H, U CH, + H,0 H, = -205.9 kJ/mol (3-4)

Reactions (3-1) and (3-2) are the main gasification reactions for coal gasification. For biomass the
reaction with oxygen are more dominant, because maximum of 1/3 of biomass is only converted
to char [Reed et al, 1999]:

CH; 4006 + 0.350, - 0.4CO+0.6H; +0.4CO, + 0.1 H,0 +0.2C

! www.psigate.ac.uk/newsite/reference/plambeck/chem2/p01083.htm
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Reaction 3-1 and 3-2 show that reduction requires heat. Therefore the gas temperature will
decrease during reduction. Reactions (3-3) and (3-4) are unwanted side reactions, which produce
components not useful in the rest of the process. They must be eliminated as much as possible

by choosing the right process conditions.

The gasifier is the most important part in the process of turning biomass into syngas: the gasifier
turns the feed into syngas, which will be lead to the purification and later on to the fermentation
unit.

In this section first the requirements, which the gasifier must meet, are stated. Then several types
of gasifiers will be discussed and the advantages and disadvantages are compared in order to
make an appropriate choice for a gasifier. In the last part of this section the energy necessary for

the gasification-process and the efficiency of the gasifier will be reviewed.

Gasifier requirements

In making the choice of a gasifier, there is a range of aspects to keep in mind, such as:
The feed of the gasifier will be a mixture of wood chips;
The quantity of biomass is set up 30.000 ton of dry wood chips per year.
The choice of oxygen of air.

The use of the syngas.

Energy supply
Part of the feed can be used to heat up the gasifier. When part of the feed is totally combusted,

this generates heat instead of syngas. With this heat the rest of the feed can be heated up in
order to achieve the incomplete combustion for obtaining syngas. Disadvantage is that not all the

feed is available for producing syngas.

3.2  Gas purification

The major obstacle for the large-scale implementation of biomass gasification is the ‘tar-problem’.
This caused by the relatively low temperature (< 1000C) at which a lot of gasifiers are operated.
Since we want to maximize CO and H, yield we are going to operate at temperatures higher than
1000<C thus reducing also the tarproblem. Thermodyn amically still formation of char is possible at
these temperatures dependent on the amount of oxygen supplied. This char has to dealt with and

removed out of the gas stream.
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There are numerous purification processes, but few of them are suitable for our application.
Remaining options are:

Rotating particle separator (RPS)?% this separator is based on the principal of
centrifugal forces. The particles will deposit on the walls of the separator in a reaction to the
rotation of the gas. By revolving the wall of the separator, higher gas speeds can be reached.
This causes higher efficiency for smaller particles. A design problem in using the RPS, is the
large amounts of rotating parts, which cause wear. Also the filters of the RPS will become
clogged, which will lead to a high maintenance requirement. Test results have shown that the
tar removal efficiency of the RPS is ~ 45%.

Water Wash Process (WWP)?; within this process, water will be injected onto the
gas. The tar particles quickly cool down and will form a compound with the water. The syngas
is now cleaned, but a large amount of polluted water remains. By implementing a cyclone this
can be cleaned. There are several ways to combine these two processes, such as the venturi
scrubber, the hydro-cyclone or the jet-scrubber. The WWP is cheap, simple in design and
requires few maintenance, but is has lower efficiency than RPS. Besides that, it requires a
gigantic amount of water to be available nearby the plant.

Thermal Tar Cracking®; before proceeding through the plant, the syngas is lead
through a combustion furnace. The furnace will be operated at a temperature of ~1300°C. In
this high temperature gasification tars will crack and will be converted to syngas. After this the
syngas is fed through chilled water and cooled down instantly to about 200°C. The main
disadvantage of this process is that it results in a loss of Lower Heating Value (LHV).

Catalytic Tar Crackings; a new method developed by Biomass Technology Group
of catalytic tar cracking is the Reverse Flow catalytic Tar Converter (RFTC). At the entrance
of the RFTC-unit the syngas is heated up to the desired temperature of 900-950°C. Tar
components (and also light hydrocarbons including methane) are converted into CO en H2.
Additionally, nearly all NH; is removed. To counterbalance these endothermic reactions a
small amount of air is added to the reactor. Effectively, the heating value of the gas is reduced
slightly, but fully compensated by the increased amount of gas. A reverse flow operation is
characterized by the periodic reversal of the feed flow direction in order to avoid a heat front
traveling through the reactor towards the outlet. This way it's possible to keep the heat inside
the reactor. The catalyst used in the RFTC has been tested for over 6000 hrs with wood-

derived producer gas. During this period no detectable change in catalyst activity was

2 Esch, B.van and E.van Kemenade (march 2003), Procestechnische Constructies dictaat t.b.v. 4B660, Technische
Universiteit Eindhoven, department of Mechanical Engineering, division of Thermo Fluids Engineering.

3 Kohl, A.L. and R.B. Nielsen (1997), Gas Purification, 5" edition, Gulf Publishing Company, Houston, Texas.

* Two Stage pressurized gasification process by Ebara CH

® www. btgworld.com/technologies/tar-removal.html
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observed. The RFTC has been integrated in a DUIS demonstration plant, in which it will treat

about 200 Nm®/hr producer syngas. This technology is not yet commercially available.

tar-free
AT Ll Y tar-loaded
Absorber g stripper gas
A —, to gasifier
special
scrubbing
Tigguid
tar-loaded )
product gas .
! L " stripper
S e "
bleed e tar-free
to gasifier stripper gas

Figure 3-1: schedule of OLGA®

OLGA®; the OLGA technology for tar removal is an advanced scrubbing
technology that is developed and patented by ECN’. The principle is based on contacting the
syngas with a special developed scrubbing liquid (or ‘oil’) in an absorption column. In this step
all tar aerosols and the heavy and light tars are removed from the gas, as well as most of the
BTX® compounds. In the stripper column a medium, consistent of air, releases the tars again
and the scrubbing liquid is regenerated. The stripper medium (air) is used as a fluidisation gas
for the gasifier and all the recycled tars in the air are destructed in the gasifier. The OLGA
concept has been tested thoroughly; at operating conditions essentially all heavy and light
tars are removed from the syngas. BTX (i.e. Benzene toluene and xylenes) removal
efficiencies range from 50% for benzene to 90% for the xylenes. The most important result of
operating OLGA, is that the tar dew point of the syngas can be decreased to well below -5C.
This means that the gas is applicable without the risk of tar condensation and fouling. From

early 2004 the technology is commercial available.

Since we have already high temperature gasification no tars are produced only some char and

ash, which can be separated from the gas stream via a cyclone. Also the removal of these

¢ www.ecn.nl/biomassa/products/experiments/olga.en.html
" Energy research Centre of the Netherlands

8 BTX are all colourless liquids which are considered highly toxic in small concentrations and are very

reactive in forming ground-level ozone and fine particles.

(source:www.ene.gov.on.ca/envision/techdocs)
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components is not so critical as they will not interfere with the fermentation process. Together with

the use of oxygen this reduces the costs of cleaning the syngas significantly.

3.3  Fermentation unit
After gasification and gas purification the next process step to retrieve ethanol is fermentation.
Fermentation occurs when bacteria metabolise a material into another one. In this case the
cleaned syngas can be anaerobically converted into ethanol. Biological production of chemicals
from syngas offers several advantages over catalytic techniques:
Biological conversion occurs under mild temperatures and pressures, whereas catalytic
reactors are operated at high temperatures and pressures.
The reaction specificity of enzymes is typically higher than that of inorganic catalysts.
Most biological catalysts are tolerant to sulphur gases, reducing the cost of gas cleanup prior
to the conversion step.

Biological conversion does not require a set CO/H, ratio.

Type of bacteria

Several acetogenic microbes are capable of metabolising syngas into ethanol. Two of the more
promising strains are described below. Both are gram-positive bacteria, this means they are
characterised by having as part of their cell wall structure peptidoglycan as well as
polysaccharides and/or teichoic acids. The peptidoglycans which are sometimes also called

murein are heteropolymers of glycan strands, which are cross-linked through short peptides®.

Butyribacterium methylotrophicum10
Butyribacterium methylotrophicum is a gram-positive, motile, rod-shaped anaerobic
bacterium, which grows on a wide variety of substrates, including glucose, formate and
methanol, H, and CO,, and CO. The latter two are of interest to us. The products achieved
are acetic acid, butyric acid, ethanol and butanol. Production of ethanol and butanol are
usually low. When production of ethanol and butanol is increased, butanol is dominant.
Clostridium species
In the case of clostridial fermentation it has been proposed that acetyl-CoA is the central
intermediate™. The first of the clostridium species was isolated from chicken waste and grew

well on the components of synthesis gas to produce acetate and ethanol. The first

° www.sciencenet.com.au/grampositivebacteria. htm
1% Bredwell, M.D., Prashant, S., and Worden, R.M. (1999), Biotechnol. Prog. 15, 834
" Rogers, P. (1986), Adv. Appl. Microbiol. 31, 1
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optimisations of this species resulted in an approximate 1:1 ratio of ethanol and acetate under
optimal conditions™. After that the developments of the clostridium species have been many.
0 Clostridium ljungdabhlii
Clostridium ljungdahlii is a gram-positive, motile, rod-shaped anaerobic bacterium,
which converts CO, H, and CO, into a mixture of acetate and ethanol. The ratio of
these products can be adjusted by pH. When the pH is lowered to 4 the ratio
ethanol:acetate becomes 3:1'°. Further medium adjustment has reportedly nearly
eliminated acetate production and led to an ethanol concentration of 48 g/L
(approximately 1 mol/l) on day 25 when using an optimised medium™. This means
the separation of ethanol from water is feasible.
0 Clostridium carboxidovorans (P7)*°
P7 is a gram-positive, motile, rod-shaped anaerobic bacterium, which converts CO,
H, and CO, into a mixture of acetate, butanol and ethanol. The ratio
ethanol:butanol:acetate is 6:3:1 in absence of hydrogen. Further developments are
expected to include hydrogen and inhibition of the butanol step.
The clostridium species has the most potential and is best suited for the development of ethanol.
From the clostridium species P7 has a lot of potential, but because of the early stages of the
development of this bacteria and therefore lack of data Clostridium ljungdahlii is the most

promising for our goal to produce ethanol from syngas at this moment.

Bacterial fermentation of CO, CO, and H, to ethanol using clostridium ljungdahlii gives the

following equationsle:

6 CO+3H,0 C;HsOH + 4 CO, 0G = -216 kJ/mol (3-5)

6H,+2CO, Cy;HsOH + 3 H,0 0G =-97 kJ/mol (3-6)

The distinctive feature of the followed pathway of these microorganisms seems to involve the

reduction of carbon dioxide to a methyl group and then its combination with a molecule of carbon

2 Vega et al. (1989), Appl. Biochem. and Biotechnol. 20/21, 781

'3 Gaddy, J.L. (1995), Topical report 5: Process analysis. Fayetteville, AR.

* Philips et al. (1993), Appl. Biochem. and Biotechnol. 39/40, 559

1 Rajagopalan, S., Datar, P.D., and Lewis, R.S. (2002), Biomass and bioenergy. 23, 487
'8 Klasson et al. (1990), Appl. Biochem. and Biotechnol. 24/25, 857
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monoxide and CoA to form acetyI-CoA”. This combination of reactions has been designated as

the acetyl-CoA pathway™®.

The fermentation takes place in a fermentor. In this equipment the bacteria must be able to
convert syngas in ethanol and after this the product (ethanol) has to be removed from the rest of
the stream. For energetic, environmental and economic reasons the rest stream (consisting of
nutrients, water and a small amount of ethanol) should be recycled into the reactor. This is
schematically shown in Figure 3.2. Here a gas-sampling vessel disengages the gas from the
liquid. At the recycle-bottle port, fresh nutrients are added, the liquid effluent is withdrawn, and the

pH is adjusted.

The reactor of the bacteria is important, but due to the novelty of this research there is little known
about scale-up of fermentation. Most research is still on laboratory. Therefore the options

available are limited, but this may change in the future.

Synthesis ________... ..
Gas '
r Vent
= T
— Liquid | E
] e
---- Gas ! Qo
[ -
Lg
> l? pH Control
""""" - —» Liquid Effluent
I ¢ <— Nutrients
Gas Esfc?"ulle
Sampling esse

Figure 3-2: Schematic diagram of a trickle bed bioreactor

Experimental studies have shown that the rate-limiting step in syngas fermentation is typically
gas-to-liquid mass transfer. This means when the gas gets easier in the liquid the reaction-rate
will increase. A common approach to enhance gas-to-liquid mass transfer in stirred tanks is to

increase the agitator's power-to-volume ratio. Increasing the power input increases bubble break-

7 Ljungdahl, L.G. (1986), Ann. Rev. Microbiol. 40, 415
8 Wood, H.G., Ragsdale, S.W., and Pezaka, E. (1986), FEMS Microbiol. Rev. 39, 345
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up, thereby increasing the interfacial area available for mass transfer. However, this approach is
not economically feasible for the very large reactors being considered for commercial syngas
fermentation, due to excessive power costs. Consequently, alternative bioreactor configurations
that may provide more energy-efficient mass transfer are needed. The most interesting option is

the trickle-bed reactor.

Trickle-bed reactor

This reactor is columnar and does not require mechanical agitation and thus offer the potential for
lower power costs than stirred tanks. A trickle-bed reactor is a packed bed, gas continuous
reactor where the liquid phase trickles downward over the packing. The gas may move in either
downward (co-current) or upward (counter-current) direction. Low gas and liquid flow rates are
typically used, giving relative low-pressure drops. The cells can be either immobilised on the solid
packing or suspended in the liquid medium. As a distillation unit is used further down the line, it is
recommended to use immobilised cells. This has the benefit of not needing to add new bacteria
continuous, as they would die in the distillation unit when in the liquid medium. But there are other
enhancements being developed. The most promising is the use of microbubble dispersions. This
development is promising, but requires a lot of knowledge and equipment and is still in the

experimental stage.

Separator

After the liquid and gas have gone through the reactor the gas and liquid must be separated. This
can be done easily in a straightforward separator. After the gas and liquid are separated the liquid
will be transported to a distillation unit. The gas can then be either vented or recycled depending

on the composition.

Distillation unit

The incoming liquid will consist of two main components: water and ethanol. These can be
separated in a standard distillation tower. As ethanol will be used as a fuel, the ethanol coming
out of the distiller may only contain 7 vol-% water™. Therefore, this will be the goal of our distiller.
The outgoing stream of water will still contain ethanol. To keep efficiency as high as possible, this

stream should be inserted in the fermentation reactor.

Recycle
The water stream coming out of the distillation unit still has valuable components in it. To

preserve these, this stream is used to be the water stream in the fermentation reactor. Because

* Thuijl, E.v., C.J Roos and L.W.M. Beurskens (2003), Registered at ECN, project number 7.7449.02.01.
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the reaction of the bacteria is dependent on pH as well as on the quantity of nutrient in the flow
this should be kept at highest performance levels. This can be done by adding nutrients and

controlling the pH of the recycle stream.

3.4  Overall plant design

In the previous sections different components of the plant are described. The gasification-,
purification- and fermentation-equipment have been chosen in section 3.3. Although this project is
concentrated on the different components of the plant, in this section an overview will be given of
the design of the total plant. Possibilities to optimise the energy-flows in the plant in order to
increase efficiency will be shortly but not exhaustively mentioned. To increase efficiency
complementary research will be necessary. The several components and flows will be discussed

given the plant design as can be found in Appendix B.

In order to ensure continuation of the plant, the collected biomass will be dumped in a buffer.
From this buffer the biomass will first be grinded into smaller parts. Afterwards the feed will be
dried in a direct rotary dryer, by passing hot air through the waste. The out flowing air consists
mainly of nitrogen and oxygen and is therefore not harmful to the environment. To prevent small-
particles from the dried biomass of being carried by the out flowing air, a filter is placed on the air-
exit of the dryer. The biomass is now ready to be gasified in the gasifier. In this gasifier oxygen in
combination with high temperatures causes oxidation and reduction-reactions. The generated
syngas leaves the gasifier, together with some entrained material and tars. Directly after the
gasifier the entrained material is returned to the gasifier in order to increase efficiency. Via a
cyclone the syngas is purified from char. The separated char is also recycled back to the
combustion-zone of the gasifier. Because of the high-temperature the tar will be cracked in the

gasifier.

The cleaned syngas that leaves the cyclone has a temperature of typically 600°C. Therefore the
syngas has to be cooled down before it enters the fermentation-unit. For cooling down the
syngas, an indirect cooling-unit with water will be used. Indirect because in order to avoid polluted
water and syngas it's desirable to keep the cooling-liquid and the syngas separated. The
generated steam will be used for distillation of the ethanol to the required purity.

The clean syngas (cooled down to 39C) is fed to th e fermentation unit. Within the fermentation-
unit, syngas will be converted into ethanol by use of bacteria. As output besides the ethanol
stream also an exhaust gas is produced consisting of non converted CO, H, and CO, and H,O.

The calorific value of this gas is used in the process. The produced ethanol stream contains
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besides mainly water also acetic acid as a by product. This water-acetic acid mixture has to be

distilled off leaving a pure ethanol stream suitable for fuel purposes.
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4 Conceptual design

This chapter describes the major process technologies for an integrated gasification with syngas
fermentation process. Both the mass- and the energy balance of the entire process are simulated

and optimised with the aid of Aspen Plus.

4.1 Gasification

The gasification unit consists of four processes: grinding, drying, gasification (or oxidation), gas
purification and cooling. In the Aspen Plus simulation, the inlet wood material is assumed to be
grinded and has a certain particle size distribution as shown Table 10-2 in APPENDIX A. Pure

oxygen is used as a gasification reactant.

Drying

After the grinding which is not simulated in Aspen Plus, the first unit operation is the drying of the
biomass. To simulate the direct drying process a RSTOIC where the drying is simulated as if the
biomass will react into water and a FLASH2 were the splitting of the water and the biomass is
modelled, are used. The input is chosen to be wood with 22% moisture. The wet feed will be dried
up to 10 wt%, because a lower water-content will result in a higher energetic value and thus

higher efficiency of the plant. A water-content lower than 10 wt% is desirable but is not

EXCHAUST

o BIO-PL
DRY-REAC DRY-FLSH
IN-DRIER
o ARL RSTOIC FLASH2

energetically advantageous®.

The used calculation methods for drying are:

H20,in H20,out ,
———— = Bio, out * —————— + Biomass,in *CONV ( 4-1)
10C 10C

Biomass, in *

2 Broer-Lether, Machinefabriek en staalbouw Broere-Lether B.V. (September 1994), Product Information (Rotary Dryer),
The Netherlands, (in Dutch).
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Biomass, in = bio/plastic, out + Biomass,in * CONV (4-2)

Biomass, in = Mass flow rate of biomass in stream BIO-PL

Bio, out = Mass flow rate of biomass in stream IN-DRIER

H20, in = percent moisture in the biomass in stream BIO-PL

H20, out = percent moisture in the biomass in stream IN-DRIER

CONV = Fractional conversion of biomass in H,O in the block DRY-REAC

Equation (1) is the material balance for water, and equation (2) is the overall material balance.
These equations can be combined to yield equation (3), which has been modelled in the Aspen

calculator block.

H20,in- H20,out
CONV = (4-3)
100- H20,out

The process conditions of the direct drying are chosen somewhat random but if you look at the
process design of a direct dryer the temperature in this simulation is much lower. A hot air stream

of 132°C was used.

Gasification

The next step in the plant is gasification. The gasification is modelled by a DECOMP were the
decomposition of the dry fuel is modelled. The burner where combustion and gasification take
place is modelled by a RGIBBS. The specific reactions don’t have to be defined because the
aspen program RGIBBS will search for the equilibrium with the lowest Gibbs energy. Further
more the energy stream Q-DECOMP from the DECOMP is used to heat up the burner. The

oxygen inlet in the burner is modelled by a sensitivity formula.

Q-DECOMP
DECOMP BURN
RYIELD RGIBBS

[o2]
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Gas Purification
To cleanup the products it is necessary to purify the product stream. The solid char and ash

formed during gasification is separated via a cyclone system simulated via a splitter in aspen. In

GASES

SEPARATE
PRODUCTS

SSPLIT

o>

this splitter the solid particles will be split from the gas products. In reality the ashes and tars from
the solids stream out of the separator are guided back into the gasification unit. The used
program script could not model this, because it was impossible to define a composition of the ash.
Due to this loop in reality the syngas out the gasification unit won’t be has hot as it will be in the

simulation.

Cooling

It's necessary to cool down the gas before entering the fermentator. The cooling process is
modelled by a simple counter-current cooler HEATX. Water has been chosen for the cooling
agent, which will turn into steam. The steam is afterwards useable for the distillation of the water-
ethanol mixture. Due to the design specification that is defined by the fermentation unit the cooled
syngas has to be about 39°C. Therefore about 10 m3 of water was needed for the gas cooling to
39°C. To remove the last traces of sulphur a flasher is placed. A flasher divides the liquid stream
from gas stream. The flash is not expensive and operates under easy conditions such as 39°C
and 1 bar.

WATER-IN

COOLER
———— cobrour }—,

HEATX
1
w
STEAMOUT
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s
FLASH2
[ wiouo |

&

4.2 Fermentation

In the fermentation unit, the syngas is converted into bio-ethanol with the aids of bacteria such as
Clostridium lijungdahlii. The fermentation process is modelled by a simple RSTOIC. The four

competing reactions (3-1)-(3-4) are considered in the simulation. As indicated in the study of

Phillips et al.?*, the molar ratio of Ethanol to ACOH from CO and H, is considered 20.
i
GASES1
FERMENTI
FLASH2
RSTOIC FLASH2

H20-ETH

After the fermentation, ethanol, acetic acid (AcOH) and water will be produced and a small
amount of unconverted syngas will remain. These products will be split in a flash unit into liquid

stream and gas stream which contains the non converted CO and H, and the CO, formed.

2 J.R.Phillips, E.C.Clausen and J.L.Gaddy, applied biochemistry and biotechnology, vol 45/46, 1994.
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To purify the ethanol, a distillation unit is necessary. The block RADFRAC is chosen to model the
distillation of the mixture: ethanol, AcOH and water. The produced ethanol needs to reach the
quality of the automotive fuel, which indicates a purity of 93 vol.%. Based on this requirement, the
number of stages of the distillation column is optimised. Pressures on each stage and the

condenser are set at 1.0 bar.

=

H20-ETH DIST

RADFRAC

H200UT

o

The above design does not consider the effect of gas-liquid mass transfer, which will determine
what type of reactor shall be used. In the following section, we illustrated detailed design of the

fermentor. Two types of fermentor are chosen: bubble loop reactor and trickle bed reactor.

4.2.2. Fermentation in a bubble loop reactor

Bubble reactor provides the advantages of the elimination of mechanical agitation, minimum
maintenance, relatively lost cost, high interfacial area and high mass transfer coefficients. The
process low diagram for the fermentation is displayed in Figure 4-1. At the bottom of the bubble

reactor,

Gas in
(CO, H2, C0O2) Gas uit (CO2, CO, H2)

R <

- ‘&
—

3
Gasrecircul S
a

To Destillation

| Bubble column |

| Evacuation |
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Figure 4-1 Fermentation in a bubble loop reactor (PFD)

diffusers are installed to disperse syngas into micro-bubbles. Constant nutrient medium feeding
and PH correction are performed to maintain the reactivity of the bacteria. The cell recirculation
unit is installed to increase the cell concentration in the reactor. To enhance the fermentation
conversion, the syngas at the top of the reactor is circulated back to the liquid phase. The
fermentation takes place at 39T and at atmospheric pressure. The resulting gas contains CO,,
CO and H,. They can be either vented or recycled depending on the gaseous composition. The
liquid phase consisting of water, ethanol and acetic acid is drawn to the distillation unit for ethanol

upgrading.

Both the reactor volume and number and the number of diffusers are determined by a few factors.
They are for example the gas flow rate, residence time of the gas, mass transfer coefficient,
interfacial area provided by the diffusers and the dimension of the diffuser etc. Table 4-1 listed the
determining factors for the design of bubble column. The previous Aspen simulation yields a gas
flow rate of 6157 m3/h (at 39C). Assuming a circul ating gas flow rate of 2800 m3/h and 60% gas
absorption efficiency for each circulation, the resulting total gas flow rate must reach ~10000 m3/h
in order to reach 100% conversion of the gases. For given conditions, two bubble columns are
required for the fermentation reaction. Each reactor has a volume of 2268 m3. A maximum of 938

diffusers are needed to provide sufficient interfacial area.

Table 4-1Design parameters for bubble bed.

Item Unit
Quantity

Factor

Gas flow rate 10000 m3/h

Residence time 0.15 Hour

Required specific surface area 578 m2/m3

Required reactor volume 1407 m3

Required interfacial area 867000 m2

Specific surface area of diffusers 1000 m2/m3

Diameter of the diffuser 0.235 M

Outcome

No. of reactors 2

Report nr. 0268040420012.doc Date: 21-10-2005 Page: 24 of 52



TU/e Telos

Brabants Centrum voor Duurzaamheidvraagstukken

No. of diffusers 938

Single reactor volume 2268 m3

4.2.1 Fermentation in a trickle bed reactor

The trickle bed is columnar and doesn’t require mechanical agitation. The process flow diagram is
similar to that of the bubble column except that the continuous gas flow trickles downward over
the packed bed in the trickle bed. The process flow diagram for the fermentation in a trickle bed
reactor is shown in Figure 4-2. The determining factors on the design of the trickle bed include the

gas flow rate,

Gas in
(CO H2 COZ) Gas out (COZ, CO, H2)

—

?[\ 4&— Nutrients /

—¢

X

Gasrecirculati ||
| M
\if

Evacuation

Figure 4-2 Fermentation in a trickle bed reactor (PFD)

residence time of the gas, mass transfer coefficient, interfacial area provided by the diffusers and
the dimension of packing material. In Table 3-2 the determining factors are listed. The influence of
the

Table 4-2 Design parameters of the trickle bed.

Item Quantity Unit
Factor

Gas flow rate 10000 m3/h
Residence time 1 hour
Required specific surface area 578 m2/m3
Specific surface area of packed material | 250 m2/m3
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Volume of the required packing material | 21685 m3
Outcome

Volume of single reactor 2268 m3
No. of required reactors 4

mass transfer coefficient reflects on the value of the required specific surface area. The higher the
mass transfer coefficient, the higher the specific surface area will be. For the given scenario, one

can see that four reactors are needed and each reactor has a volume of 2268 m3.

4.3 Mass- and energy balance.

In this section we summarized the overall mass- and energy balance for the above-described
processes. The estimation is based on ~30,000 ton/year biomass consumption level and yearly

working hours of 7500.

Table 4-3 displays the mass balance of the entire system. In the present case, 8812 kg per year

pure Ethanol can be produced.

Table 4-3 Mass balance of the integrated system.

Stream Quantity Kg/hour Quantity (ton/year)
IN
Wood 4167 31252
0, 70 525 for combustion
ouT
Ethanol 1175 8812
(97% Ethanol)
Solids 117 888 with 75 ash
H20 out 761 5698
(3.1% Ethanol, 17% AcOH, 80%
H20)
Liquid 0.8 6
Gases 1 2183 16373 mainly CO,
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Table 4-4 and 3-5 display the energy balance of the integrated syngas fermentation systems with
the use of bubble column fermentor and trickle bed fermentor, respectively. Both cases require
extra energy. The difference in the net energy consumption originates from the fermentor, where

different design requirements are satisfied.

Table 4-4 Energy balance of the integrated gasification-fermentation system (using bubble

column fermentor)..

Item Required Energy Produced Energy
MWth MWth

Gasification unit

Drying and grinding 0.5 MWe

Gasification 0.52

Cooler 2.22
Fermentation unit

Fermentation 1 MWe

Flash 0.07

Distillation unit
Distillation column 1
Total electrical energy required (MWe) 15

Table 4-5 Energy balance of the integrated gasification-fermentation system (using packed bed

fermentor).
Item Required Energy Produced Energy
MWth MWth

Gasification unit

Drying and grinding 0.5 MWe

Gasification 0.52

Cooler 2.22
Fermentation unit

Fermentation 1 MWe

Flash 0.07

Distillation unit
Distillation column 1
Total electrical energy required (MWe) 15
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5 Market survey

5.1 Current status

From 2006 the Netherlands is adopting a biofuel target percentage of 2% of the energy content of
petrol and diesel. To this end, the Dutch Government is doing all it can to introduce incentive
arrangements for biofuels with effect from 2006. The requisite investigations and preparations,
including the funding of incentive measures, have already been set in train. In 2005 details will be

made available of the results achieved in the areas of research, preparation and funding.

The 2% biofuels target includes niche markets (e.g. the use of pure vegetable oil, pure biodiesel
and mixtures of 85% ethanol with 15% petrol). At present, the Netherlands’ potential for producing
biofuels from biomass is virtually nil. So far, Nedalco is the only ethanol manufacturer in the
Netherlands and its annual production capacity is 110 million litres. Most of this production
capacity is being used to feed the existing ethanol market. The Netherlands does not have the
production facilities needed for the manufacture of biofuels. Consequently, on the basis of the first
argument propounded in the European Directive 2003, a deviating target value can be
determined. However, various Dutch market participants have indicated that, once the Dutch
Government has made clear how it intends to implement the Directive, they will immediately take

steps to build up production potential. It is assumed that this will take about a year and a half.

5.2 Potential markets

In accordance with the ‘flexible mechanisms’ of the Kyoto protocol, the EU has introduced a CO2
emissions trading scheme to commence on a pilot basis in January 2005. Although not included in
this pilot phase, reducing the transport sector's emissions, and in particular emissions from road
transportation, is a pressing issue as the latter currently represent 19% of total EU COz equivalent
emissions and are expected to increase. The European Commission foresees that three
alternative transport fuels, hydrogen, natural gas, and biofuels, will replace transport fossil fuels,
each by 5% by 2020 (Commission of the European Communities, 2001)1. In the Dutch economy
almost all sectors have already succeeded in stabilizing or reducing their greenhouse gas
emissions. The only exception is the transport sector. The expected CO2-emissions for 2008-
2012 (compared to 1990) are estimated at a 20-30% increase as a result of intensified traffic and
mobility”>. Substituting the fissile fuels usage in the transportation sector will therefore offer the
greatest potential market for bio-ethanol uses. As a fuel, the bio-ethanol can be utilized in the
following ways:

Fuel for auto vehicles

! http://www.doylefoundation.org/icsu/EU.htm, Comission of the European Communities, Brussels, 2001.

22 \www.nedalco.nl
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The bio-ethanol can be used as a fuel, fuel extender and/or fuel additive. In Europe, the
anhydrous bio-ethanol up to 7.8% is permitted to blend with gasoline. It can be used directly as a
gasoline substitute in auto vehicles without modifying engines. Hydrous bio-ethanol (95% by
volume) can be used directly in the auto vehicles but requires engine modification. Bio-ethanol is
also used to synthesize ethyl-tertiary-butyl-ether (ETBE), a fuel additive for conventional petrol.
Fuel cell
Electrochemical fuel cells convert the chemical energy of bio-ethanol directly into electrical
energy to provide a clean and highly efficient energy source. It is one of the most idea fuels for a
fuel cell. Highly purified bio-ethanol can solve the major problem of membrane contamination and
catalyst deactivation within the fuel cell.
E-diesel
E-diesel is a blend of bio-ethanol and diesel fuels. It contains up to 15% bio-ethanol, diesel fuels
and additives. Compared with the regular petrol-diesel fuel, E-diesel can significantly reduce
particulate matter and toxic emissions, and improve cold flow properties. E-diesel is currently in
the development stage and its expansion in the market will promote the market for bio-ethanol

uses.

5.3 Production cost

The production cost of bio-ethanol is in the range of 10-45 Euro/GJ (see Table 5-1), depending on
the raw materials, the prices of raw materials, the method of production, the extent of refining
undertaken, and the supplementary utilisation of by-products and waste and the scale of
production, Compared with gasoline’s price (around 5 Euro/GJ without taxes), bio-ethanol

appears to be two to eight times higher.

Table 5-1 Estimated bio-ethanol production cost®.

Feedstock Production cost, Euro/GJ Spurce country
Sugar cane 10-12 Brazil

Sugar or starch 15-25 Europe and USA
Cellulosic 34-45 Europe
Cellulosic 15-19 USA

Past experience (for instance, in the UK or Belgium) has shown that the fuel pump price
differential is an effective method of increasing the market share of a particular fuel (as evidenced
with both unleaded petrol and diesel as compared with four-star leaded petrol). Thus, with the

production costs of bioethanol currently far higher than conventional fuels, it will be very difficult

28 www.senternovem.nl/mmfiles/149043_tcm?24-124362.pdf
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for them to gain market share without government intervention in terms of favourable duty and
taxation levels. So no market opening can be expected as long as detaxation for bioethanol is not

a European obligation.

5.4 Competition

The current ethanol demand is satisfied via the fermentation of sugar and starch crops. However,
this approach gives certain limits. These energy crops have a high value for food application and
their sugar yield per hectare is very low compared with the most prevalent forms of sugar in
nature: cellulose and hemicellulose. Substantial reductions in bio-ethanol production costs may
be achieved by replacing sugar and starch with less expensive lingo-cellulose based feedstock.
This feedstock can be agriculture waste, forest residue etc. Consequently, a number of bio-

ethanol conversion technologies have been proposed and currently under development:

Bio-ethanol from wood or straw using acid hydrolysis24
This process is under experimental testing in several countries, but only a few countries, including
Sweden, are using it for the large-scale production of ethanol. In the case of Sweden, it is used
for the production of ethanol to run buses for the Stockholm Transportation agency. The cost of
the acid is a major consideration, but a greater issue is the equipment and reagents required to
remove the acid before the fermentation process. A further cost is the cultures required for the
conversion of the C5 and C6 sugars to alcohol. The process has relative low levels of productivity
- partly due to the lack of efficiency in the fermentation of C5 sugars, and this further pushes up
costs. Improving the efficiency of his fermentation process could bring about considerable
increases in the efficiency of the process, but the problems and costs entailed by the use of acids
for the hydrolysis process are inevitable, and therefore the enzymic hydrolysis route may be the
only route to lower costs in the medium term for a lignocellulosic route to ethanol.

Lignocellulosic enzymatic fermentation
Instead of using acid to hydrolyse the biomass, one uses enzymes to break down the biomass in
a similar way. This process is relatively expensive and is still in its early stages of development.
Abengoa Bioenergy is the European leader in the production of bio-ethanol. They are currently
investigating both the technical and economical feasibilities and commercial demonstration of this
process.

Catalytic conversion of bio-based syngas to ethanol®®
May 2005, Abengoa Bioenergy R&D received an award from the U.S. Department of Energy for

the development of new catalyst for the conversion of bio-based syngas to ethanol. It is declared

2 www.dft.gov.uk/stellent/groups/dft_roads/documents/page/dft_roads_024054-16.hcsp.
% \www.abengoabioenergy.com
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that the new catalyst will lower the temperature and pressure required for the conversion and will
improve ethanol selectivity at a reasonable residence time. Thus, this new approach will lead to a
simpler process.

Biological conversion of bio-based syngas to ethanol (presented in this report)

The successful penetration of the technology will ultimately depend on both the technical and the

economic feasibilities.
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6 Legal aspects

The legal aspects that relate to the feasibility of the bioethanol from syngas plant relate to:
Duty exemption and legal instruments for promotion of bioethanol
Qualification of the raw materials as biofuel

Environmental permit

6.1 Duty exemption and legal instruments for promot ion of bioethanol
The competitiveness of biofuels like bioethanol will be heavily dependent upon the level of duty
levied by Government on such fuels. If duty was at the same rate as that levied on petrol or

diesel, biofuels would be far too expensive to hold a competitive place.

Technically two forms of tax apply to fuels: value added tax (VAT) and duties. Table 6-1 displays

the break down of fuel prices in taxes: VAT and duties. At a retail price of 1,399, the absolute

tax pressure (VAT + duties) on gasoline is approximately 0,89, while the nett price of gasoline is
0,50 per litre. The relative tax pressure (VAT + duties) on gasoline is roughly 70 % and varies

over time (see , depending on the net price of gasoline (world market oil price).

Table 6-1 Break down of fuel prices based on the (Shell) recommended retail prices July 19"
2005%°

Gasoline (Euro unleaded) Diesel (low sulphur)
Price 1,399 Price 1,055
VAT 0,22337 VAT 0,168445
Duties 0,6681 Duties 0,36491
Storage 0,0053 Storage 0,0053
Net price 0,50223 Net price 0,516345
Absolute tax pressure 0,89677 Absolute tax pressure 0,538655
Relative tax pressure 64,10% Relative tax pressure 51,06%

% Ministerie van Financién, August 8th, 2005
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Figure 6-1 Relative tax pressure on gasoline priceszs.

Most EU member states have installed duty exemption or reduction for biofuels (see
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Table 6-2).
The Netherlands just recently announced tax exemption on biofuels for the budget of 2006°".

Furthermore the Dutch government is likely to pass new bills that will force oil companies to add

or partially substitute gasoline with bioethanol (or diesel with biodiesel)?®.

" Financieel Dagblad, July 29", 2005
% volkskrant, September 7", 2005
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Bioethanol Biodiesel
France 64,5 % 79 %
Germany 100 % 100 %
Spain 100 % 100 %
Sweden 100 % 100 %
Italy 42 % 100 %
Austria 0% 100 %
United Kingdom 42 % 42 %
Netherlands 0% 0%
Poland 100 % 100 %
Czech Republic 100 % 100 %
Hungary 100 % 100 %

6.2 Qualification of the raw materials as biofuel

Presently it is proposed to use recycled wood as the source for raw materials. This may however

contain traces plastics and paints (e.qg. fibre board). Principally only the non-fossil materials will

qualify as biomass for the production of biofuel. Technically however both plastics and wood will

be gasified to synthesis gas.

Two definitions of biomass are applicable for the European Union (Table 6-3): a broad definition

that includes biodegradable fractions (2001/77/EC), and a narrow definition that only comprises

very specific and well defined wastes (2001/80/EC). The most important distinction between the
two definitions is the narrowness of 2001/80/EC and the breadth of 2001/77/EC.

The EU directives not only allow to use feedstocks that are not ‘pure’ or 100 % biomass, but also

feedstocks that contain a fraction of biomass.

Table 6-3 Definitions of biomass in the Europ

ean Union

Broad biomass definition (2001/77/EC)

Narrow biomas

s definition (2001/80/EC)

‘Biomass’ shall mean the biodegradable fracti

on ‘Biomass’ means products consisting of any whole

? Factbook Biobrandstoffen, Juni 2004.
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of products, waste and residues from agriculture
(including vegetal and animal substances),
forestry and related industries, as well as the
biodegradable fraction of industrial and municipal

waste

or part of a vegetable matter from agriculture or
forestry which can be used as a fuel for the
purpose of recovering its energy content and the

following waste used as a fuel:

vegetable waste from agriculture and forestry
vegetable waste from the food processing
industry, if the heat generated is recovered
fibrous vegetable waste from virgin pulp
production and from production of paper from
pulp, if it is co-incinerated at the place of
production and the heat generated is recovered
cork waste

wood waste with the exception of wood waste
which may contain halogenated organic
compounds or heavy metals as a result of
treatment with wood preservatives or coating, and
which includes in particular such wood waste
originating from construction and demolition

waste.

Presently there is no ruling for the determination of the how much fossil materials are acceptable

for the production of biofuels. However for sustainable power generation the Dutch government,

did install ruling declaring that the maximum fossil content of ‘pure biomass’ is not to exceed 3

%*°. New ruling needs to be developed for biofuels.

6.3 Environmental permit

Obtaining an environmental permit for a gasifier for recycled wood (or other ‘less’ clean biomass)

is a serious threat. Since 2003 virtually all permits for ‘less clean’ biomass initiatives have been

eradicated by the Council of State that is the country’s highest administrative court in The

Netherlands™.

% Milieukwaliteit Elektriciteitsproductie (MEP).
% Stromen, November 19th, 2004
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Other risks for new industrial initiatives are imposed by the implementation of EU Clean Air
directive® for fine particulate matter (PM) and nitrous oxides (NO,). Since the implementation of
this directive in 2005, the Council of State has actually stopped activities several building sites.
Practically the only locations that will be available are located in the North-Eastern parts of The
Netherlands (Figure 6-2).

Aantal dagen boven daggemiddelde
van 50 pg'm?*

30-35

———- grenswaarde 2005

[]35-45
[ 45 - 55
B s e

Figure 6-2 Fine particulate matter concentrations in the Netherlands (2003)*

The implementation of the IPPC** directive is a second threat toward the obtaining of an
environmental permit. In practice the IPPC directive imposes that Best Available Technology
(BAT) should be installed at new projects at any time (at any cost). This means that
environmental permits can be (and actually have been) eradicated by the Council of State if the

emission standards (air, water, solil, ...) are not based on BAT.

%2 Council Directive 96/62/EC on ambient air quality assessment and management.
* RIVM, May 11" 2005
3 Council Directive 96/61/EC of 24 September 1996 concerning integrated pollution prevention and control
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7 Economic analysis

The economic analysis is based on a 30000 ton woodchips fed gasifier.
The investments are broken down in three main parts:

1. Gasifier investments

2. Fermentor investments

3. Utility equipment

To determine of the realization op the biomass gasification plant with fermentation unit is
profitable an economical analysis has been made. All costs of the utilities, unit operations and
chemicals are derived from ed.icheme.org/costs.html. The unit operation costs of the
fermentation unit are estimated based on experience of existing installations.
The costs of the total plant and the economical calculations are given in appendix 4%,
Starting points are:
Equipment costs are multiplied by a factor of 5 in order to realize the factory (Coulson and
Richardson, 1998).
The life time of the factory is set to 15 years
The total fixed capital is calculated via ISBL (inside battery limit costs) + OSBL (outside
battery limit costs).
The ethanol required selling price (RSP) is determined according to the desired Return on

Investment (ROI).

7.1 Bubble loop reactor investments

Table 7-1 listed the investments of the bubble loop reactor. The costs of all equipments are based

on the reactor volume given in Table 4-1.

* Seider, W.D., J.D. Seader and D.R. Lewin, Process design principles.
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Table 7-1 Investments of the bubble loop reactor.

Item Quantity Total price, Euro
Fermentor | 2 308000
Blower 3 100600
Diffuser 1000 250000
Total 658600

7.2 Trickle bed reactor investments

T2los

Brabants Centrum voor Duurzaamheidvraagstukken

Table 7-2 listed the investments of the trickle bed reactor. All costs estimation is based on the

reactor volume shown in Table 4-2.

Table 7-3 Investments of the trickle bed reactor.

Item Quantity Total price, Euro
Fermentor | 4 616000
Packing 23120 m3 2427600
material

Blower 4 54400

Total 3098000

7.3 Return of investment analysis (ROI)

At 0 % ROI, the sales price of ethanol derived from the trickle bed case is 0.56 euro/liter or 26.7

euro/GJ. At 14% ROI the price is 0.88 euro/liter or 42 euro/GJ. This price varies in the same

range as cellulosic in Europe (see table 7-3). The advantage is that in our case we can process

all kinds of biomass (and not only wood) due to the versatility of the gasifier.
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Figure 7-1 ROI analysis of the integrated systems with different types of fermentors.

Table 7-3 Comparison of ethanol price from different sources.

Source Price, euro/GJ
Sugar cane, Brazil 10-13

Sugar or starch, Europe 15-25
Cellulosic, Europe 34-45
Cellulosic, USA 15-19

Current case(trickle bed) 30
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8 Opportunities and threats
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Strengths

Weaknesses

Provides a deal of fuel flexibility, thus

reduce the production cost
significantly.

Competitive  production price  with
respect to cellulosic Europe.

Can incorporate with existing
gasification units.

Environmental benefits.

The fermentation process is not

poisoned by the presence of sulfur

compounds.

Acetic acid comes free as a side
product and this has to be sold or

processed.

Opportunities

Threats

Able to penetrate into Niche target
market because of relative small scale
of operation.
Market values for by products:

- Acetic acid from the bottom fraction of the

distillation unit.

- Extra market value for CO, released
(for
drinks

beverages and the manufacture of

during fermentation use in

carbonating soft and

dry ice.)

Legislative could impact.
Affected by the political decisions. Tax
exemption of biofuels and execution of
Kyoto treaty.
Facing competitions with the existing
technologies and newly developed
ones.
Strong competition from  ethanol
production industry in Brazil.
No national resources are allocated to
the production of biomass for energy
uses.
Technology uncertainties, for example

- Oxygen or other non expected

gases in syngas might kill the

bacteria in the fermentor.
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9 Conclusions

The ethanol production via gasification and fermentation is competitive with the cellulosic
process in Europe even on the relatively small scale studied here (30.000 tons/year) . It has
the advantage over the alternative process that it can treat all kinds of biomass input even

waste streams.

Ethanol prices in the range of 0,60 euro/l (28,6 euro / GJ) seem possible even at the small

scale of operation .

Most of the costs are related to the costs of the fermentor due to the low solubility of

syngas in water.

The conversion of biomass to ethanol depends strongly on the mass transfer of syngas to
water in order for the bacteria to convert it to ethanol. This mass transfer capacity should

be further investigated and optimised.

It was found that there are also bacteria which produce butanol besides ethanol. Butanol
has a higher calorific value per liter (30% higher) than ethanol. For fuel purposes molecules

with more calorific value per liter than ethanol are preferable.
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APPENDIX A Properties of wood

Table 10-1 Proximate- and ultimate analysis of wood (as received)36.
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Proximate analysis, % Ultimate analysis,%

Moisture 21.98 Moisture 21.98

Ash 0.27 Carbon 39.09

Volatile 69.03 Hydrogen 4.89

Fixed carbon 8.72 Nitrogen 0.18
Sulfur 0.02
Oxygen 33.57
Ash 0.27

Table 10-2 Particle size distribution of wood

Size, nrm Value

120-140 0.1

140-160 0.2

160-180 0.3

180-200 0.4

% http://www.woodheat.org/technology/epaoutboiler.pdf
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Appendix B Overall plant design biomass to ethanol plant.
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Appendix C Gasification-fermentation process flow diagram in Aspen Plus.
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Appendix D Economical analysis of a capacity of ~30000 ton/year wood to ethanol plant.

FINANCIELE EVALUATIE VAN PROJECTEN

TU/e Eindhoven

TOELICHTING

N.B. Alle bedragen zijn exclusief BTW.

0 GEGEVENS
Naam Van Kasteren
Technische Universiteit
Instelling Eindhoven
IRE-nummer 10001812
Projecttitel Bioethanol from biosyngas
| AANNAMES
Projectduur 15 jr
Afschrijvingsduur 15 jr
Restwaarde investering 0 EURO
Inflatie 1%
van directe
Onderhoud 5% investering
Rentepercentage 5%
Il INVESTERINGEN (EURO)
a. Procesapparatuur
Specificatie Handfactor Aanta fob Prijs Totaal
Grinder 5 0 200,000 0
Gasifier 5 1 500,000 2,500,000
Gascleaner 5 L 200,000 1,000,000
fermentor 5 1 3,000,000 15,000,000
Distillation column 5 200,000 1,000,000
Heat echanger 3] P 60,000 600,000
Tank 5 1 30,000 150,000
0
0
0
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Totaal procesappartuur

20,250,000

b. Overige directe
investeringen

Totaal overige directe

Bordessen voor toegang tot apparatuur

Leidingen en
verbindingen

Primaire elektriciteitsaansluiting
Instrumentatie

Verf
Milieuvoorzieningen (bijv huur
container)

Andere (specificeer)
Totaal

investering 1,000,000
c¢. Onvoorzien(15% van 3,187,5
directe investeringen) 00
d. Eenmalige
investeringen
Opstartkosten (1%
van directe
investeringen) 212,500
Licenties
Totaal eenmalige
investeringen 212,500

e. Werkkapitaal

40,000

Totaal gebonden kapitaal

24,690,000
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Il PERSONEELSKOSTEN (EUROVjr)

Salariskoster
Aantal p.p. Totaal
Produktie, direkt 2( 30,00p 600,000
Produktie, indirekt 2 40,000 80,000
Marketing 0.1 40,00( 4,000
Staf 0.1 45,000 4,500
Administratie 0.2 35,00( 7,000
Totaal personeelskosten 695,500
IV OVERIGE VASTE KOSTEN (EUROV/jr)
Huur bedrijfsruimte
Aantal m2 0
Prijs (EURO/m2/jr) 0
Totaal huurkosten (EUROI/jr) 0
Onderhoud (wordt automatisch ingevuld als percentao direkte investering) 1,062,500
Staf en hulpdiensten
Bedrijfslaboratorium
Andere vaste kosten (specificeer)
1,062,500
1,062,500

Totaal vaste kosten
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V VARIABELE KOSTEN (EUROIjr)

Prijs per
Post Eenheid eenheid| Eenheden/jr Totaal
Grondstoffen (specificeer)
Houtchips ton 40.00 30000 1,200,000
0
0
0
0
0
0
0
0
0
Hulpstoffen (specificeer)
Oxygen ton 100.00 525 52,500
0
0
0
0
0
0
0
0
0
Utilities
Gas EURO/NmM3 0.20 0 0
Water (incl. afvoer) EURO/m 0.60 150000 90,000
Elektriciteit EURO/MWh 60.00 11250 675,000
Afvoer reststoffen (spec)
Vast afval (anorganisch) tg 170.00 200 34,00
Totaal 2,051,500
variabele
kosten
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VI OPBRENGSTEN (EUROVjr)

Prijs per
Post Eenheid eenheid Eenhedenljr Totaal
Produkten (specificeer)
Ethanol ton 90000 8812 7,930,800
Azijnzuur ton 0.00 976 0
Electriciteit (eigengebruik) MWH 120.0p 0 0
Gas (eigengebruik) Gy 10.00
Gas (extern grootverb) GJ 5.00
0
0
0
0
0
Overige (specificeer)
0
0
0
0
0
0
0
0
0
0
Totaal opbrengsten 7,930,800
VII BEREKENINGEN
Kosten en opbrengsten per jaar (EURO/jr)
Verkoop van
Variabele kosten produkten
Grond- en hulpstoffen 1,252,500 Ethanol 7,930,80
Utilities 765,000 Azijnzuur 0
Electriciteit
Afvoer afval 34,000 (eigengebruik) 0
Totaal variabele kosten 2,051,500 Gas (eigengiebrui 0
Gas (extern
grootverb) 0
Vaste kosten 0 0
Onderhoudskosten 1,062,500
Personeelskosten 695,500
Huur bedrijfsruimte 0 0 0
Overige 0 0 0
Totaal vaste kosten 1,758,000 Totaal overige 0
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Geannualiseerde investering 2,376,837

Winstopslag (berekend) 1,744,463

Totale kosten 7,930,800 Totale opbrengsten 7,980,8

VIIl RESULTATEN

ROI 7%

Totaal gebonden kapitaal 24,690,000 EURO
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