
r A

FINAL REPORT
PROJECT NO. 53-43-B-407

MARCH, 1990

COMPUTER SIMULATION MODEL OF AN
ENZYMATIC BIOMASS CONVERSION PROCESS

Prepared by

Group
QUANG NGUYEN 

Leader - Bioconversion
FORINTEK CANADA CORP.

800 Montreal Road, Ottawa, Ontario, K1G 3Z5

V Forintek
Canada



ABSTRACT

Wood residues generated from the forest product industry pose a disposal 
problem. Bioconversion of wood to ethanol and chemicals is an alternative 
method to existing disposal methods of burning or land filling . However, 
bioconversion is still in the development stage and much improvement is needed 
to make the process commercially viable. The process is complex and 
difficult to optimize because of many interactions between various process 
parameters. Improvements made in one processing step may result in negative 
impact on other steps; thus it is difficult to optimize the overall process if 
only one step is evaluated at a time. A process simulation model was 
developed using the Lotus 123 spreadsheet to assist Forintek researchers 
evaluate the technical and economic feasibilities of an enzyme-based wood-to- 
ethanol conversion process. The major components of the process are: steam 
pretreatment, fractionation, lignin recovery, enzyme production, enzymatic 
hydrolysis, ethanol fermentation of glucose and xylose, ethanol distillation, 
and waste treatment.

The model consists of an input table for process and economic 
parameters, a set of material and energy balance equations, a set of cost 
equations, an output table showing the breakdown of operating and capital 
costs of each processing component, and a Monte Carlo risk simulation. 
Operating costs include costs of raw materials, chemicals, steam, water, 
electricity and labour. Fixed capital costs are estimated using the capital- 
recovery-factor method, which incorporates the rate of return on investment, 
interest charges, depreciation costs, taxes and insurance premiums. A base 
case study of a plant processing 500 oven dry tonne of aspenwood per day 
estimates a revenue price of ethanol at $0.78/litre.

The parameters having the most significant impact on the price of 
ethanol are:

- Cost of wood: The cost of wood has the largest impact on the overall
production cost.
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Price of lignin: A fuel value is assigned for the lignin by-product.
However, a much higher credit for lignin is required to make the 
process economically feasible.

- Enzyme production: High enzyme productivity is essential for the
process economics; however, for enzyme productivity greater than 
200 FPU/Lh the marginal reduction in ethanol production cost becomes 
less significant.
Fractionation: The high costs of fractionation of steam treated wood
are due to costs of caustic and process steam. The cost of 
fractionation can potentially be reduced via improvements of 
processing technique such as using counter-current continuous 
extraction and recovering of caustic using ultrafiltration.

- Cellulose hydrolysis: Glucose yield better than 80% theoretical at
cellulose concentration over 10% w/v and cellulase loading of less 
than 10 FPU/g cellulose are required for economical conversion to 
ethanol.
Fermentation of xylose: High ethanol yield and fermentation rate are
essential for the process economics. Ethanol from xylose can 
potentially contribute up to 25% of the total ethanol production from 
aspenwood.

By improving the above parameters the price of ethanol can potentially 
be reduced to about $0.25-0.30/litre.

The model has been an effective tool in helping Forintek achieve a
better focus for the bioconversion research and development program.
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2 .

3.

4.
5.
6 .

OBJECTIVES

To develop a computer model representing an enzyme-based, wood-to-ethanol 
bioconversion process.
To estimate the revenue price of ethanol produce from wood.
To identify the process and economic variables having a significant impact 
on the overall production cost.
To determine the optimal values for the process parameters.
To determine the interactions between various process parameters.
To assist the scientists in setting target values of process variables 
using the simulation results from the model.

1
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2.0 INTRODUCTION

2.1 Background

Only about 60% of the wood biomass is converted to finished products in 
the forest product industry. The remaining wood residues have little or no 
commercial value and present a disposal problem as well as a potential loss of 
revenue for the industry. The cost of raw material makes up to 50 to 60% of 
lumber manufacturing variable cost (1). The supply of wood residues and price 
schedule are given in Tables 1 and 2. Facing with increasing international 
competition from low cost resource suppliers, e.g., from South America, New 
Zealand and Australia, the industry competitive position can be strengthened 
through better utilization of raw material.

In the last few years the Biotechnology and Chemistry Department's 
research program has focused on the conversion of forest residues into value- 
added products such as ethanol and chemicals. The cellulose and hemicellulose 
can be used as a feedstock for alcohol fuels and chemical production or as an 
animal feed supplement. The lignin can partially replace resins and adhesives 
in the manufacture of composite wood products. The utilization of forest 
residues require pretreatment, separation and subsequent conversion (by 
biological and chemical processes) of the fractionated wood components. The 
schematic diagram of such a conversion process is illustrated in Figure 1.

2
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TABLE 1. Excess Raw Material Supply3

Category Amount

(thousand tonnes OD)

Merchantable surplus0 33,296
Mill residues13 15,845
Logging residues13 24,084
Salvage 27,800
Stand conversion 10,800

a Adapted from Intergroup Consulting Economists (2) 
13 Sustainable basis

TABLE 2. Raw Material Price Schedule (delivered 1988 $/OD tonne)c

Price Amount

(S/OD tonne) (thousand tonnes OD)

1.40 to 22.00 11,887d
22.00 to 41.80 6,015
41.80 to 62.75 41,529
62.75 to 83.60 19,534
83.60 to 104 3,396
104 + 1,700

c Adapted from Intergroup Consulting Economists (2). Price updated 
from 1981 study to 1988 $ equivalent 

d Mostly mill residues

3
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Aspenwood chips 
I

Ethanol

Figure 1 Schematic Flow Diagram of a Bioconversion Process

Note: Broken lines represent alternative processing steps
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One of the difficulties of optimizing an enzymatic based bioconversion 
process is the interdependent nature of the various processing steps. For 
example, steam pretreatment conditions which provide maximum enzymatic 
hydrolysis of cellulose also tend to produce decomposition products which 
inhibit the fermentability of the pentose sugars in the water-soluble 
fraction. Thus, increasing the accessibility of the cellulose may result in 
less desirable effects on other components of the process. It is almost 
impossible to optimize a bioconversion process by optimizing each processing 
step separately. To address this problem, mathematical models have been 
developed to assist the scientists in optimization the process.

The first mathematical model was formulated in 1985 by Adam Ferrie 
Consultants using linear programming (LP) and documented by R. Ung (3). The 
LP model describes a wood-to-alcohol process using a combined hydrolysis and 
fermentation process. The products under consideration are ethanol, acetone, 
butanol, butanediol, lignin and enzymes. This model has several major 
drawbacks :

It is difficult to use. The input parameters are not clearly 
defined. The results are very difficult to interpret.
The material balance is not correctly formulated. This results in 
erroneous outputs.

- The LP program cannot be used to formulate non-linear relationship 
characteristics of the process.
Any modification or expansion of the model would be difficult and 
time consuming due to the lack of in-house expertise in linear 
programming and process engineering.

- Minor errors in the formulation can have significant impact on 
the output and yet the errors are difficult to locate.

The LP model has not been used in process optimization because of the 
problems mentioned above. At about the same time when the Forintek LP model

5
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was developed the Solar Energy Research Institute (SERI) developed their own 
model to calculate alcohol production costs from biomass. The SERI model is 
basically an engineering cost analysis using Lotus 123 spreadsheet software. 
Attempt to use the SERI model (4) was unsuccessful because of the following 
deficiencies in this model:

- The model does not truly represent the Forintek process. For example, 
there is no xylanase production, no xylose fermentation, the lignin 
is burnt to produce steam and electricity. A large credit is assign 
to electricity such that under certain conditions the model looks 
like it is made for a electrical generation plant with ethanol being 
produced as a by-product. The process flow diagram is too 
simplified, therefore it is difficult to verify the material and 
energy balance and cost calculations.

- The capital cost calculation is too simplified which results in 
inaccuracies. Although it is claimed that the capital costs were 
calculated using the ICARUS computer-aided cost estimating program to 
obtain consistent results, many cost estimates were obtained based on 
multiplying factors, e.g., the cost of extraction equipment is a 
certain percentage of the cost of pretreatment equipment. This 
factoring method usually leads to serious errors.
There are not enough important process parameters built into the 
model, especially in the case of fractionation. This limits the 
usefulness of the model in performing sensitivity analysis.

- The model is set up to perform backward calculation, i.e. the 
ethanol production is fixed at a predetermined level. This makes it 
almost impossible to perform sensitivity analysis because if the 
ethanol production is affected by the parameter, e.g. lowering
the glucose yield will decrease ethanol output, the program 
automatically adjusts the wood input to maintain a fixed ethanol 
production rate.

6
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A new computer model was developed for the Forintek process using the 
Lotus 123 spreadsheet software. The formulation of the model is based on the 
cost engineering approach similar to the SERI model; however, a lot more 
technical details and flexibility are built into the Forintek model to 
facilitate future update as the process is improved upon. Scaling factors 
are also included for each piece of equipment so that the model can be used 
to simulate plants having processing capacity ranging from 100 to 1,000 tonne 
(dry basis) of wood per day. The technical aspects of the model are largely 
based on inputs from laboratory data supplied by Forintek Scientists. Most of 
the capital costs are obtained from Canadian equipment manufacturers or 
distributors. Ethanol (instead of a mix-product of ethanol, acetone, butanol 
and butanediol) is chosen as the main product in the Forintek model because 
ethanol has a potentially large market.

2.2 Process development strategy

The computer simulation model for the bioconversion process is useful 
not only in guiding bench-scale experimental design but also in scale-up and 
cost evaluation. The major technical aspects involved in process development 
are shown in Figure 2.

The model can be used to perform preliminary technical and cost 
evaluation of equipment, thus the costs of design and pilot plant testing can 
be reduced. The computer simulation model gives the best estimate of the 
production cost and required capital investment. This information is useful n 
focusing the research and development program and setting targets for process 
optimization. More accurate engineering and cost data required for detailed 
economic evaluation can only be obtained through pilot plant or demonstration 
plant operation.

7
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Figure 2 Process Development Strategy
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3.0 DESCRIPTION OF THE MODEL

3.1 Process Description

The process is divided into the following areas based on the different 
processing requirements:

- Wood preparation
- Steam pretreatment
- Fractionation
- Enzyme production
- Enzymatic hydrolysis and ethanol fermentation
- Ethanol distillation

Common services (waste treatment, utilities, etc.)
A conceptual process flow diagram of the process is illustrated in 

Figures 3. The main process streams are labelled to facilitate material 
balance calculation. The major equipment are specified for operating and 
capital costs calculation.

9
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(a) Wood Preparation

Wood can be delivered to the plant in many forms, i.e. chips, sawdust, 
wafers, logs. It is necessary to separate the species to ensure uniform 
pretreatment is attained; this is particularly important if the plant 
processes both hardwood and softwood. For simplicity, it is assumed that wood 
chips are delivered to the plant by trucks. The chips are store in piles in 
the chip yard. The wood chips are conveyed from the chip piles to the screen 
room via a drag-chain conveyor. Assume that 15% of the chips are over-sized 
and must be rechipped. The screened chips are blown to four storage silos 
made of galvanized steel. The silos have a storage capacity of 12 hours of 
processing; their function is to keep rain, snow and ice from the wood chips 
before the chips are fed into the steam digesters (guns). A screw conveyor 
(or belt conveyor) system delivers the chips from the silos to the guns.

(b) Steam Pretreatment

The Masonite guns are employed in the steam pretreatment of wood chips
since all of our research works have been done on steamed wood produced from
batch reactors. The model allows other types of reactors such as the Stake
II reactor as alternative pretreatment equipment. However, there is currently
insufficient data regarding cost, yield and substrate accessibility to apply
the Stake II reactor in the model. Wood chips are fed by gravity into the
guns which operate in parallel. The guns are constructed of low-alloy steel.
To handle SC>2 impregnated wood chips, corrosion resistant high-nickel alloys

3 3are used. Each gun has a working volume of 1.15 M (40 ft ) and can process 
about 129 OD kg of chips per cooking cycle, assuming the bulk density of wood 
chips is 112 OD kg/M3 (7 lb/ft3). The bulk density of wood chips packed in 
commercial pulp digesters varies between 112 and 160 OD kg/M ‘ Steam is 
injected into the guns via ports located at the bottom and the top of the 
guns. Steam injection at the bottom of the gun would minimize the amount of

15

Forintek
Canada -
Corp.



condensate collecting there; thus the uniformity of the cooks is ensured.
At the end of a cooking cycle the steamed chips are discharged into a blow 
tank where the condensate and excess steam flash off into the shell side of a 
shell-and-tube steam condenser (HX1). The pressure in the shell side of the 
steam condenser is maintained at 345 kPa (50 psig), i.e. same pressure as in 
the blow tank. Clean steam at 83 kPa (12 psig) is generated in the tubes of 
the steam condenser. The low pressure steam is used for sterilization of 
fermentation equipment and for heating the lignin precipitate slurry. The 
saturated condensate from the steam condenser is passed through the hot water 
heater (HX2) for further heat recovery. Cold (10° C) process water is heated 
to 95° C. A side stream of the hot water is used to generate low pressure 
steam in the steam condenser. The hot water is used for tempering process 
water used in hemicellulose and lignin extraction. It is assumed that 90% of 
the heat input into HX1 and HX2 is recovered. This assumtion is probably on 
the high side because the steam from the blow tank contains volatiles and fine 
wood particles which likely cause fouling of heat transfer surface and reduce 
heat transfer coefficients. The steam exploded wood is conveyed out of blow 
tank to the hemicellulose extraction area via a screw-conveyor.

Laboratory results have shown that the use of SC>2 in steam pretreatment 
greatly enhances the cellulose accessibility and the xylose yield of aspen 
wood, and a portion of the SC>2 converts into sulphuric acid, which acts as a 
catalyst in the breakdown of the lignin-carbohydrate complex, during steaming 
(5). The pretreatment is most effective when the wood chips are impregnated 
with SC>2 prior to steaming. Adding S02 with the steam results in non-uniform 
treatment because the rates of steam penetration and heat transfer are much 
faster than the rate of diffusion of acid into the wood chips, particularly 
once the pores of wood are filled with steam and condensate. Another drawback 
is that the excess amount of acid formed in the steam is wasteful and causes 
corrosion problems to downstream processing equipment such as heat recovery 
and hemicellulose extraction. S02 impregnation of wood chips is quick and

V
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relatively simple, and can be carried out in a continuous reactor operating at 
room temperature and slight positive gauge pressure. In a large-scale 
operation it is desirable to convert the impregnated SC>2 into sulfuric acid 
prior to putting the wood chips into the pretreatment reactors for the 
following reasons:

Better use of SC^: The excess (unconverted) S02 can be recycled
for the next impregnation. Since the sulfuric acid conversion also 
takes place at lower temperatures (100-150 °C) , steam recovered from 
the cyclone can be used for heating the chips following SC>2 
imprégnât ion.

- No SC>2 release into the equipment downstream of the steam
pretreatment reactors: this will minimize the release of S02 into
the atmosphere.

(c) Fractionation

(i) Hemicellulose extraction:
Almost all of the hemicellulose can be extracted from steam exploded 

aspen (SEA) with water (6). The water extract contains fermentable sugars and 
breakdown products of hemicellulose and lignin. The recovery yield of 
fermentable sugars depends on the severity of the steam treatment and the 
extraction parameters. The more severe the pretreatment (i.e. high 
temperature and long cooking time) the lower the yield. High severity 
treatments are generally required to attain good enzyme accessibility of the 
cellulose. However, severe treatments also generate more breakdown products 
of hemicellulose and lignin which are inhibitory to yeasts (7). Therefore, 
there exists an optimal pretreatment condition which results in minimum 
overall production cost of ethanol. A detailed discussion on this optimum is 
presented in the result and discussion section. High extraction yield and

17
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dissolved solid concentration in the extract are required to minimize the 
costs of extraction and subsequent conversion. Therefore, a continuous 
countercurrent extractor would be required for the hemicellulose removal. 
Technip and Finish Sugar Co. use multi-stage vacuum belt filters to extract 
hemicellulose from steam exploded lignocellulosic materials. Although the 
belt filters are suitable for the hemicellulose extraction, their capital and 
operating costs are high. Preliminary tests indicate that the screw extractor 
can be used for hemicellulose and lignin extraction; therefore it is used in 
the model.

(ii) Lignin extraction:
Lignin can be extracted from the water-insoluble exploded aspen 

(SEA-WI) using dilute caustic, or ethanol, methanol, acetone, ammonium 
hydroxide, acetic acid (8). Dilute sodium hydroxide is selected as the lignin 
solvent because it is more effective than the other solvents, relatively 
inexpensive, and lignin can be readily recovered from the extract by acid 
precipitation. Although the removal of the alkali-soluble lignin does not 
increase the enzyme accessibility of the cellulose (6), it reduces the total 
volume of the cellulose hydrolysis fermenters and the required mixing energy. 
The enzymes also adsorb onto the lignin (9), making their recovery 
impractical.

As in the case of hemicellulose extraction, high lignin yield and low 
solvent loading are important to the process economics. The lignin 
extraction yield is dependent on the following factors:

The effectiveness of the pretreatment: The more severe the steam
pretreatment the higher the lignin extractibility. The use of SC^ as 
a catalyst in the steam pretreatment also improves the lignin 
extractibility.
Concentration of caustic: High concentrations of caustic (>5%)
slightly increase the lignin extractibility; however, the processing

18
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cost would be extremely high.
- The extraction method: For batch extraction, two consecutive washes

are required to attain over 95% of the extractables (10). In 
commercial operation a continuous countercurrent extractor would be 
more efficient than a stirred batch extractor. It has been 
demonstrated at pilot plant scale that a 5-6 % lignin concentration 
in dilute sodium hydroxide can be obtained using a counter screw- 
conveyor extractor (11).

Excess water is removed from the water-extracted fibers using a screw 
press or a twin-roller press. The de-watered fibers are then fed to a screw 
extractor for lignin extraction. The lignin-extracted fibers (SEA-WIA) are 
rinsed with water to remove residual caustic, then conveyed to the enzyme 
production and hydrolysis area.

(iii) Lignin recovery:
The lignin extract is heated to 85-90 °C by passing it through a heat 

exchanger. Sulfuric acid is then added to the extract to precipitate the 
lignin. The lignin is separated from the solution by centrifugation, then 
dried to a powder.

(d) Enzyme Production

A small portion (10-12%) of the wet SEA-WIA is required for the 
production of cellulase enzymes using fed-batch method similar to the process 
described by R. San Martin et.al. (12). The amount of substrate required 
depends on the enzyme loading in the hydrolysis, enzyme yield, enzyme recovery 
(from fermenter broth) efficiency, and enzyme recycle efficiency. Although 
beta-glucosidase supplement is normally required in the hydrolysis step, no 
production option is included in the model because of lack of technical data. 
As a result, the cost of enzyme production is under-estimated. At the end of

19
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a production run the content of the fermenter is transferred into a holding
tank. The operation of the fermenters are staggered such that a continuous
stream of fermenter broth is drawn from the holding tank and centrifuged to

3remove the solids. Each fermenter has a working volume of 250 M . The 
culture filtrates from the centrifuges are ultrafiltered to concentrate the 
cellulase enzymes and separate the xylanase enzymes. The cellulase enzymes 
solution (retentate) is stored in holding tanks (TK412's) before being pumped 
to the hydrolysis fermenters.

The filtrate from the ultrafilter is passed through a bank of ion 
exchange columns (1X414's) where the xylanase enzymes are adsorbed onto the 
resins. The enzymes are then eluted with a buffer solution (13).

The model has an option of not producing enzyme; in this case enzymes 
will be purchased from commercial sources and delivered to the plant.

(e) Hydrolysis and fermentation

(i) Cellulose hydrolysis:
3The SEA-WIA is hydrolysed in 400 M batch fermenters. The fermenters 

are made of 304SS and equipped with side-entry impellers. Although the model 
assume the hydrolysis is carried out in batch mode, fed-batch operation will 
likely be employed in a commercial plant to reduce start-up load on the 
agitators. At the end of a hydrolysis cycle, the hydrolysate and residual 
solids are pumped to a holding tank and then to the centrifuges where the 
solids are removed and sent to the waste treatment facility for burning and 
the glucose solution is pumped to the ethanol fermenters. It is assumed that 
bacteria contamination is not a problem.

20
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(ii) Hemicellulose hydrolysis:
The hemicellulose extract, which can contain up to 12 w/w% dissolved

3solids, is hydrolysed by xylanase enzyme in 400 M fermenters. The 
hydrolysate must be evaporated or steam stripped to remove most of the acetic 
acid, which inhibits the xylose fermentation process by Pichia stipitis.
If SC> 2 is used as a catalyst in the steam pretreatment, the hemicellulose 
hydrolysis step is not needed because the water soluble fermentable sugars are 
monosaccharide.

(iii) Ethanol fermentation of glucose hydrolysate:
3Glucose is fermented by Saccharomyces cerevisiae in 400 M continuous 

batch fermenters with yeast recycle.

(iv) Ethanol fermentation of xylose hydrolysate:
The fermentable sugars (mostly xylose) in the hemicellulose extract are

3fermented by P. stipitis in 400 M batch fermenters. The fermenters are 
maintained in slight aerobic condition.

(v) Ethanol distillation:
The ethanol in the beer is recovered and dehydrated using conventional 

distillation technique. To simplify the estimate of steam consumption in 
distillation, it is assumed that the C6 beer and C5 beer are mixed together 
before being pumped into the rectifier column. In practice, however, because 
of the difference in ethanol concentrations of the beers each beer would 
likely be fed into different feed locations in the rectifier column in order 
to optimize the steam requirement. The estimate for steam requirement, 
therefore, is slightly on the high side.

(vi) Utilities and Waste Treatment:
The utilities building houses process and instrument air compressors.

The waste treatment is less well defined in the model because of lack of data

21
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on the treatability of various solid and liquid waste streams. The model 
assumes a secondary waste treatment plant that includes filtration and 
activated sludge processing to oxidize organic waste. The size of the plant 
is based on the volume of the waste water. However, because of the high BOD 
of certain waste streams, such as the wastes from xylose fermenters and lignin 
recovery system, the size of the treatment plant may be under-estimated. On 
the other hand, preliminary pilot plant test on the treatment of condensate 
from steam pretreatment area indicates that some waste streams can be treated 
using anaerobic process, which is less costly than the aerobic process.

3.2 Computer Model

The computer model is built on a Lotus 123 worksheet and consists of 
four major parts: process and economics parameters, material and energy 
balance, cost estimation, and Monte Carlo simulation. The use of Lotus 123 
spreadsheet makes update and modification to the model relatively simple.
One major drawback of Lotus 123 is its limitation in graphic capability.
The descriptions of different areas of the model are summarized below.

(a) Process and Economics Parameters

Important process and economics parameters, such as wood input, enzyme 
yield, enzyme loading, hydrolysis yields, recovery yields, cost of wood, 
lignin credit, debt costs ..., form the input variable table of the models 
(Table 3). These parameters can be changed to effect variation in the revenue 
price of ethanol. Several of these parameters have impact on others; for 
example, high cellulase enzyme loadings will increase the cellulose-to- 
gluccse conversion yield. The inter-dependence between the input variables 
are determined from laboratory data. A base case is established using best 
current technology data reported in the literature. The estimation of the 
base case price of ethanol helps researchers set targets for various process
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parameters in order to produce ethanol at competitive price.

(b) Material and Energy Balance

The material and energy balance is necessary for the determination of 
the number, size and energy consumption of the equipment shown in the 
schematic diagram. Several process parameters have a significant impact on 
equipment size and energy consumption. For example, high solid loadings in 
enzyme production and cellulose hydrolysis steps would result in a smaller 
number of fermenters and smaller-size centrifuges; low lignin content in the 
extract results in high consumptions of caustic and process steam.
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TABLE 3. Input Variables for Model

FORINTEK BIOCONVERSION PROCESS MODEL 
SIMULTANEOUS HYDROLYSIS AND FERMENTATION
(Material & Energy Balance, Production Cost Calculation, 
and Monte Carlo Simulation)

Input = 500 OD tonnes aspenwood/day
(The model is valid within 100 to 1000 OD tonnes/day)

Output = 55.5 106 L ethanol/year
150,870 L ethanol/day

321 L ethanol/OD tonne wood

BASE CASE

PROCESS PARAMETERS

Notation Value Description and unit

Wood 20833 Throughput of wood chips, dry kg/hr
MC 50 Moisture content of wood chips, wt% (wet basis)
WD 433 Density of wood, kg/m3
BDW 112 Bulk density of wood chips, kg/m3 of reactor volume

TEMP 240 Temperature of high pressure steam, deg C
TWOOD 20 Temperature of input wood chips, deg C
SHW 0.5 Specific heat of wood, cal/g.deg C

MCLCI 0.4 Moisture content of wet lignin cake, wt fraction
CEP 0.1 Substrate consistency in enzyme production fermenters, 

w/v fraction
cCH 0.1 Substrate consistency in cellulose hydrolysis 

fermenters, w/v fraction
cXH 0.05 Dissolved solid concentration in xylose-to-ethanol 

fermenters, w/v fraction
CSX 0.045 Dissolved solid concentration in hemicellulose 

extract, w/v fraction
cLX 0.04 Lignin concentration in lignin extract, w/v fraction

cNaOH 0.006 Concentration of NaOH in caustic solution feed to 
lignin extractors, w/v fraction
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TABLE 3. (Cont inued)

Notation Value Description and unit

eCL 20 Cellulase loading in cellulose hydrolysis fermenters, 
FPU/g SEA-WIA

eXL 5000 Xylanase loading in xylan hydrolysis fermenters, IU/g 
substrate

NaOHr 0 Caustic recovery, fraction of NaOH input
f C5WS 0.5 Fermentable sugars in water solubles, wt fraction of 

total dissolved solids
fRH 0.85 Fraction of caustic insolubles (SEA-WIA) digested in 

cellulose hydrolysis fermenters
SSX 0.22 Water solubles, wt fraction of original dry exploded 

wood (SEA)
fSLX 0.21 Caustic solubles, wt fraction of original dry SEA
fREC 0.7 Residual solids from enzyme production fermenters, 

wt fraction of caustic insolubles input to fermenters
fER 0.00 Cellulase recycle from C6-beer, fraction of cellulase 

loading
QA5 0.02 Aeration rate of xylose fermenters, vvm
AEP 0.2 Aeration rate of enzyme production fermenters, vvm
rG 0.921 Solids recovered after steam pretreatment, wt fraction 

of input wood chips
rC 0.9 Cellulase recovery from culture broth, wt fraction
rX 0.72 Xylanase recovery from culture broth, wt fraction
tEP 8 Residence time of enzyme production, day
tCH 48 Residence time of cellulose hydrolysis and 

fermentation, hours
tC6F 12 Residence time of glucose fermentation, hours
tXH 2 Residence time of xylan hydrolysis, day
tC5F 2.5 Residence time of xylose fermentation, day
yG 0.85 Glucose yield, g glucose/g SEA-WIA
yC 200 Cellulase yield, FPU/g SEA-WIA
yCef f 180 Effective cellulase yield, FPU/g SEA-WIA
yX 27000 Xylanase yield, IU/g SEA-WIA
yETC6 0.95 Ethanol yield from glucose, fraction of theoretical 

value
yETC5 0.9 Ethanol yield from fermentable sugars in water 

solubles, fraction of theoretical value 
(Note: Set yETC5=0 if water solubles are not fermented 
to ethanol)

V
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TABLE 3. (Continued)

Notation Value Description and unit

S02PRE 1 S02 pretreatment : YES=1, NO=0
CS02 0.016 S02 content in impregnated chips, wt fraction
ENZPDN 1 Enzyme production : YES=1, NO=0
SSF 1 Simultaneous hydrolysis and fermentation: YES= 1, NO=i

LIGEX 1 Lignin extraction: YES= 1, NO= 0
OPD 345 Number of operating days per year

ECONOMICS PARAMETERS

VCW 60 Cost of wood chips, $/dry tonne
VCCEL 3.50 Cost of cellulase, $/MFPU. (1 MFPU = 106 FPU)

Where 1kg of cellulases = 650,000 FPU
VCXYL 0 Cost (or credit) of xylanase, $/MIU. (1 MIU = 10 IU)

Where 1 kg xylanase = 2.4 10 IU
CRL 0.08 Credit for lignin, $/kg
CRHAC 0.00 Credit for acetic acid, $/kg
CRWS 0.04 Credit for water solubles (if xylose is not fermented

but sold at 50% solution instead), $/dry kg

SERVLIFE 20 Service life of process equipment, years
LTDEBTR 30/70 Long-term debt/equity ratio
LTDEBTC 11% Long-term debt cost
STOCKC 15% Common stock cost
TAX 45% Federal and provincial income tax rate
PTI 1.5% Annual property tax and insurance rate, % of fixed

capital investment
WCAP 8% Annual working capital cost, % of fixed capital
INFLA 6% Annual inflation rate
WCROI 25% Rate of return (before taxes) on working capital

V
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(c) Cost Estimation

The cost estimation is divided into three parts: fixed capital cost, 
working capital cost and operating cost. Fixed capital cost includes purchase 
cost of equipment, installation cost, engineering fees, and capital cost 
recovery factor. The capital cost recovery factor takes into account of costs 
of equity, long-term and short-term debts, taxes, depreciation, and inflation. 
Refer to Appendix C for method of calculation for the fixed capital recovery 
rate. Working capital cost is essentially the return on the working capital; 
a rate of return on investment of 25% is assumed. Operating cost includes 
labour, raw material and energy costs. The cost calculations are also grouped 
into the following processing areas :

Pretreatment
Fractionation
Enzyme Production (Cellulase and Xylanase)
Hydrolysis and Fermentation

- Ethanol Recovery 
Utilities and Waste treatment

The break down of production costs are shown in Appendix A. These cost 
figures are useful to researchers in identifying areas require improvement and 
in setting realistic targets.

(d) Layout of the worksheet

The worksheet is divided into five major areas:
Input/output area: located at the upper left of the worksheet.
Table 1 of the worksheet summarizes the production costs.
Material balance and cost calculation area: located directly below 
the input/output area.

- Equipment cost area: located to the right of the input/output area.
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Monte Carlo Simulation area: located below the equipment cost area. 
All macros are also located in this area.
Sensitivity tables area: located below the material and cost 
calculation area.

(e) Monte Carlo Simulation

There are certain risks involved in predicting the input parameters for 
the model due to the variation in laboratory results, the uncertainty in scale 
up from laboratory results to commercial plant operation, and the interaction 
of the parameters. These risks can be simulated using the Monte Carlo 
technique. The variation in the values of input parameters is simulated by 
means of random numbers. Random numbers can be used to simulate random 
samples without actually taking a large number of samples. A normal 
distribution is assumed for the random samples; knowing the means and standard 
deviations of the input parameters a random normal cumulative-frequency 
distribution for the price of ethanol can be determined. For detailed 
explanation of the Monte Carlo Simulation technique, refer to Appendix D.

4.0 RESULTS AND DISCUSSION

4.1 Sensitivity Analysis

Because of the uncertainty in the values of the input data, sensitivity 
analysis is normally carried out in the economic evaluation of a project.
The sensitivity analysis, in this study, is used to study rank the economic 
importance of the various input parameters. A base case, which assumes a set 
of specific values for various technical and economic parameters, is 
established as a bench mark. The values of these parameters are based on 
current technology and market condition. A summary of the production cost 
components for the base case is presented in Table 4 on the following page.
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Sensitivity analysis of important parameters is performed by changing the 
value of one parameter at a time and calculating the corresponding price of 
ethanol. The sensitivity analysis results are presented in Figures 4 to 26 at 
the end of this section and Tables Bl to B22 in Appendix B.
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TABLE 4. Summary of Costs of Production

PRODUCTION COSTS OF ETHANOL FROM ASPENWOOD VIA BIOCONVERSION PROCESS (SSF)

Input = 500 OD tonnes wood/day Fixed Capital Investment = $61.3 106
Output = 55.5 10® L/yr Working Capital = $ 4.9 10°

24,314 tonnes lignin/yr Total Capital Investment = $66.2 10°

PRODUCTION COST ($/L)

OPERATING FIXED CAPITAL TOTAL % TOTAL

Wood 0.178 0.000 0.178 27
Pretreatment 0.067 0.018 0.085 13
Hemicellulose
extraction 0.012 0.013 0.025 4
Lignin extraction 0.076 0.019 0.095 14
Enzyme production 0.036 0.035 0.070 11
Xylanase purification 
C6 hydrolysis and

0.007 0.004 0.011 2

fermentation 0.040 0.030 0.069 10
C5 hydrolysis and 
fermentation 0.011 0.008 0.019 3
Distillation 0.091 0.008 0.099 15
Waste treatment 0.001 0.012 0.014 2

0.518 0.147 0.665 100

plus return on working capital 0.022

TOTAL PRODUCTION COST 0.69

less credits for lignin 0.04

SELLING PRICE OF ETHANOL, $/L 0.65
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1) Economies of scale

The process economics favours large plant capacity (Figure 4).
A 500 OD tonne/day plant was selected for the base case because of two main 
reasons:

- A reasonable economy scale is obtained
- A much larger plant may not be realistic because the cost of wood 

would likely be very high.

2) Effect of cost of wood

In our base case study, at $60/OD tonne the cost of wood contributes to 
27% the production cost. With the continuing rise in price of hardwood chips 
as a result of the expanding pulp production capacity in Canada it appears 
that only mill residues can be obtained at a price low enough to make the 
bioconversion to ethanol process economically feasible.

3) Effect of credit for lignin

High value utilization of lignin is absolutely necessary for the process 
economics because the recovered lignin constitutes to about 15 wt% of the 
aspen wood input. A fuel value of 8 cents/kg is assigned to the dry lignin 
powder in the base case - this credit reduces the price of ethanol by 
4 cents/L. The cost of recovering the lignin, however, is 9.5 cents/L; and to 
break even, a lignin credit of 20 cents/kg is required. Figure 5 shows lignin 
price has a strong impact on the ethanol price, and this effect is even more 
pronounced for wood species with high lignin content.

Although the cost of extraction and recovery of lignin is higher than 
the its credit, it is more economic to extract the lignin prior to enzyme 
production and cellulose hydrolysis than to leave the lignin in the substrate,
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and the cost advantage is estimated at 6 cents/L, i.e., without lignin 
extraction, the selling price of ethanol would be 71 cents/L compared to 
65 cents/L with lignin extraction. The main reason for the higher cost 
associated with the former option is the higher operating and equipment costs 
incurred in the handling of lignin in the enzyme production and cellulose 
hydrolysis stages. However, if cellulases could be purchased for less than 
$3.50/MFPU and if lignin is used as boiler fuel on site, it is more economical 
not to extract the lignin (Figure 16). Alkali extraction of SC>2-steam treated 
spruce wood lowers the glucose yield from 79% to 20%, but post treatment with 
hydrogen peroxide brings the yield back to 96% (13). The cause of this 
dramatic drop in cellulose accessibility following alkali extraction is being 
investigated at the time of this writing.

Chum et al. (14) projected the U.S. lignin market demand of 5 billion kg 
per year by the year 2000 at prices ranging from 20 to 160 cents/kg for 
products such as surfactant, asphalt, carbon black, adhesives, lignin 
plastics, and other polymeric materials. The Canadian market potential is 
best estimated at one-tenth the U.S. market (or 500 million kg per year) for 
these higher value uses. However, considering the large quantity of lignin 
available from pulp mills and the lignin output of 24 million kg per year from 
a 500 tonne of wood/day bioconversion plant, the market for high value lignin 
can quickly be saturated.

4) Effect of hemicellulose extraction efficiency

It is absolutely essential to obtain high dissolved solid content in the 
water extract to minimize the cost of concentration. Plchla stlpitls can 
ferment glucose as well as xylose in the water extract to ethanol; however 
this yeast is strongly inhibited by acetic acid at concentration above 1 g/L 
(7). Under typical pretreatment conditions, the solubilized acetic acid 
amounts to 1.5-2% of steam treated aspen wood (15). With a water extraction
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yield of 20% and dissolved solid concentration of 10% (w/v), the acetic acid 
concentration in the water extract is about 6-8 g/L. Because acetic acid 
boils at 118 °C its removal by evaporation or steam stripping is cost 
prohibiting because virtually all of the water must also be evaporated. A 
more efficient method for removing acetic acid from the water extract is 
required for the economics of ethanol fermentation by P. stipitis.

5) Effect of lignin extraction efficiency

The cost of lignin extraction and recovery contributes to a major 
portion of the total ethanol production cost, and consists mainly of caustic 
costs of caustic soda and process steam. To reduce the caustic requirement, 
two methods can be employed: (i) Use counter-current continuous extractors and
(ii) Recycle the sodium hydroxide from the extract.

The use of a counter-current extractor would increase the lignin 
concentration in the extract, thus reduce the caustic loading, the acid and 
steam requirements in the recovery stage. The effect of lignin concentration 
in the caustic extract is shown in Figure 6. The lignin concentration 
obtained from cross-current batch extraction is 1-1.5 % compared to 5% 
obtained from a counter-current screw extractor (10). The caustic 
concentration depends on the water content of the water-washed wood (SEA-WI). 
The higher the moisture content the higher the caustic concentration is 
required. In batch extraction, the NaOH concentration of 0.4% is normally 
used; however, in a continuous counter-current device, such as the screw 
extractor, the NaOH concentration must be raised to 0.6-0.8% to increase the 
capacity of the caustic solution to hold lignin in solution.

Sodium hydroxide can also be recovered from the extract by ultra
filtration. However, it is beneficial only if the recovery is greater than 
20% of input caustic (Figure 7).

V
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6) Effect enzyme production efficiency

The two important parameters that have significant impact on the price 
of ethanol are: substrate loading in enzyme production and enzyme yield. The 
cost of enzyme production is very high at low (< 6% w/v) substrate loading in 
the fermenters (Figure 8) because of high capital and operating costs, such as 
costs of fermenters, enzyme recovery equipment, nutrients and aeration energy. 
At substrate loading above 4% w/v the mixture of SEA-WIA and fungal mycelia is 
very thick and it is almost impossible to attain adequate mixing and aeration. 
However, using fed-batch technique the effective substrate loading can be 
raised to 8-10% over a long (6-8 days) fermentation time. The substrate 
concentration at any given time during a fed-batch fermenter can be kept below 
3% w/v for adequate aeration.

The higher the cellulase yield the lower the amount of substrate is 
require for enzyme production, resulting in higher the ethanol yield per unit 
mass of starting substrate, and thus lower ethanol production cost. The 
effect of enzyme yield on ethanol price becomes less significant at values 
higher than 200 FPU/g SEA-WI (Figure 9). In general, higher enzyme yield is 
achieved at lower substrate loading. However, as indicated above, low 
substrate loading increases cost substantially; therefore, there is an 
economic optimal combination for substrate loading and enzyme yield.

Enzyme production time has only a moderate impact on ethanol price 
(Figure 10). The fed-batch approach generally requires a longer residence 
time than batch method, 7-8 days vs. 4-5 days. The volumetric productivity 
together with enzyme titre are perhaps the two most relevant parameters for 
describing the efficiency of enzyme production (refer to Appendix C for a more 
detailed discussion on enzyme yield and productivity). The effect of 
cellulase productivity on ethanol price is shown in Figure 11.
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For the base case sensitivity analysis, no xylanase credit is included. 

The effect of selling price of xylanase on ethanol price is minimal for 
regular steam treated aspenwood (Figure 12) because the excess xylanase 
production is small. The model assumes that enzyme production is controlled 
by the cellulase requirement; therefore, if cellulase loading is very low or a 
significant amount of cellulase can be recycled, the xylanase production would 
be minimal. Since xylan is hydrolyzed to xylose in the steam pretreatment any 
xylanase produced with the cellulase would be available as a by-product, and 
the xylanase credit can potentially have a large impact on the price of 
ethanol. The current market for xylanase is probably very limited; however, 
work in xylan removal from pulp using xylanase could lead to a potentially 
large market for this enzyme.

7) Effect of costs of enzymes

One option to producing enzymes on site is to purchase bulk cellulases. 
The advantages of buying enzymes are: lower capital investment, elimination of 
the enzyme production step which requires special technical expertise, and the 
current design may be quickly outdated in this rapidly advancing field.

The purchasing price of cellulases has a significant impact on ethanol 
price, especially at high cellulase loading in the cellulose hydrolysis 
(Figures 13). At cellulase costs below $3.5/MFPU and if lignin is used as 
boiler fuel on site, it is more economical not to extract the lignin prior to 
cellulose hydrolysis (Figure 14).

The purchasing price of xylanase also has a large impact on ethanol 
price for non-SC^ steam treated aspen (Figure 15). An alternative of 
enzymatic hydrolysis of fermentable sugars in the water soluble fraction is 
dilute acid hydrolysis. However, acid hydrolysis yield is expected to be 
lower than enzymatic hydrolysis yield. Because practically all the
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hemicellulose is hydrolyzed to monomeric sugars in SC^-steam treated aspen 
wood, further hydrolysis is not required.

8) Effect of cellulose hydrolysis efficiency

Glucose yield, hydrolysis time, substrate loading and cellulase loading 
all have significant impacts on ethanol price (Figures 16—19). Glucose yield 
is determined by the effectiveness of the pretreatment and strongly influenced 
by hydrolysis time, substrate loading and cellulase loading (16). The 
substrate loading must be kept above 10% w/v to attain a reasonable cost of 
ethanol distillation. However, glucose inhibition increases with high 
substrate loading, resulting in longer hydrolysis time and lower glucose 
yield. This end product inhibition problem can be eliminated by using 
simultaneous hydrolysis and fermentation (SSF).

Recovery of cellulase has only a moderate impact on ethanol price 
(Figure 20) especially if cellulase loading is fairly low as in the case of 
SSF (10-16 FPU/g substrate).

9) Effect of xylose fermentation efficiency

The effect of dissolved solid concentration in the water extract on 
ethanol price is presented in Figure 21. As mentioned earlier, acetic acid 
present in the water soluble fraction inhibits the yeast P. stlpitis and must 
be effectively removed. The price of ethanol is probably higher than as 
indicated because the cost of acetic acid stripping is probably under
estimated.

High ethanol yield from xylose fermentation is essential for the process 
economics (Figure 22). Yield of up to 90% theoretical has been reported (7).
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10) Effect of selling price of water solubles

Instead of fermenting the water soluble fraction, it can be concentrated 
to a 50 wt% "syrup" and sold as animal feed supplement. The effect of the 
selling price of hemicellulose "syrup" on ethanol price is shown in Figure 23. 
The break-even price (as compared to the base-case xylose fermentation) for 
this "syrup" is about 10 cents/OD kg for the regular steam treated aspen wood, 
and 15 cents/OD kg for the S02-steam treated aspen. The higher price required 
for the S02 treated substrate is due to the larger water soluble fraction 
(29% of S02-SEA v s . 22% of SEA).

4.2 Monte Carlo Simulation

A Monte Carlo simulation of the ethanol price using 300 sets of 
11 parameters (Table 5) was performed for the base case. The mean price of 
ethanol is 65 cents/L. The price distribution is presented in Figures 24, and 
the cumulative probability of price estimate is presented in Figure 25.

4.3 Ethanol Prices for Hypothetical Improved Cases

Case #1
The following parameters are assumed:
Concentration of dissolved solids in hemicellulose extract = 9% w/v 
Concentration of dissolved solids in xylose fermenters = 10% w/v 
S02 and steam pretreatment

- Simultaneous hydrolysis and fermentation at 10% substrate loading 
Cellulase loading of 16 FPU/g substrate
Lignin credit of 30 cents/kg

- Xylanase credit of 2 cents/MIU
- Other parameters are the same as the base case
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The selling price of ethanol for this improved case is 54 cents/L. 
Considering that all the process parameters above have already been achieved 
at the lab and pilot plant scale, the price of ethanol can potentially be 
reduced further. The main uncertainties are the credits for lignin and 
xylanase.

Case #2
Assume improvements of the parameters as follows:

- Cost of wood = $30/OD tonne 
Lignin credit = 60 cents/kg
Concentration of dissolved solids in hemicellulose extract = 10% w/v

- Concentration of dissolved solids in xylose fermenters = 9% w/v

The resulting ethanol price is estimated at 30 cents/L.
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TABLE 5. Monte Carlo Simulation Parameters

Parameter Mean Sigma Unit

Lignin concentration 0.04 0.0025 wt fraction

Lignin credit 0.08 0.01 $/kg

Wood cost 60 5 $/OD tonne
Cellulase yield 200 5 FPU/g

Cellulase loading 20 2.5 FPU/g

Glucose yield 85 2.5 % theoretical
Residence time

(Cellulose hydrolysis) 48 4 hour
Substrate loading

(Cellulose hydrolysis) 0.1 0.005 w/v fraction
Ethanol yield from xylose 90 2.5 % theoretical

Residence time
(Xylose fermentation) 2 0.25 day

Residence time
(Enzyme production) 8 0.5 day

v
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5.0 CONCLUSION and RECOMMENDATION

The model has been an effective tool for evaluating and optimizing 
process options in the bioconversion of lignocellulosic materials to value- 
added products, and provided Forintek with a basis for developing a more 
focused research and development program. It has identified parameters 
that require significant improvement to attain economic viability for the 
process as follows:

- Cost of wood
- Enzyme productivity or enzyme cost
- Cellulose hydrolysis efficiency
- Hemicellulose and lignin extraction efficiencies
- Ethanol yield from xylose fermentation
- Credit for lignin

Xylanase could become an important by-product as it has a potential 
application in the pulp and paper industry for removing xylan from high 
cellulose purity pulp.

Considering the current high price and demand for pulp, bioconversion of 
wood to fuel ethanol will unlikely compete directly with pulping processes for 
the increasingly more expensive wood chips. The raw material for 
bioconversion will most likely come from pulp mill residue such as clarifier 
sludge and lumber mill residues such as saw dust, shavings, and perhaps a 
limited quantity of surplus wood chips. These residues sometimes can carry a 
negative cost because of the cost of disposal of the waste either by land 
filling or by open air burning. The bioconversion plant will likely be an 
integrated operation of a large pulp mil or lumber mill in order to minimize 
cost of handling of raw material and to utilize the low-cost steam produced 
from bark-fired boilers. In this scenario, the bioconversion plant can be 
considered as a waste treatment facility for the main lumber producing plant.
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Because the scale of such operation would likely be small, i.e. 100 to 300 OD 
tonne/day economies of scale cannot be attained. However, the advantage of 
low costs of raw material and steam will somewhat offset the disadvantage of 
smaller scale operation.

For a small scale bioconversion plant, it is probably more economical to 
purchase enzymes than producing them on site because the production of enzyme 
is cost prohibitive at small scales. A cost of less than $6/MFPU will be 
required for plant size less than 200 tonne/day. This unrealistically low 
price requirement precludes enzymatic hydrolysis as an option for small to 
medium scale bioconversion plants (17).

The raw material supply for large scale bioconversion plants will likely 
come from under-utilized species (such as aspen). The concept of energy 
plantation is particularly attractive in this case because the cost of 
transporting wood to the plant will be minimized.

Simultaneous hydrolysis and fermentation (SSF) of cellulose to ethanol 
must be employed to minimize the effect of glucose inhibition and lower the 
enzyme requirement. A cellulase loading of less than 10 FPU/g cellulose is 
desirable. Typical yeast fermentations, e.g. with S. cerevislae, require a 
temperature lower than the optimum temperature for hydrolysis, 35° vs 45° C 
respectively. A thermal-tolerant yeast should be used so that the fermenter 
temperature can be raised close to the optimum hydrolysis temperature of about 
45 °C. Research into thermal-tolerant yeasts have produce encouraging results 
(18,19).

Enzyme recycle can potentially reduce the cost of hydrolysis of 
lignocellulosic material. However, previous work (20,21) in enzyme recycle 
suggested that there are many technical difficulties, and the enzyme recycle 
option appears attractive for very high enzyme loadings only. The enzyme
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recovery from aspenwood hydrolysate was reported to be less than 20% (20).

Suggestion of recycling the undigested cellulosic material, which contains 
adsorbed enzymes, is impractical because the fermenter will be quickly clogged 
up with undigested material and fresh substrate input must eventually be 
reduced to zero, i.e., the fermenter must be shut down. Therefore, reduction 
in enzyme loading is a more practical way to save enzyme cost. Another method 
of reducing enzyme requirement is to improve the pretreatment technique to 
make the substrate more susceptible to enzyme attack. Treatment of SEA-WIA 
with hydrogen peroxide has been shown to speed up the enzymatic hydrolysis 
rate substantially (22). Hydrogen peroxide treatment of alkali-washed spruce 
wood is necessary to obtain good enzyme accessibility. Cost calculations 
indicated that the hydrogen peroxide post treatment is currently not 
economically feasible.

The hemicellulose and lignin extraction efficiencies have a significant 
impact on the process economics. Counter-current continuous extractors must 
be employed to keep the solvent-to-solid ratio to a low as possible.
Equipment for de-watering steam treated wood must also be identified.
Efficient methods for removing inhibitors, specifically acetic acid, from the 
water extract must be developed. Alternatively, C5 fermenting yeasts may be 
adapted to acetic acid and other breakdown products from hemicellulose and 
lignin. Inhibitory effect of acetic acid on P. stipitis can be significantly 
lessened by neutralizing with KOH (23). The advantage of high pH fermentation 
is low cost; the disadvantage is the high risk of bacterial contamination.

High lignin credit is essential for the economic viability of the 
process. Research and development in the high value utilization of lignin 
must continue to be an important part of the bioconversion initiative. 
Considering the large output of lignin from bioconversion plants, applications 
other than in the traditional adhesives market, which is relatively small 
compared to other potential markets (14), must be sought after.
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SSF

NaOH recovery, % of input
O 0.4% NaOH + 0.6% NaOH o 0.8% NaOH
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FIGURE 14 E F F E C T  O F  C O S T  O F  C E L L U L A S E S
SSF

Cost of cellulases. S/MFPU
□ 10 F P U /g SEA-WIA + 20 FPU/g SEA-WIA
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Cost of cellulases. $/MFPU

□ with lignin ext. + no lignin ext.
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SSF

Solid loading. % Iw /v )
□ S02 + non-S02
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SSF

Ethanol yield. %  theoretical 
□ S02 +  non-S02
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FIGURE 23 E F F E C T  O F  P R I C E  O F  W A T E R  S O L U B L E S

SSF

Price of water solubles, cents/kg OD □ S02 + non-S02
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FIGURE 25 MONTECARLO SIMULATION
SSF - BASE CASE
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APPENDIX A

SUMMARY OF PRODUCTION COSTS 

TABLE A1 PRETREATMENT

VARIABLE COSTS cents/L

Wood @ $60/OD tonne 
Process steam

17.8
4.6

Electricity and chemicals 
Labour

1.1
1.0

FIXED CAPITAL CHARGE 1.9

TOTAL 26.4

TABLE A2 HEMICELLULOSE EXTRACTION

VARIABLE COSTS cents/L

Utilities 0.6
Labour 0.6

FIXED CAPITAL CHARGE 1.3

TOTAL 2.5

V

Al Forintek
Canada



TABLE A3 LIGNIN EXTRACTION

VARIABLE COSTS cents/L

Utilities 1.5
Chemicals 5.7
Labour 0.4

FIXED CAPITAL CHARGE 1.9

TOTAL 9.5

TABLE A4 ENZYME PRODUCTION

VARIABLE COSTS cents/L

Utilities 1.5
Chemicals 1.0
Labour 1.0

FIXED CAPITAL CHARGE 3.5

TOTAL 7.0
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TABLE A5 CELLULASE CONCENTRATION & XYLANASE PURIFICATION

VARIABLE COSTS cents/L

Utilities 0.1
Chemicals CNO

Labour 0.4

FIXED CAPITAL CHARGE 0.4

TOTAL 1.1

TABLE A6 CELLULOSE HYDROLYSIS AND ETHANOL FERMENTATION

VARIABLE COSTS cents/L

Utilities 2.5
Chemicals 0.6
Labour OCN

FIXED CAPITAL CHARGE

Glucose fermentation 3.0
Xylose fermentation COO

TOTAL 00
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TABLE A7 ETHANOL DISTILLATION

VARIABLE COSTS cents/L

Utilities 8.6
Labour 0.4

FIXED CAPITAL CHARGE 00O

TOTAL 9.8

TABLE A8 WASTE TREATMENT

VARIABLE COSTS cents/L

Utilities 0.2

FIXED CAPITAL CHARGE 1.1

TOTAL 1.3
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APPENDIX B

SENSITIVITY ANALYSIS RESULTS FOR THE ENZYMATIC CONVERSION 
OF ASPENWOOD TO 95 wt% ETHANOL - Basis: 500 OD tonnes of wood/day

TABLE B1 Economies of Scale
Name: SCALE

Input
(tonnes/day)

100
200
300
400
500
600
700
800
900

1000

EtOH price 
(cents/L)

96
78
71
68
65
64
63
62
61
60

TABLE B2 Effect of Cost of Wood 
Name: VCW

VCW EtOH price
($/tonne) (cents/L)

0 47
20 53
40 59
60 65
80 71
100 77

V
A5 Forintek

Canada



r ■ N

TABLE B3 Effect of S02 Pretreatment

S02 Cone. EtOH price Ethanol Production
(% w/w) (cents/L) (L/OD tonne of wood)

0.5- 0 •CM1 65 336
no S02 69 314

TABLE B4 Effect 
Name: CRL

of Price of Lignin

Lignin price EtOH price
(cents/kg) (cents/L)

0 69
10 64
20 60
30 56
40 51
50 47
60 42
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TABLE B5 Effect of Lignin Concentration
Name : CLX

Lignin cone. EtOH price
(% w/v) (cents/L)

NaOH concentration
0.4% 0.6% 0.8%

1 92 104 116
2 74 80 86
3 68 72 76
4 65 68 71
5 63 66 68
6 62 64 66
7 61 63 65

TABLE B6 Effect 
Name: CNAOH

of NaOH Concentration

NaOH cone. EtOH price
(% w/v) (cents/L)

0.2 62
0.3 64
0.4 65
0.5 67
0.6 68
0.7 70
0.8 71
0.9 73
1.0 74
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TABLE B7 Effect NaOH Recovery from Lignin Extract
Name: FNAOHR

NaOH recovery EtOH price
(%) (cents/L)

NaOH concentration
0.4% 0.6% 0.8%

0 65 68 71
10 65 68 71
20 65 67 69
30 64 66 68
40 63 65 66
50 62 64 65
60 61 63 64

TABLE B8 Effect of Substrate Loading in Enzyme Production 
Name: CEP

Substrate cone. EtOH price
W / V ) (cents/L)

2 90
4 75
6 70
8 67

1 0 65
1 2 64
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TABLE B9 
Name: YC

Effect of Cellulase Yield

Cellulase yield EtOH price
(FPU/g SEA-WIA) (cents/L)

50 90
100 74
150 69
200 65
250 64
300 62
350 62
400 61

TABLE BIO 
Name: TEP

Effect of Enzyme Production Time

Time EtOH price
(days) (cents/L)

4 63
5 64
6 64
7 65
8 65
9 66
10 67

v
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TABLE Bll Effect of Cellulase Recovery from Hydrolysate
Name: FER

Cellulase EtOH price
recovery

(%)
(cents/L)

0 65
20 64
30 63
40 63
50 62
60 61

TABLE B12 
Name : ECL

... ....

Effect of Cellulase Loading

Cellulase loading EtOH price
(FPU/g SEA-WIA) (cents/L)

5 59
10 62
15 65
20 68
25 70
30 73
35 76
40 78

V
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TABLE B13 Effect of Substrate Loading in Cellulose Hydrolysis
Name: CCH

Substrate cone. EtOH price
(% w/v) (cents/L)

2 97
4 79
6 72
8 68
10 65
12 64
14 63
16 62

TABLE B14 Effect of Cellulose Hydrolysis Time 
Name: TCH

Time EtOH price
(hours) (cents/L)

24 63
48 65
72 68
96 70
120 73
144 75
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TABLE B15 
Name: YG

Effect of Glucose Yield

Yield PEtOH
(g C6/g SEA-WIA) (cents/L)

0.60 81
0.65 77
0.70 74
0.75 71
0.80 68
0.85 65
0.90 63

TABLE B16 Effect of Cost of Cellulases (No Enzyme Production) 
Name: VCCEL

Enzyme cost EtOH price (cents/L)
($/MFPU) ($/KG)

10 FPU/g 20 FPU/g
2 1.3 57 59
4 2.6 59 65
6 3.9 62 70
8 5.2 65 75
10 6.5 67 81
12 7.8 70 86
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TABLE B17 Effect of Cost of Cellulases (No Enzyme Production) 
and Lignin Extraction 

Name: VCCEL1

Enzyme cost EtOH price (cents/L)
($/MFPU) With lignin 

extraction
Without lignin 
extraction

2 58 54
4 63 62
6 67 69
8 71 77
10 75 85
12 79 92

Cellulase loading = 16 FPU/g SEA-WIA with lignin extraction
21 FPU/g SEA-WI without lignin extraction 
to keep enzyme-to-cellulose ratio the same

TABLE 18. Effect of Cellulase Productivity
Name: CPRO

CPRO yC tEP EtOH price
(FPU/Lh) (FPU/g) (days) (cents/L)

52 100 8 74
65 125 8 70
78 150 8 69
91 175 8 67
104 200 8 65
156 300 8 62
208 300 6 62
313 300 4 61
365 350 4 60
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TABLE B19 Effect of Ethanol Yield from Xylose Fermentation
Name: YETC5

Ethanol yield EtOH price
(% theoretical) (cents/L)

S02 non-S02
60 72 73
65 71 73
70 70 72
75 69 71
80 67 71
85 66 70
90 65 69
95 64 69

TABLE 20. Effect of Substrate Loading in Xylose Fermentation 
Name: CXH

Substrate cone. EtOH price
(% w/v) (cents/L)

S02 Non-S02

2 83 86
4 73 76
6 69 72
8 67 71
10 65 69
12 64 68

V
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TABLE B21 Effect of selling price of water solubles (50 wt%) 
Name: CRWS

Price of syrup EtOH price (cents/L)
(cents/kg) S02 Non-S02

2 85 77
4 83 75
6 80 74
8 78 72
10 76 71
12 74 69
14 72 67

TABLE B22 Ethanol Yields and Prices 
Name: PROCESS

for Various Options

Process description Ethanol yield PEtOH
(L/OD tonne) (cents/L)

SHF (no lignin extraction) 293 75
SSF (no lignin extraction) 299 69
SHF (with lignin extraction) 309 73
SSF (with lignin extraction) 314 69
S02 + SSF (no lignin extraction) 330 64
S02 + SSF (with lignin extraction) 336 65
S02 + SSF (no lig. ext., buy enzyme* 357 70
S02 + SSF (+ lig. ext., buy enzymes* 357 67
* Cost of enzymes (cellulase + cellobiase mix) = $6.00/MFPU

V
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APPENDIX C
FIXED CAPITAL RECOVERY RATE

The fixed capital recovery charge is assumed to be the multiplication 

between the installed cost of the equipment and the fixed capital recovery 

rate. A more accurate method, as far as taxation issue is concerned, 

would involve the use of 25% declining balance capital cost allowance; 

however, for our purpose of optimization of process variables, the simpler 

method of fixed capital recovery rate should be adequate.

The fixed capital recovery rate (FCR) is defined as:

FCR = CRF + LAIT + PTI

Where:

CRF : Capital recovery factor
LAIT : Levelized annual income tax

CRF =

n = 
ROI =

ROI =

WACC = 

WACC =

ROI * (1 + ROI)n

(1 + ROI)n - 1

Service life of equipment
Internal rate of return after inflation

1 + WACC
( -----------  ) - 1

1 + INFLA

Weighted average capital cost 

(LTDEBTR * LTDEBTC) + (STOCKR * STOCKC)

LAIT =
1

{ CRF - (--- ) } * { 1
n

LTDEBTR * LTDEBTC TAX
------------------  } *  { ---------------  }

ROI 1 - TAX
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LTDEBTR = 
LTDEBTC = 
STOCKR =

STOCKC = 
TAX

Long-term debt fraction of total fixed capital cost 
Long-term debt cost
Stock fraction of total fixed capital cost 
1 - (long-term debt fraction)
Return on stock 
Income taxes

Fixed capital investment = No. of equipment * Purchase cost *
Installation factor * Contingency factor

For most scale up of equipment:

Cost of equip. A = Cost of equip. B * (

Where: EF = exponent factor

Capacity of A

Capacity of B
,EF

Finally:

Fixed capital recovery charge = Fixed capital investment * FCR
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APPENDIX D

MONTE CARLO SIMULATION

To carry out a Monte Carlo Simulation each input parameter first must be transformed to a 
random normal distribution. A random normal distribution of numbers can be generated using the 
3RAND function in Lotus 123 as shown in TABLE D1 below. First, an array of 12 by X random 
numbers is constructed. Next, each row is added together then 6 is substracted from the sum. 
The number of rows, X, is between 300 and 500 (the computer RAM may limit the number 
of random numbers which can be used in the simulation).

TABLE D1 Generating a random normal distribution of numbers

ND aSUM asUM-6

00611 0.929813 0.599836 0.387832 0.200075 0.951544 0.535240 0.798225 0.758105 0.503879 0.258203 0.265860 6.789230 -0.4952) 
65143 0.305992 0.037121 0.691369 0.986953 0.041462 0.998911 0.813786 0.901583 0.388729 0.947316 0.819608 7.097979 1.68140? 
70094 0.189248 0.213423 0.831756 0.700471 0.550210 0.022796 0.200280 0.714062 0.928706 0.113574 0.766706 5.501332 -0.7856? 
73937 0.494221 0.589930 0.523884 0.984534 0.316313 0.245246 0.343221 0.221968 0.174367 0.839404 0.691180 6.298211 -1.0334) 
04381 0.036295 0.064537 0.506894 0.061702 0.503052 0.183647 0.662807 0.014205 0.765857 0.576435 0.680185 4.360001 -0.6011? 
19221 0.872968 0.676749 0.621388 0.695395 0.352920 0.035989 0.330781 0.183855 0.491073 0.496885 0.446141 6.023371 -0.7639? 
55671 0.806357 0.711981 0.852457 0.824976 0.525085 0.491236 0.499985 0.177129 0.098721 0.713096 0.758433 7.315132 1.596533

y down to X rows To X ro^

The random numbers (RN) generated in column (3SUM-6) are then used to transform the input parameters 
to random normal distributions. The transformation takes the form of the following equation:

Y = M + S*RN ; where Y = randomized parameter
M = Mean value of parameter
S = Sigma
RN = Random numbers
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Take an example of transforming the price of wood with a mean of $60/tonne. Assume this price 
can varry between a range of $50 and $70/tonne; i.e. range = $20/tonne and sigma = $5/tonne 
for a normal distribution. The result of the transformation is shown in TABLE D2 below.

TABLE D2 Transformation of a parameter to 
random normal distribution

Y asUM-6 Randomi zed Y

Mean = 60 -0.49520 57.52
Sigma = 5 1.681402 68.41

-0.78569 56.07
-1.03340 54.83
-0.60117 56.99
-0.76399 56.18
1.596538 67.98

To X rows To X rows

Transformation of other parameters are carried out in similar fashion.
A new set of random numbers is generated for each transformation.
Once the transformation is completed, the randomized values of each 
parameter are group together in a table; each column contains random values 
of a single parameter.
A simple macro (refer to the macro section of the worksheet) is written to substitute 
these values into the input section of the model and calculate the ethanol production cost. 
The final result is a normal distribution of ethanol production cost.

V .
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