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ABSTRACT 

An integrated process, in which woody biomass was converted 
to fuel, was simulated using the ASPEN simulator. For purposes of 
simulation, the process was divided into four sections, biomass refin- 
ing, hydrolysis, bioreaction, and fuel separation. Detailed attention 
was paid to the hydrolysis process and the bioreactor, while a general 
simulation of the front-end biomass refining process and fuel separa- 
tion step at the end of the process is included. A simulation of the 
biomass and active microbial system required the definition of non- 
conventional streams. The emphasis in this study was upon the effect 
of varying acid recycle in the two-step hydrolysis process. As the 
recycle ratio increases the operating cost of the overall process passes 
through a minimum. Suggestions for the refinement and extension of 
this approach are discussed. Its advantages in establishing the cost of 
proposed technologies, assessing areas where research and develop- 
ment  are required and evaluating schemes for enhancing energy 
efficiency were all evaluated. 

Index Entries: Simulation; hydrolysis; woody biomass; bioreact- 
ors; fuels. 

INTRODUCTION 

A wide  variety of processes  have been  s tud i ed  a n d  are cur ren t ly  un-  
de r  d e v e l o p m e n t  that  use  waste-  or low-va lued  ca rbonaceous  mater ia ls  
as a f eeds tock  to facilities for the  p r o d u c t i o n  of fuel or o ther  chemicals  by 
hydro lys i s  to sugars  and  s u b s e q u e n t  convers ion  to a variety of chemical  
spec ies  by  fermenta t ion .  M a n y  variat ions have been  p r o p o s e d  on  this ba- 
sic t h e m e  bu t  each has its mer i t  and  failings. C o m p a r i s o n  of compet i t ive  
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processes is often made difficult by complexities of the processes, dif- 
fering levels of optimization to which the processes have been subjected, 
and problems that are hidden in the separation and disposal of wastes. 
These cannot be ignored in the overall evaluation of these processes. 

Generally, experimental programs that seek to explore all of the im- 
portant features and variables of a complex process must be more exten- 
sive than most funding will support. Therefore, judgment  and compro- 
mises become important in arriving at an optimal process. However,  
computer simulation can also be used as a tool to aid in the decision pro- 
cess. Typically, biomass conversion includes four process areas: feed- 
stock preparation, which includes such processes as size reduction, 
washing, screening, and dispersion; hydrolysis, which includes reaction, 
acid recovery, and sugar purification; bioreaction; and product purifica- 
tion. There is a great deal of interaction between the sections of typical 
plants, and therefore an optimization based on  any reasonable criteria is 
a formidable task, even with computer assistance. 

The choice of a computer simulator was a relatively simple process of 
elimination. Because we wanted to retain the possibility of simulating 
any process, a commercial simulator, which allowed the "assembly" of 
plant units as modules was absolutely necessary. The other major factor, 
which led to the elimination of all simulators but ASPEN, was the need 
to deal with materials that are not characterizable by normal molecular 
properties, such as molecular weight, and critical properties (1). ASPEN 
is the only major simulator which allows the processing of these 
" 'nonconventional" solid materials in a wide range of reaction and sepa- 
ration equipment.  Therefore, it was selected for the current study. 

The primary objective of this study was to demonstrate the use of 
the ASPEN simulator with the complex materials like wood and biomass, 
using a typical process example to illustrate the power of the method. 
Although most simulators deal exclusively with materials that are 
characterizable by molecular weight, critical parameters, and standard 
thermodynamics calculations, which describe standard chemical species, 
such as water, ethanol, and glucose, ASPEN adds nonconventional  com- 
ponents. Streams are subdivided into conventional and nonconventional  
substreams, which coexist and are acted upon separately by the pro- 
cessing steps through which the streams pass. Thus, heat and material 
balances may be obtained for all of the standard processing devices with 
both types of material. This capability is a particular advantage in ad- 
dressing simulation problems that involve microorganisms and biomass. 
Here we can define the nature of those materials that are particularly ger- 
mane and still retain the material and energy information that is appro- 
priate to materials characterized by molecular weight. 

A significant number of approaches are available for economic evalu- 
ation of bioprocessing plants. (2,3). The ASPEN simulator has built-in 
costing and economic analysis capabilities that allow preliminary-esti- 
mate quality investment predictions to be made on any stream. Indeed, it 
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is possible to optimize a given flowsheet based on a maximum rate of 
return criterion. In this study we have chosen to confine our analyses to 
mass and energy balances, but economic analyses will be an important 
part of future work. 

ASPEN MODEUNG OF STREAMS CONTAINING BIOMASS 

Because the processes we are dealing with contain two materials 
(wood and biomass), which cannot be characterized by conventional 
means, it is important to discuss the description of these materials before 
the specifics of the flowsheet are analyzed. The feedstock to most pro- 
posed processes is some variety of plant material such as wood, paper, or 
vegetable matter, for example, corn stovers. All of these can be described 
within the framework of a single material type. For the sake of unity of 
approach, the mass of bacteria used in the subsequent bioreactors was 
modeled within the same framework, although some of the detailed 
structure of woody biomass was not required in this study and was 
omitted. 

ASPEN allows the defining of primary and secondary attributes in 
characterizing nonconventional materials. As shown in Table 1, the com- 
position of woody biomass is divided into four primary attributes that 
closely match typical characterizations that are used in the pulp and pa- 
per industry (4). The fiber is the cellulosic portion of the material. The 
fibers can be further characterized by an associated secondary attribute 
called the Fiber Index. This is, of course, the portion of the woody biomass 
that is generally of specific interest in biomass hydrolysis. The fiber frac- 
tion of a woody biomass varies considerably from material to material, 
but 55% is a typical value. Moisture, which makes up about 21.4 wt% of 
the woody biomass, is the second primary attribute listed. Since it simply 
consists of water, no further characterization is required. On the other 

Table 1 
Attributes of Woody Biomass 

Primary attribute Secondary attribute 

Fiber Fiber index 
Moisture 
Volatile material 

Fixed solids 

Hydrogen 
Oxygen 
Nitrogen 
Void volume 
1 
2 
3 
4 
5 
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hand the third primary attribute, volatile material which consists of 
fixed gases and void space, requires a secondary attributes list to 
specifically quantify these constituents. Volatile material contributes 
-8% to the woody biomass, half of which is Void Volume. Finally, fixed 
solids make up the remainder of the material. As secondary attributes, 
five solids have been allowed; we have specified only two (ash and lig- 
nin) in this simulation. 

The specification of the attributes of the woody biomass allows us to 
perform all of the tasks associated with the mass- and energy-balance 
simulation. Specifically, we have used a linear summation of the mass 
contributions to the primary attributes to specify the enthalpy of the ma- 
terial. Thus, composition changes will be reflected in the enthalpy. A 
similar technique was used to estimate the density of the woody bio- 
mass, again taking account of both the temperature and composition var- 
iations. Since reactions and separations occur in any biomass process in 
which there is interest, the composition (say of fiber) will serve as the 
driving force for the hydrolysis reaction, and as a result of the process, be 
depleted. Similarly, the microbial mass will be increased by the conver- 
sion of glucose to ethanol. Provision for such processes are included in 
ASPEN. 

In the handling and separation of nonconventional solids, it is cru- 
cial to characterize the particle-size distribution of the material. Reaction 
rate is closely dependent  on penetration into the material; and hence, the 
degree of subdivision of the material is a primary factor in the overall re- 
action rate. Second, many separation processes, such as filtration, centri- 
fugation, and electrostatic precipitators, are dependent  on differences in 
particle sizes to perform separations. Therefore, it is necessary to include 
a particle-size distribution along with the substream composition to ac- 
commodate such requirements. 

MODELING O F  A B I O M A S S  C O N V E R S I O N  PLANT 

The detailed simulation of a major biomass simulation plant is a rela- 
tively long-term task; however, it is possible within the ASPEN context to 
simulate at different levels of accuracy. Therefore, as an initial effort we 
sought to divide a generic processing plant into units that were not inter- 
dependent ,  and thus could be viewed as independent  entities. The re- 
sult, based on a review of some current processes (4-6) is shown in Fig. 
1, which consists of a four-process plant. Coupling of the four processes 
into an overall processing plant is simply a matter of tying streams, a rel- 
atively straightforward operation, when all portions of the simulation are 
complete. In this study, the emphasis was on resolving some of the simu- 
lation questions surrounding the hydrolysis and biomass reactors, which 
are the central parts of the overall processing plant. 
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Flowsheet for the simulation of a woody biomass conversion pro- 

Since a significant portion of the energy and materials used in pro- 
cessing woody biomass to produce fuels is often expended in the prepa- 
ration of the material for the hydrolysis process, it is important that a 
feed preparation section be included in the proposed simulation. There 
are wide differences among starting materials, mitigating against provid- 
ing a general simulation. The overall objectives of this portion of the 
plant are to remove unusable portions of the feedstock, such as bark, and 
to reduce the size of the feed material to a size that will allow it to be used 
as feed to hydrolysis reactors. The ultimate result of these operations 
should be clean particulates, -10-50 I~m in size, in a 10% aqueous sus- 
pension. Wood pulping for papermaking is a good example of such a 
process. An ASPEN simulation of a pulping process is available and has 
been accommodated to the current study. A flowsheet of the pulping 
process is given in Fig. 2. Although there would be significant change in 
a process that used corn stovers or waste paper, the flowsheet shown in 
Fig. 2 could be accommodated to such service. Furthermore, we can con- 
clude that, aside from some recycle of process water and possibly some 
heat economies, there is little feedback from the downstream parts of the 
process. Therefore, as a first generation simulation this portion can stand 
alone. 

The second and third major sections, shown in Fig. 1, are the hy- 
drolysis and bioreaction parts of the plant. These were considered in de- 
tail in succeeding sections. Again, there  is little feedback from the third 
to the second section in the preliminary flowsheet simulation that has 
been achieved in our study. Therefore, they can be separately considered 
without loss of generality, thus avoiding time-consuming internal itera- 
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Fig. 2. A flowsheet for the simulation of the pulping woody biomass 
using ASPEN. 

tions. In future work, a closer examination of the coupling of these two 
section will be required. 

The separation section of the plant is the fourth process portion. It is 
typical of distillation units, extraction systems, and heat exchangers, 
which are routinely simulated throughout the processing industry. 
These simulations are considered to be established coding procedures. 
Therefore, these have been simulated using zero-order procedures, with 
the expectation of upgrading them when the hydrolysis and bioreaction 
sections attain a suitable level of precision. Feedback to the reactor sec- 
tion is unlikely to be important, at least at the current level of detail. 

DETAILED MODELING OF THE HYDROLYSIS UNIT 

The central portion of any proposed woody biomass facility is its hy- 
drolysis process. Two fundamentally-different approaches have been 
proposed; enzyme hydrolysis (7) and acid hydrolysis (8). The latter was 
selected for this study because of the more extensive information base 
available on the process. A large number of studies are available on 
which a simulation could have been based. The work of Clausen and 
Gaddy (1984) on the acid hydrolysis of corn stovers was selected, because 
most of the information on which a simulation could be based was availa- 
ble from the results of their experiments. 

A two-stage acid hydrolysis process, which is typical for woody 
biomass conversion, was selected. In the prehydrolysis, the 
hemicellulose fraction of particulate stover slurry is reacted under  mild 
processing conditions, whereas the cellulose is removed by stronger acid 
in the hydrolysis step. In the prehydrolysis, acid concentration may be 
traded with temperature to achieve the conversion to xylose. The degra- 
dation of xylose to furfural occurs more rapidly at higher temperatures 
(-100~ than at high sulfuric acid concentrations (10N). Because of the 
expense of high acid concentrations, the middle road of moderate acid 
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concentrations and moderate temperatures is normally taken. At 100~ 
Clausen and Gaddy (1984) propose the following first-order rate- 
constant expression for the prehydrolysis reaction. 

k, -- .020C~ 67 (1) 

where CA is the acid concentration in units of normality. 
The second hydrolysis step, conversion of cellulose to glucose, is 

highly acid-concentration and temperature dependent .  Again, there is a 
tradeoff between the cost of acid when high concentrations are used and 
degradation and repolymerization when the reaction proceeds at high 
temperature. The first-order rate constant for the hydrolysis reaction is 
given as 

kh = .O01Cd ~ (2) 

where the temperature is 100~ Note that in both Eqs. [1] and [2] there is 
no dependence on the amount of hemicellulose or cellulose available for 
reaction. That assumption bears further investigation. Our simulation as- 
sumes there is no acid depletion during the reaction. 

The overall process for the hydrolysis and the subsequent  separation 
of the acid product is shown in Fig. 3. Two mixer reactors are the central 
units in the flowsheet. A routine was written to simulate the reaction ki- 
netics in the two vessels and used in conjunction with the mixed reactor 
model resident in ASPEN. The temperature dependency of the reaction 
was given by an Arrhenius form, using typical activation energies for hy- 

1 1 drolysis reactions [10 kcal.mol- (42 kJ-mol- )]. The preexponential term 

FEED 
SLURRY 
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FILTER I MIXER 

CONC. ACID ~ ~  

REACTOR II 

I 

FILTER II 

_•SUGAR 
PRODUCT 

=-I=,~RECYCLE ACID 

SOLID WASTE 

Fig. 3. ASPEN flowsheet for the acid hydrolysis of woody biomass. 
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was adjusted so that the value matched the constants in Eqs. [1] and [2]. 
The product distribution between glucose and xylose was adjusted to 
match that found by Clausen and Gaddy (1984). 

It is possible to include the effect of particle size distribution upon 
the reaction, but no specific information was available on this variable. 
Therefore, the size distribution, although available to the reactor, was 
not directly used at this stage of the simulation process. An upcoming 
version of the simulation will allow the inclusion of the effect of particle 
size distribution on the hydrolysis reaction, based on first principles. The 
reactor selected was a mixed reactor in which the conversion was se- 
lected and the reactor volume was adjusted within the algorithm to sat- 
isfy the kinetics and the material balance. This procedure allowed the 
computation of the enthalpy input to the reactor. 

Recycle is an extremely important aspect of the proposed process. 
Figure 3 shows recycle loops associated with each of the reactors. The 
filter module  consisted of two parts, a rotary vacuum filter in which the 
size was computed to satisfy a cake-dryness criterion, and a separator, in 
which the acid is partially separated from the product. The physical ma- 
chinery with which the latter task might be accomplished is a matter of 
considerable effort in the field. In the prehydrolysis loop, the solids were 
used as the feed to the hydrolysis reactor, whereas in the hydrolysis 
loop, the solids were the spent waste from the process. There was no 
solid recycle. In both loops the liquid from the filters was separated in a 
primary stream divider, which provided the recycle stream to the reactor 
and the product from the reactor. The acid concentration in the reactor 
was maintained by a design specification that controlled the makeup acid 
that entered in the "dilute acid" and "conc. acid" streams. Recycle in- 
creases the reactor volume and sugar concentrations, the latter being sig- 
nificantly advantageous to downstream operation. The dilution effect on 
the solids in the reactor was not explored here. Higher sugar concentra- 
tions tend toward furfural production. 

A series of studies was performed in which the recycle ratios varied 
from 0 to an average of .75. The recycle ratio is defined as the ratio of 
recycled acid to makeup acid in the reactor. The relative economics of 
reflux reduces to a tradeoff between operating a larger system using less 
acid and benefiting from a higher product concentration. In our study, 
base conditions with zero recycle were set to be as close as possible to the 
Clausen and Gaddy (1984) study, in which the production cost was 
found to be $1.85/gal ethanol. An economic balance was drawn as a func- 
tion of recycle ratio. The results are shown in detail in Table 2 and sum- 
marized in Fig. 4. There is ample indication shown on this graph that 
there is room for improvement in the operation of hydrolysis systems. 
Only a single variable was changed; but with ASPEN, we can explore all 
of the variables, singly or in conjunction with each other. Since there is 
considerable uncertainty in several variables, particularly those associa- 
ted with acid recovery, Fig. 4 should be considered an illustration until a 
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Fig. 4. Relative ethanol cost as a function of acid recycle ratio. 

firmer factual founda t ion  can be established. Howeve r ,  we  have  estab- 
l ished the p o w e r  of ASPEN to simulate processes a n d  to point  to poten-  
tial areas w h e r e  opt imizat ion is possible. 

In p roduc t  recovery  there  are a number  of issues. The objective mus t  
be to remove  the  product ,  free of acid, while  recycling the acid to the pro- 
cess at an  appropr ia te  concentration.  In our  f lowsheet ,  the product  
s treams are mixed before product  recovery. Our  objective was  simplifica- 
tion. It is probable  that  the concentrat ion levels in bo th  acid and  products  
are sufficiently different  that  two parallel recovery trains w o u l d  be used.  
Anothe r  impor tan t  issue is the me thod  of separat ion on wh ich  there  con- 
t inues to be a considerable  challenge. Generally,  a complex  train of con- 
vent ional  processes  is envis ioned.  To complete  this sect ion of the conver- 
sion process,  a s imple  zero-order  separator modu le  was  selected. No acid 
recycle from the e n d  of this section was specified in the  current  version,  
a l though this will  be an  impor tan t  considerat ion in improv ing  the simu- 
lation. 

M O D E L I N G  O F  T H E  B I O R E A C T O R  S E C T I O N  
The mode l ing  of bioreactors has been  an active topic for m a n y  years. 

The ASPEN approach  offers the advantage  that the microbial  mass  can 
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be effectively modeled as an integral part of the process. As stated 
earlier, the structure of the bacteria has been approached similarly to the 
woody  biomass. At first glance, this appears an awkward way of ap- 
proaching the simulation; but with only minor changes in the definitions 
of the attributes, biomass is very well described. 

The bioreactor shown in Fig. 5 was modeled as a single reactor, al- 
though there is a mixture of xylose and glucose in the feedstock; and 
hence it is likely that a more complex reaction train would be required to 
assure utilization of the sugar. A butanol fermentation using Clostridium 
acetobutylicum is shown as the fuel conversion process (9,10). Table 3 
shows the pertinent information generated by ASPEN for a typical simu- 
lation. A "user  subroutine" was written to perform the bioreaction in a 
mixed-tank reactor. A more sophisticated model is required to account 
for the variations in the microbial activity that will be found in such reac- 
tors. The conversion was quite low because of the low temperature of the 
run in question. 

The remainder of the flowsheet (Fig. 5) shows some of the down- 
stream separations that could possibly be used. A continuous chromato- 
graph was used in this operation as an example of a module that might 
be used in this type of operation (11). A more rigorous simulation of the 
downst ream separations would be needed to provide a detailed eco- 
nomic evaluation. 

PULP FEED 

WWl 

RJCT 1 ~ 
F I 

OVFLW 2 

WW2 

RJCT 2 ~ PULP 
- I REFINER 

OVFLW 3 

PULP PRODUCT 

RE'FIN-Or 

! 
_ _ ~ ~  WW3 

3VFLW 4 /RJC T 3 

T ~ WW4 

Fig. 5. Butanol fermentation/separation--ASPEN simulation flowsheet. 
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CONCLUSIONS 

Based on this preliminary study of portions of a woody biomass con- 
version process using the ASPEN simulator, the following can be con- 
cluded. 

1. The facilities based into ASPEN, which include nonconven- 
tional solids-handling, user-defined reaction kinetics, and the 
capability to include costing and economic analysis within the 
context of the flowsheet, make it a powerful tool for use in bio- 
process simulation and economic evaluation. 
2. A method is proposed to describe the composition, enthalpy, 
and density of woody biomass that allows detailed simulation 
of the behavior of a broad class of materials that are used as 
feedstocks for conversion processes. 
3. The reaction behavior of woody biomass was simulated for a 
two-stage continuous acid hydrolysis. The recycle rate was 
found to strongly affect the process economics. 
4. Acid recovery remains an important problem in this process. 
5. Preliminary efforts in modeling the bioreactor section of the 
plant indicate that ASPEN is a good means to that end. 

NOMENCLATURE 

CA 
s 
dp 
k,, 
kh 
M 
T 
t 

Acid concentration in reaction, Normality 
Concentration of product (such as glucose, xylose) g/cm 3 
Particle diameter 
Prehydrolysis rate constant, h -I  
Hydrolysis rate constant, h-1 
Molecular weight 
Temperature (K) 
Time, h 
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