11 Engineering, Scale-Up, and
Economic Aspects of Fungal
Pretreatment of Wood Chips

GARY M. SCOTT, MASOOD AKHTAR, MICHAEL J. LENTZ,
and ROSSE. SWANEY

INTRODUCTION

Biopulping is the treatment of wood chips with lignin-degrading fungi prior to pulp-
ing. Two sequential biopulping consortia at the USDA Forest Service. Forest Prod-
ucts Laboratory (FPL). Madison, Wisconsin, established the technical feasibility of
biomechanical pulping on a laboratory-scale basis. Through the use of a proper
lignin-degrading fungus, at least 30% electrical energy is saved in mechanical pulp-
ing amd paper strength properties are improved. Past work and an overview of fungal
and pulp and paper resear ch conducted during the consortia are summarized in
Chapter 10 of this book and elsewhere in the literature (Akhtar et al., 1997,
Blanchette et al., 1991; Kirk et al., 1994; Lawson and Still, 1957; Scott et al.,
1995a.b; Sykes, 1994).

Current research is aimed at determining the engineering and commercial feasi-
bility of biopulping, which is the subject of this chapter. Our recent work has fo-
cused on Ceriporiopsis subvermispora (the best biopulping fungus to date) and lob-
lolly pine (the most commonly used wood species for papermaking in the United
States), with greater attention to those factors most likely to affect the engineering
and economics of this technology. These factors are attainment of the necessary
degree of asepsis, reducing the cost of fungal inoculum, maintaining a hospitable
environment in the chip pile, and optimizing overall process economics. Chip piles,
silo-based systems, and indoor or covered pilesare all being considered for opera
tion of the solid-state fermentation. A new biopulping fungus, Phlebia subserialis,
isalso being investigated (Akhtar et al., 1996b). As discussed in this chapter, this
fungus has several advantages over the C. subvermispora, especially when the afore-
mentioned factors are considered.
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An overview of the proposed process and the steps involved in using the fungus
pretreatment are discussed. Various reactor configurations were used to explorethe
behavior of the fungus under controlled conditions, and an economic analysis of the
process was performed to demonstrate the feasibility of biopulping technology. The
chapter closes with some thoughts on the incorporation of biopulping into mill-scale
operations and a discussion of the futureresearch in thisarea.

OVERVIEW OF OPERATIONS

Based on the results of previous work and discussions with mill operations per son-
nel, we envision a fungal treatment system that fits into existing mill operations
with minimal disturbance. Figure 11.1 gives a conceptual overview of the biotreat-
ment processin relation to existing wood yard operations. Wood is harvested and
transported to the mill site for debarking, chipping, and screening. At this point the
first change in the normal operation occurs, asthe chips must be decontaminated
by steaming. The steaming maintains a high temperature for a sufficient timeto
decontaminate the wood chip surfaces and allows the desired fungus to grow effec-
tively. After decontamination, the chips are cooled sufficiently so that the fungus
can be applied to the chips. The chips are then placed in piles that can be ventilated
in order to maintain the proper temperature, humidity, and moisture content for the
fungal growth. The retention time in the pile is envisioned to be about 1 to 4 weeks.

Although Figure 11.1 shows a basic concept for the process, several variations
can be easily envisioned. In those mills that purchase chipsrather than logs, the
chips can be fed directly into the decontamination step from the trucks or other
storage. The process of decontamination, cooling, and inoculation can be donein
screw conveyors (described later) or on conveyor belts. If sufficient silo or other
indoor capacity is available, the entire incubation could be enclosed, thus minimiz-
ing environmental factors.

ENGINEERING CHALLENGES

Several engineering challenges have to be answered in order to bring biopulping to
commer cialization. Most challengesinvolve taking a successful laboratory proce-
dureand redesigning it to be practical on alarger scale. These challenges occur in
two main areas: (1) preparing and inoculating the chips and (2) maintaining the
proper growth conditions for the fungus during incubation. Theseissues are dis-
cussed briefly, followed by a description of the experiments performed to answer
the questions posed.

On a laboratory scale, each step in the process (Figure 11.1) isdone in a
batchwise fashion. That is, for a given amount of chips, each step in the processis
completed before the next step is started. In early work, wood chips were sterilized
by autoclaving, which is not practical on a larger scale. However, C. subvermispora
isnot aggressive enough to compete with indigenous microorganisms in unsterilized
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Figure 11.1 Overview of proposed biopulping process showing how the biotreatment pro-
cessfitsinto an existing mill’swood handling system.

wood chips (Akhtar, unpublished results). Recent work showed that a brief stearning
of the chips allows C. subvermispora to colonize and be effective. Although this
steaming is not a complete sterilization of the wood chips, it is suffcient to allow
the growth of the biopulping fungus. Steaming is currently being investigated as the
decontamination method to be used in the scaled-up process.

After steaming, the chips are usually near 100°C, at least at the surface. Thus,
the chips must be cooled sufficiently to allow the inoculum to be added. Complete
cooling is not needed before the inculum is added; however, the chips must be
within the temperature growth range of the fungus within a relatitively short period
of time after addition of theinoculum. Hence, cooling can take place in two stages;
before inoculation and after the chips are placed into storage that has a ventilation
system for further cooling.

The next step in the processis the inoculution of the wood chips with a suspen-
sion containing the fungus, nutrients, and additional water. The addition of an inex-
pensive and commercially available nutrient, corn steep liquor, was found to reduce
the amount of inoculum required from 3 kgto 5 g or less per ton of wood chips (dry
basis) (Akhtar, et al., 1996a. 1997). The challengesinvolved in this step include
metering the inoculum, nutrients, and water to give the proper amount of fungus
and obtain the correct moisture content for the chips themselves. An additional chal-
lengeisthedistribution of theinoculum evenly over the wood chipsto promote
uniform growth.

The second engineering challenge is to maintain the proper condition, in the chip
pile to promote fungus growth. The key variables here are the temperature and
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humidity of the air and the moisture content of the chips. The fungus has an opti-
mum growth range for each of these variables. Furthermore, the fungusis not self-

regulating in respect to any of these variables. For example, when biopulping was
performed in a 1 ton chip pile without forced ventilation, the pile center reached

about 42°C within 48 h after inoculation as a result of metabolic heat generated by

the fungus. Similar heat buildup is seen in commercial chip piles simply because of
the natural microorganisms present in the wood. Proper moisture conditions are
critical for the establishment of the fungus. The use of forced air was explored for
controlling temperature and moisture throughout the pile. This requires an under-

standing of the air flow through the chip bed, the heat generation of the fungus, the

changesin the chip structure because of the fungus, and the nutrient and oxygen

requirements of the fungus.

An early preliminary investigation into some of the engineering aspects of bio-
pulping was carried out by biopulping consortia researchers (Wall et al., 1993). The
early work concentrated on the white-rot fungus Phanerochaete chrysosporium on
aspen wood. In that work, carbon dioxide production was measured as a function of
timeto predict the weight lossin the reactor via a carbon balance. The results
indicated that carbon dioxide production was linear with time during the biopulping
of chips unsupplemented with nutrients. However, the carbon dioxide production
was found to be exponential when a nutrient supplement was added, at least in the
initial stages. In the current work described in this chapter, carbon dioxide produc-
tion was not used as an indicator of fungal growth because the variationsin the
measur ements were quite high. Temperature measurements in well-insulated reac-
tors seemed to be a better indicator of fungus metabolism.

A large number of process variables haveto be considered in a process such as
this, and many of these variables are summarized in Table 11.1. Depending on the
configuration of the treatment equipment and the storage systems, the relative im-
portance of the various variables will change.

PILOT-SCALE EQUIPMENT AND METHODS

Current efforts are focused on bringing the successful laboratory-scale procedures
up to theindustrial level. In the laboratory approximately 1.5 kg of chipsare pro-
cessed at one time, whereas commer cial levels process about 200 to 2,000 tons or
more per day, representing a 10°increase in scale. This gap is currently being
bridged through a series of experimentsto bring the process scaleto thislevel (see
Table 11.2). The goals of these scale-up studies are twofold: (1) to demonstrate that
chips can be decontaminated and inoculated on a continuous basis, rather than asa
batch process asis done on the laboratory scale, and (2) to demonstrate the process
scales as expected from an engineering standpoint.

Laboratory Procedures

Two fungi, C. subvermispora and P. subserialis, wer e obtained from the Center for
Forest Mycology Research at the USDA Forest Service, Forest Products Laboratory,



TABLE 11.1 System Variables for the Biopulping

Process.

Variables

Chips

Inoculation

Decontamination

Cooling

Fungus Metabolism

Pile/Reactor Ventilation

Environmental Factors

Economic Factors

Size (distribution)

Moisture content

Species

Age (since harvest/chipping)
Temperature

Fungus species
Nutrient composition
Water

Amount of fungus
Amount of nutrients

Steam pressure

Steam quality

Steam flow rate

Final chip temperature
Time at temperature
Geometry

Air flow

Air temperature

Air humidity

Geometry

Growth rate

Optimum temperature
Optimum humidity
Optimum chip moisture
Heat generation

Water generation
Carbon dioxide production

Air flow

Temperature

Humidity

Sterility

Chip size (distribution)
Geometry

Fungal growth (aerial hyphae)

Ambient temperature
Ambient humidity
Amount of sunlight
Wind (and direction)
Precipitation

Electricity cost
Steam cost
Capital cost
Inoculum cost
Nutrient cost
Labor
Overhead
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TABLE 11.2 Scales of Reactor Systems used During
the Biopulping Scale-up.

Scale
Description (kg dry chips)
Flask 0.05
Small Bioreactor 0.10
Large Bioreactor 1.50
Tubular Reactor 6.00
Small Indoor Chip Pile 40
Silo Reactor 160
Large Indoor Chip Pile 220
Large Indoor Chip Pile 380
Enclosed Pile 5,000
Outdoor Chip Pile 50,000
Industrial Scale 200,000 kg/day and up

Madison, Wisconsin. Cultures were continuously maintained in cereal culture and
potato dextrose agar slants. Working cultureswere prepared from the stock cultures
asneeded and refrigerated until used. Potato dextrose agar plate cultureswereinocu-
lated from a working culture and incubated at 27°C and 65% relative humidity for
ten days.

In preparing the liquid inoculum, potato dextrose broth (4.8 g) and yeast extract
(1.46 g) were added to 200 ml of distilled water and mixed well; 100 ml of this
medium was poured into two 1 L flasks. Each flask was autoclaved for 20 min at
121°C. After cooling to room temperature, each flask was inoculated with 10 plugs
cut with a number 9 cork bore from a 10-day-old potato dextrose agar plate of the
fungal culture. The flasks were then incubated at 27°C at 65% relative humidity for
10 days. Prior to use, the flasks containing the fungal biomass wer e decanted and
washed with sterile distilled water to remove excess medium from the fungal bio-
mass. Thefungal biomasswasthen placed in distilled water and blended in a Waring
blender twicefor 15 s, each time at high speed; distilled water was then added to
the suspension to make the total volume 100 ml (stock). Enough stock to produce
an inoculation rate of 5 g per ton on a dry weight basis was diluted to 100 ml of
suspension with 15 g of unsterilized corn steep liquor (0.5% on a dry weight basis)
and an appropriate amount of sterilized water.

The chips to be treated were thawed (if frozen) and thoroughly mixed to obtain
uniform samples. Laboratory-scale bioreactors, each containing 1,500 g of chips
(dry weight), wer e decontaminated by using atmospheric steam for 10 min and then
cooled to room temperature prior toinoculation (Akhtar et al., 1996a; Fischer et al.,
1994). Uninoculated bioreactors served asthe controls. About 55% moisture (wet
weight basis) in wood chips was maintained during fermentation. After receiving
inocula, the bior eactor s wer e shaken vigorously for uniform mixing. Each bioreactor
was sealed and placed in an incubator at 27°C for 2 weeks and ventilated at arate of
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0.0227 volume/volume/min (v/v/m) (0.0283 m’/h). Three types of laboratory-scale
bioreactorswere designed and used: a rotating drum bioreactor, a stationary tray
bioreactor, and a static bed bioreactor. Details on the configuration of each bioreac-
tor have been published (Kirk et al., 1993).

Reactor Design

Two types of reactor systems were investigated in the reactor scale-up studies: tubu-
lar reactors and chip piles. The tubular reactors are advantageous in that the engi-
neering and kinetic data necessary for scaling up the process can be collected. The
one-dimensional nature of the system is easy to analyze and model. The reactor also
allows for well-controlled airflow in the system with airflow patternsthat are well
known. Heat loss from the system is easily controlled with exterior insulation, pro-
ducing conditions similar to those found in the center of large chips piles. Two sizes
of tubular reactorswere used in our scale-up studies.

Chip piles, both ventilated and unventilated, are analogous to one of theindus-
trial implementations that we envision. However, more complicated, two- (or three-)
dimensional airflow patterns must be considered. Chip piles, being less contained
than the tubular reactors, are more exposed to the competition from undesirable
fungal speciesthat may be present in the environment. Chip piles also experience
“edge” effects, that is, changesin the airflow, growth, and effectiveness of biopulp-
ing as a result of the free chip-air interface. The surfaces of chip pilesare also
exposed to the changesin the weather, including precipitation, freezing tempera-
tures, and wind. However, even though the piles studied are quite small as compared
with large industrial piles, they can provide insightsinto the flow of air in larger
chip piles.

Tubular Reactors The small tubular reactor used in our investigation was a cylin-
drical PVC tube, 0.20 m in diameter and 1.0 m high (see Figure 11.2). The bottom

has a polyethylene grid perforated with 6 mm holes. Forced air is supplied to the
bottom of the reactor beneath the grid. Thereactor hasa cover with an air outlet

holein it. Six thermocouples are aligned vertically along the center of thereactor,

spaced at 0.15 m intervals, with the bottom thermocouple being 0.075 m above the
perforated grid. Prior to use, the inside of the reactor is cleaned and decontaminated

with atmospheric steam.

Four bioreactors, each containing 1.5 kg dry weight of chips, were steamed,
cooled, and inoculated as described previously. The bioreactors were vigorously
shaken for uniform mixing, and the inoculated chips were poured from the bioreac-
torsinto thetubular reactor, which wasthen capped and sealed. Thereactor wasinsu-
lated and placed in an incubator at 27°C for 2 weeks. Humidified air was supplied to
the bottom of the reactor at a rate ranging from 0.055 v/v/m to 0.220 v/v/im. At har-
vest, the fungus-treated and control chipswererefined in a 300 mm diameter me-
chanical atmospheric disk refiner to measure energy consumption during refining. In
some cases, the resulting pulp was made into paper and tested for strength properties.

We also constructed a cylindrical bioreactor that could be placed in a pressand
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m in diameter. The reactor holds 6.0 kg of dry chips. Humidified air is supplied at the bottom
of thereactor, and the temperatureis monitored at six locations thoughout thereactor. The
reactor is covered with vented cover.
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Figure 11.3 Photograph of a silo reactor, which isapproximately 2.0 m high and 0.76 m in
diameter. The reactor held a total of 140 kg of dry chips. Humidified air was supplied at the
bottom of the reactor, and the temperature monitored at 12 locations throughout the reactor.

loaded to simulate the weight that would be placed on chips at the bottom of a large
chip pile or silo. A piston with a perforated plate was used to compress the chips
while allowing free flow of the air through the column. In this way, ventilation flow
studies could be done while the chips were under a load. Chips were placed into the
reactor to a height of dightly lessthan 1 m. In the case of the treated chips. The
incubation was done directly in this reactor to prevent the disturbance of the aerial
hyphae of the fungus. The piston was placed on the top of the chips, and the reactor
was placed in a pressthat had a constant rate of displacement. The chipswere
compressed at a rate of 0.25 cm/min, and the load and compression readings taken
at 222 N intervals. During compression, air was blown upward through the column
of chips at a superficial velocity of 0.88 cm/sec. A maximum load of 4450 N was
used.

Silo Reactor Figure 11.3 is a photograph of the larger tubular reactor (silo reactor)
used in our studies. Thissilo reactor has a capacity of approximately 160 kg of
chipson a dry basis. This reactor is0.76 m in diameter with an overall height of 2.0
m. A perforated plate at the bottom of the reactor supports the chips approximately
5 cm above the bottom of the reactor. Air is supplied to this void space at the bottom
center of thereactor. A baffle plateimmediately above the air inlet distributesthe
air more evenly across the bottom of the reactor. Temperatureis monitored at 12
locationsin thereactor. Six thermocouples are aligned vertically along the center
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Figure 11.4 Photograph of a small chip pile. The pile consisted of 30 kg (dry) of inoculated
chipsand 10 kg of cover chips and was 0.65 m high. The pile was not ventilated. The
temperature was monitored near the center-top of the pile.

axis of the reactor spaced at 30 cm intervals, and six are aligned vertically 5 cm
from the outer edge of thereactor. The bottom ther mocouple is 15 cm above the
perforated plate. The velocity of the air in the supply pipe is monitored to determine
the overall airflow ratein thereactor.

Approximately 160 kg of chips (dry basis) were decontaminated by either auto-
claving or steaming. After cooling (typically overnight), the chips were inoculated
using the standard inoculation protocol. Mixing of the inoculum was donein alarge
rotating “V" mixer with a capacity of five barrels of chips. The mixer was then
rotated for another 20 min to mix the inoculum with the chips. The inoculated chips
werethen transferred to thesilo reactor using abarrel asatransfer vessel. The chips
werethen ventilated with nearly saturated moist air. with the velocity adjusted to
maintain the proper temperature range throughout the reactor. The specific ventila-
tion rateranged from 0 to 0.7 v/v/m. At harvest, the chips wer e removed from the
bioreactor, and chips from three zones (top, middle, and bottom) wererefined as
described previously.

Chip Piles Both small and large chip piles were used to investigate the efficacy of
biopulping under less controlled conditions. Small chip piles (Figure 11.4) typically
consisted of approximately 30 kg (dry) of inoculated chips covered with 10 kg of
uninoculated chips, resulting in a pile approximately 0.65 m high. Inoculated chips
wer e placed on an insulated pad, and the internal temperature of the pile was moni-
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Figure 11.5 Photograph of alarge chip pile. The pile consisted of 160 to 320 kg (dry) of
inoculated chips and 60 kg of cover chipsand was 1.1 to 1.4 m high. The piles were built with
the provision of ventilation from the center-bottom of the pile. Temperature was monitored at
various locations throughout the pile.

tored near thetop of the pile. The chipswereleft in the pilesfor 2 to 3 weeks and,
at harvest, refined and the energy savings determined.

The large chip piles contained from 160 to 320 kg of inoculated chipsand, like
the small chip piles, were covered with about 60 kg of noninoculated chips (Figure
11.5). Each pilewas about 1.1 to 1.4 m high and about 2.5 m in diameter. Each
was built with provision for ventilation from the center bottom of the pile, and the
temperature was monitored at various locations throughout the pile. To analyze the
temperature profiles, thermocouple readings were divided into various pile regions
(Figure 11.6). It was expected that the center region would be the most influenced
by the forced ventilation and the outer shell influenced by the ambient conditions,
because of the natural draft of air into the pile. At least two temperature measur e-
ments in each zone were averaged. At harvest, after 2 to 3 weeks, samples from
each pile were refined and the energy savings determined.

KEY ENGINEERING FINDINGS
Decontamination provided several challenges as we moved from the laboratory

scale to larger reactors. Decontamination is important, because fungal effectiveness
increases with the degree of decontamination in all situations that we have studied.
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Figure 11.6 Zones in which the chip pile temperature readings are divided for analysis.
In subsequent graphs, each zone contains at least two temper ature measurementsthat are
aver aged.

Maintaining decontaminated conditions through cooling, inoculation, and building
of the pile has been significantly challenging. For thetubular reactor, silo reactor,
and chip pile studies, the chip preparation and inoculation were done batchwise in
asimilar manner to those steps performed at the laboratory scale. As described in
detail in this section, the chipswereinitially steamed in batches and allowed to
cool with time. After cooling sufficiently, theinoculum was added and well mixed
with the chips. Subsequently, the inoculated chips weretransferred to the incubation
vessel or placed in a chip pile. Several different decontamination protocols have
been used, including autoclaving, chemical treatment, and steaming. Initially, we
thought that complete sterilization of wood chips was necessary prior to fungal
inoculation. Therefore, chipsin bioreactorswere decontaminated either by autoclav-
ing or with a solution of sodium bisulfite. The energy and time requirements for
autoclaving do not make it a practical method of sterilization on a larger scale.
Curve 1 of Figure 11.7 represents a typical temperature-time curve for autoclaving.
Although chemical treatment with a sodium bisulfite solution was found to be effec-
tive (Akhtar et al., 1995), concern over the use of chemical agents may limit its
application.

Recently, we discovered that complete sterilization is not necessary; only the
surfaces of wood chips need to be decontaminated. This was accomplished by
steaming wood chips for a very short time. The steaming was done for 10 min using
laboratory steam at atmospheric pressure. In almost all cases, steam was found to
be effective. Shorter times proved to have varying degr ees of effectiveness, but
even 2.5 min of steaming was sufficient to allow fungal growth. This steaming was
relatively gentle, and the force of the steam injection did not displace the chips.
Curve 2 in Figure 11.7 represents the temperature-time curve used in this protocol.
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Figure 11.7 Temperature-time curves used for decontamination in the biopulping experi-
ments. Curve 1 is autoclaving (total time of 90 minutes); curve 2 is the normal steaming used
for 21 L bioreactors; curve 3istheprotocol used in 1 L bioreactors; and curve4isthe
proposed curve needed for pilot-scale equipment.

A series of decontamination experiments were also performed in 1-L bioreactors
containing 50 to 100 g of wood chips. In these experiments, steam was injected
vigorously in thereactors so that the chips agitated vigorously. The temperature-
time curvein thiscaseisshown ascurve 3in Figure 11.7. Under these conditions,
very short steaming times wer e effective in sufficiently decontaminating the wood
chips. All reactors steamed for 30 sec to 5 min wer e successfully decontaminated.

Curve4in Figure 11.7 showsthe temperature-time curve for the pilot-scale de-
contamination equipment used in our research. The major differencesin this curve
as compared with the laboratory curves are the shorter time at temperature and the
relatively rapid cooling of the chips. In addition, the chipstumbled in a screw con-
veyer for theinitial portion of the steaming time, but then were relatively still as
they were held in a surge bin. Thismethod was fairly effective in decontaminating
the chips and was used in a 4-ton trial performed at FPL.

The amount of time and the temperature needed for decontamination isa compli-
cated function of the steaming method, the amount of contamination present on the
wood, the size of the wood chips, and the aggr essiveness of the biopulping fungus.
As previously mentioned, only a surface decontamination is necessary, because
when the fungusis established on the chip, it isable to compete effectively against
other organisms. Figure 11.8 shows a hypothetical “killing curve’ for decontamina-
tion of the chips. The line represents a certain efficiency in removing contaminants
from the chips. The curve demonstrates two key points. First, a certain minimum
temperatureis needed to effectively decontaminate the chips. Second, as the temper-
ature of decontamination increases, the time required decr eases.

In designing steam decontamination equipment, several factors must be consid-
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Figure 11.8 Hypothetical “killing curve” for decontamination of wood chips. Thelinerep-
resents the time needed at a certain temperature to remove most contaminants on the chips.

ered. First, to reach temperaturesgreater than 100°C, a pressurized vessel is needed.
Although pressurized vessels require a greater capital investment and complex chip
handling, the decontamination would be much more effective. Second, because it is
thought that only surface decontamination is needed, only the surface must be held
at the high temperatures necessary for inactivation of the unwanted microor ganisms.
Raising the temperature of the entire chip only increases the cooling load in the next
operation. To minimize heat penetration into the chip, the chips should be heated
for the shortest possible time and cooled quickly. It cart also be concluded that
exposur e of the entire surface of the chip to the steam is important for effective
decontamination. In the 21-L bioreactors, the chips were not positionally disturbed
during steaming, and at least 2.5 min of steaming was needed to be effective. How-
ever, in the l-L bioreactors, where the chips were actively tumbled, exposing all the
surfaces to the steam, much less time was needed, as little as 15 s. The screw
conveyer used for steaming provides some tumbling to expose all surfaces of the
chipsto the steam.

Cooling and Inoculation

Prior toinoculation with the biopulping fungus, the chips must be cooled so that the
fungus is not inactivated or killed upon application. In the laboratory-scale experi-
ments, cooling was achieved with time, that is, allowing the chip bed to naturally
dissipate the heat to the surroundings. However, thisistoo time-consuming in a
continuous process, so more active cooling is necessary. The most practical cooling
mechanism is achieved through ventilation of the chips and evaporation of water
from the chips. The question that needsto be answered hereis, to what temperature
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do the chips have to be cooled so that the viability of the fungusis not compro-
mised?

Although the most viable biopulping fungus, C. subvermispora, has an optimum
growth temperature of 27 to 32°C, it can be applied to chipsas hot as 50°C, provided
further cooling after the application brings the temperature down to 30°C fairly
promptly. This means that even though the chips will be near 100°C from the previ-
ous steaming step, the entire cooling process does not have to be accomplished
before the inoculum is applied to the chips. Further cooling can take place after
inoculation and after the treated chips have been placed in the chip pile or silo.

Heat Generation

Further experiments were focused on maintaining an appropriate environment for
growth, using the reactor systems previously described. Several engineering con-
cernshad to be addressed for scaling-up, including heat generation by the fungus,
compression of the chipsin large piles, and the pressure drop through the pile during
ventilation. The key results of a series of experiments are described asfollows.

The fungus essentially metabolizes wood and nutrients; therefore, a significant
amount of heat is produced that must be removed to promote the growth of the
fungus. In the small bioreactors, the heat buildup was not a problem because the
reactor s were uninsulated and the relative surface-area-to-volume ratio was high. It
has been found that the fungusis not self-regulating in respect to heat production.
Thus, in larger reactors and in larger piles, the temperature can quickly exceed the
optimum growth temperature of the fungus.

Figure 11.9 shows the temperature profiles for a large (1 ton) indoor pilethat did
not have artificial cooling. For analysis, the pile was divided into regions, as shown
in Figure 11.6. Note that the center of the pile, which was well insulated from the
outside by the bulk of the chips, reached nearly 42°C by the sixth day of the trial as
aresult of the generation of heat. Thiswastoo hot for survival of C. subvermispora.
The outer shell of the pile, those chipsimmediately under the surface of the pile, at
first cooled to below the initial temperature, probably because of evaporative cool-
ing. The pilethen heated up asa result of metabolic heat produced by the fungus,
reaching an ultimate temperatur e of approximately 32°C. This section of the pile
was probably cooled somewhat by the natural draft of the pile and the infiltration of
the cooler ambient air. However, the draft also carried the heat of the center and the
outer shell to the top of the pile, heating it also to nearly 42°C. The center tempera-
turereached a maximum and then began to decline as the fungus began to inactivate.
and the heat production in the pile decreased sufficiently to allow some of the heat
in the center of the pileto dissipate.

Theseresultsillustrate several pointsregarding the growth of the fungusin larger
reactors. First, the fungusisnot self-regulating and can quickly generate sufficient
heat to raise the temperatur e above the optimum for fungal growth. In the case of
C. subvermispora, the range is generally considered to be 27 to 32°C. which was
greatly exceeded even in thisrelatively small pile. Also shown is that the natural
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Figure 11.9 Temperature profiles for a 2-week incubation in an unventilated chip pile. Note
that the temperature near the center of the pilereached 42°C, much higher than the maximum
effective temperature of the fungus, 32°C.

draft generated by the heat production is not sufficient to cool the pile so asto keep
the fungus within its optimum range. In larger piles, the heat buildup will probably
beeven greater. In fact, largetemperatureincreases are often seen even in untreated
chip piles, simply because of the indigenous organisms that are present (Hatton,
1979). In those cases in which the chips are inoculated with the biopulping fungus.
the generation of heat is expected to be much greater because of the reduced compe-
tition and the greater focus of the fungus metabolism on the oxidation of lignin that
generates heat. All this demonstrates the need for active cooling of the pile. Ventila-
tion and evaporative cooling congtitute one such cooling mechanism.

Figure 11.10 showsthat with ventilation it is possible to bring the temperature
of the pile to within the optimum growth range of the fungus. In this pile, the
ventilation rate was adjusted to maintain the upper temperature of the pile at approx-
imately 32°C or below. Initially, the ventilation was maintained at a very low level,
sufficient to maintain positive pressurein the pile. As Figure 11.10 shows, the initial
temperature increase, as a result of the growth of the fungus, occurred between the
third and fourth day of thetrial, at which timethe airflow rate wasincreased. Al-
though the top and the center were initially the hottest regions of the pile, after the
ventilation rate wasincreased, the center was cooled to the optimum temperature
for fungal growth. Moreover, asin the unventilated pile, the outer shell of the pile
was strongly affected by the outside air (edge effect). The hot areas of the pile were
the top, which was affected by the heat being generated below, and the inner shell,
which was also affected by the heat being generated in the center of the pile and
removed by the forced ventilation. However, theinner shell received little benefit
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Figure 11.10 Temperature profilesfor a 2-week incubation in a ventilated chip pile. A

comparison with Figure 11.9 shows that ventilation is able to maintain the proper temperature
in the pile.

Several smaller piles were also constructed consisting of approximately 40 kg of
chips. The only source of ventilation for these piles was the natural draft created by
the heat generation within the pile and air infiltration at the surface. With piles of
this size, overheating of the pile was not a problem, as the natural air exchange was
sufficient to keep the pile within the levels necessary for fungal growth. Energy
savings upon refining chips from these smaller piles were comparable to those
achieved with the bioreactors.

Theseresultsindicate that theair flow in a chip pile, even one of small size, can
be very complicated. However, the chip pile experiments resulted in several im-
portant observations. Ventilation is needed for cooling even in modest-sized piles.
The amount of air needed for cooling is generally much morethan that needed for
fungus metabolism. An under standing of the aiftlow in chip pileswill be necessary
when the process is scaled-up to industrial levels. Chip piles also test the robustness
of the system, because of their greater exposure to an uncontrolled environment. In
fact, the small chip piles were essentially fully exposed to the ambient conditions
but still produced results comparable to those achieved in a bioreactor.

Tubular reactors have several advantages, including the production of the neces-
sary engineering data for scale-up. They allow for controlled airflow in one dimen-
sion through the reactor, with controlled heat loss through the sides of the reactor.
In general, a well-insulated tubular reactor can represent conditions that will be
found in the center of large chip piles: good insulation with essentially linear airflow.

Several experimentsin the small tubular reactor helped correlate airflow with
temperatureincrease and energy savings. Figure 11.11 showsthe temperature profile
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Figure 11.11 Temperature profiles in a small tubular reactor, along with the energy savings
by position in the reaetor. In areasin which little additional heat was generated (indicated by
adjacent profiles being close together), energy savings were minimal.

for a 2-week incubation of treated chipsin such areactor. In thisexperiment, the
chipsweretreated with C. subvermispora using the standard inoculation protocol.
Ventilation was constant during the entire period at a rate of 0.055 v/v/m (0.113 m¥
hr). The air supplied wasrelatively sterile and conditioned to be nearly moisture
saturated at 27°C. Theinitial drop in temperature during the first 2 dayswas dueto
evaporative cooling, asthe air was not quite saturated. After 4 days, therewasa
rapid increase in temperature from 25-27°C to 38°C at the top of the reactor. This
temperature rise was due to the rapid growth of the fungus and the metabolism of
thewood and the nutrients. However, asin the piles, the heat generation rate rapidly
increased between the third and fifth days of incubation. Thereactor system isa
simple one-dimensional system; therefore, heat generation is exhibited by an in-
crease in temperatur e between two adjacent thermocouples. As shown in Figure
11.11, between the bottom measurement and the next measurement thereisa sig-
nificant increase in the temperature difference. of 4 or 5°C, during the second week
of the experiment. However, the differences between the remaining measurements
are much smaller, indicating that less heat is being generated; thus, the fungus me-
tabolism isless. It isinteresting to note that the temperatur e difference between the
second and third probe (from the bottom) was initially 3°C at the sixth day but
decreased to lessthan I°C after 14 days, indicating the reduction in the fungus
metabolism during thistime at high temperature. The ener gy savingsduring refining
correlates well with the heat generation. Only 3% energy was saved in the high-
temperature region where fungal metabolism was curtailed and little additional heat
generated. However, at lower temperatures near the bottom of the reactor, energy
savings wer e comparable to those obtained in static-bed bioreactors.
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Figure 11.12 Temperature profiles in a small tubular reactor, along with the energy savings
by position. Thisreactor had twicetheairflow asthat shown in Figure 11.11. Note that the
energy savings were more relatively uniform through the reactor.

Results of the previous experiment indicate that more air is needed to maintain
the entirereactor within therange of 27 to 32°C. Figure 11.12 shows the temperature
profiles for atubular reactor ventilated at 0.110 v/v/m (0.227 m'hr) with essentially
twice as much air. The profilesare similar to those for the previous reacton however,
thereisless“crowding”’ at the top, indicating that heat was generated, for the most
part, throughout the column except at the very top. The energy savings again re-
flected observations. Only at the very top were the energy savings dightly reduced.
Figure 11.13 shows the temperature profiles at an aiflow rate of 0.220 v/v/im (0.453
m’hr), four times that of the first reactor run. The final temperatures ranged from
2510 32°C and arefairly evenly spaced, indicating uniform heat generation through-
out the column. The energy savingsincreased at thetop asthetemperaturein this
location of the reactor was lowered astheresult of the higher airflow. Energy sav-
ingswere lower at the bottom, perhaps because of the chips' drying out at the higher
airflow rate.

The temperature profilesin a silo reactor run are shown in Figure 11.14. The
control strategy in thistrial wasto maintain the temperature of the chipsat 30°C
during theinitial 2 days of the incubation, and then maintain the temperature from
27 t0 32°C for the remaining 2 weeks. The airflow rate and the inlet air temperature
werethetwo variables used to control the temperaturein the silo. During thefirst
day, the temperature at all locationsin the silo increased to 30°C, theinlet air
temperature. After 2 days, a rapid increase in the heat production rate required
an increasein theairflow rate and a decreasein theinlet temperature. Two addi-
tional changesin the inlet temperature brought the reactor temperature to the opti-
mum range for growth of C. subvermispora.
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Figure 11.13 Temperature profiles in a small tubular reactor, along with the energy savings
by position. This reactor had four times the airflow as that shown in Figure 11.11. Note that
the energy savings at the top of the reactor increased, and at the bottom decr eased.

Temperature profiles, such asthose in Figure 11.14 and the preceding figures,
can be used to estimate the heat generation rate as a function of temperature by
performing an energy balance on a cross section of the reactor. Consider a cross
section of the tubular reactor shown in Figure 11.15 (the nomenclatureis summa-
rized in Table 11.3). Air isintroduced at temperature T, at the bottom of the section
and leaves the section at temperatureT,, as measured by the thermocouples. The
airflow rateisgiven by g, The heat loss through the walls can be estimated ash,
based on the temperatur e difference between the chips and the outside temperature
and the amount of insulation in the walls of the reactor. Under steady-state condi-
tions, all heat being generated that isnot lost to the surroundings is removed by the
air. Furthermore, the chip moisture content and chip packing density are assumed
not to change appreciably. If theair isassumed to be saturated (a reasonable assump-
tion given the moisture content of the chipsand the low superficial velocity of the
air) and thereis negligible conduction through the chip bed, the average volumetric
heat generation rate can be calculated for that section by

(H(T ) ~ HT )] — Mo
14

h =1 [11.1]

where H(T) is the enthalpy of the saturated air at temperature T. In this simplified
case, the changes in wood moisture content through evaporation and the production
of metabolic water areignored. Figure 11.16 showsthe calculated heat generation
ratein the silo as a function of time. As can be seen, the heat generation rapidly
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Figure 11.14 Temperature profiles in a large silo reactor. The lines indicate the temperature
in the reactor from the bottom of the reactor to the top. Note the changes in the temperature
profiles with changesin the airflow rate and the inlet temperature of the air.

increased from near 0to arange of 240 to 400 W/m*during the second to fourth
day of incubation. Moreover, the heat generation rate was greater at the top of the
reactor than at the bottom. This correspondsto the higher temperatures at the top of
thereactor as compared with the bottom. Because the heat generation rateisa
function of the temperature, the mean temperature of a section can be calculated as
the average of the inlet and outlet temperatures:

T Tin + Tout

mean )
2

[11.2]

From thesilo reactor run and several small tubular reactor runs, the heat genera-
tion asa function of temperature can be estimated for two strains of C. subver-
mispora that were used in the experiments. Figure 11.17 shows the heat generation
as a function of temperature. Note that the heat generation by SS-3 (a newer, more
effective strain) is much greater than that by CZ-3. This seemsto indicate some
relationship between the amount of heat released and the efficacy of biopulping (as
measured by energy savings). Data such as presented in Figure 11.17 are useful in
modeling large-scale systems in order to design the air handling equipment.

Note that in all these cases, the heating of the reactor followed a very characteris-
tic pattern. Thereactors start with art initial temperature near the inlet temperature
of theair. After several daysthe metabolism of the fungusincreases dramatically,
producing heat and increasing the temperature of the column of chips. Thelast 9
daysof thetrial aretypically at a fairly steady-state temperature and, hence, heat
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Figure 11.15 Estimation of the rate of heat generation by the fungus C. subvermispora.

The heat generation rate is estimated by calculating the temperature rise between adjacent
temperature measurements.

production. Knowledge regarding the amount of heat generated is useful for design-
ing and sizing the air handling and cooling systems necessary for the successful
operation of the reactors. Of course, other species of fungi will have different heat
production rates as a function of temperature. Non-lignin-degrading fungi will gen-
erate much less heat, thus requiring lower airflow rates (probably in the range of 0
to 0.4 viv/im) to maintain temperature within the optimum growth range for the
particular fungus.

Chip Compression Asthe processis scaled-up, another issue to be addressed isthe
compression of chips by the chips above them in the pile. Greater compression is
expected in fungally treated chips because of the softening action of the fungus. A
certain amount of settling is observed in the bioreactors during the 2-week incuba-
tion (approximately 5%); thisis expected to be of greater concern in the larger chip
piles. It isalso afactor in ventilation. Air isbeing blown through the chip pile for
ventilation; therefore, compression of the chip piles will increase the pressure drop
through the pile.

It was noted that the amount of fungal biomass produced by C. subvermispora
created a significant increase in the pressure drop; therefore, C. subvermispoa and
P. subserialis were studied for their compression and airflow characteristics. Figure
11.18 shows the compression of fungally treated wood chips and untreated chips as
afunction of applied load. A load of 100 kPa is equivalent to the weight of a column
of wet wood chips (50% moisture) armoximately 30 m high. The chips treated with
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TABLE 11.3 Nomenclature Used in Engineering Analysis.

Symbol Definition

ab Constants for Suggs and Lanier correlation
D, Diameter of particles in a packed bed

Pyoss Heat loss through walls

h Heat generation rate

H(D Enthalpy of saturated air at temperature T
ap Pressure drop per unit length

AP Total pressure drop

4, Mass flow rate of air

T Air temperature entering reactor section

Tnean Mean temperature of reactor section
T Air temperature leaving reactor section
U Superficial velocity

1% Volume of reaction section

v, Volumetric flow rate of air

€ Void fraction in a packed bed

m Viscosity of air

p Density of air

P Buik dry density of the wood chips

P Density of solid wood

C. subvermispora ar e highly compressible, reaching compressions of more than
15% under aload of 80 kPa. At the same load, control chips compressed only about
7% . P. subserialis, on the other hand, did not soften the chips to such a large extent
as C. subvermispora. The chipstreated with this fungus compressed only approxi-
mately 1to 2% morethan the untreated control chips. The lower compression has
the advantage of not restricting airflow to aslarge a degree, thusreducing the cost
of ventilation.

Pressure Drop Through Chip Bed Forced ventilation is one method to remove the
metabolic heat of the fungus from a pile or reactor. The primary mechanism for heat
removal is through the evaporation of water that is present in the chips or metaboli-
cally produced by the fungus. Thisair must be blown through the pile against the
resistance of the chips. Asthisresistance increases, so doesthe cost of ventilation;
thus, it isimportant that resistance be minimized. The energy cost of ventilation is
proportional to the volume of air required and the pressure drop through the chips.
Furthermore, the pressure drop isa strong function of the velocity (volume) of the
air. Several factorsareimportant in determining the amount of pressuredrop that is
experienced, including the size and size distribution of the chips, the amount of
compression the chips are under, the amount of fungal growth, and the velocity of
the air through the chips.

Suggs and Lanier (1985) studied the pressure drop through wood chips and other
materials as a function of the superficial velocity through a column of chips. In their
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Figure 11.16 Heat generation rate by the fungus with time at different heights in the reactor.
Note that there is generally an increase in the heat generation rate from the bottom to the top
of the reactor corresponding to the increase in the local temperature.

study, the objective was to use air to dry the materials. They empirically found that
AP
the superficial velocity, v,(in m/s), and the pressure drop per unit length, —— (in Pa/

m), were related by
P
log v,=log a+b log —AZ- [11.3]

where a and b are constants that were experimentally determined. Their values ob-
tained for different size wood chips are given in Table 11.4.

The Ergun Equation isa common design equation used to predict the pressure
drop through packed beds of material (Bird et al., 1960). The Ergun Equation is

AP _150uv, (1 -e)2+ 1.75pv2 (1 —€)

L D e D, ¢

[11.4]

In Equation 11.4, A—LIZ isthe pressuredrop per unit length; pistheviscosity; v,is

the superficial velocity; and p isthe density of the gas. The two parameter s defin-
ing the characteristics of the chip bed are the effective diameter of the particles, D,,
and the void fraction of the packed bed,e. The two termson theright-hand side of
the equation represent the limiting cases for laminar (viscous) and turbulent (iner-
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Figure 11.17 Heat generation rate asa function of temperature for two strains of C. subver-
mispora. These data are obtained from both tubular reactor and silo reactor runs after the
reactor has reached steady state (generally after day 7 of the incubation).

tial) flow. For laminar flow, the first term dominates, and the pressure drop is essen-
tially linear with increasing velocity. At higher flow rates, the flow is turbulent and
the second term dominates. Hence, at higher flow rates, the pressure drop increases
with the square of the velocity. The void fraction, €, isrelated to the bulk dry density,

Py (the “packing” density), and the density of the wood, p,,. according to

_b
Pu

e=1 [11.5]

Theempirical equation of Suggsand Lanier is consistent with the Ergun Equation
(Equation 11.4) in the turbulent regime, with the following values for the constants.
The first term of the Ergun Equation is considered to be negligible.

a= —log (%:ﬂ)o.s [11.6]
P
1
b =3 [11.7]

Note that the valuesfor b, as determined by Suggs and L anier (1985) (Table 11.4),
arecloseto thetheoretical value of 0.5, especially for the larger chips. Theincreas
ing deviation as the chip size decreases is probably due to the increasing importance
of the laminar term in the Ergun Equation (Equation 11.4). The determination of the
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TABLE 11.4 Regression Constants for Equation 11.3.

Chip Size b a

Large (>1.9-by 1.9-cmsieve)  0.5204 - 0.0295
Medium (>1.3- by 1.3-cm sieve)  0.5352  0.0220
Small (< 1.3- by 1.3-cm sieve)  0.6169 0.0124

values D.and e from these values is difficult because air temperature (and hence
density and viscosity) and packing density were not reported.

However, these literature data can be compared with our pressure drop measure-
ments made with control chipsasa function of velocity. Figure 11.19 shows the pres-
sure drop with velocity for the three sizes of chips studied by Suggs and Lanier
(1985). Data from loblolly pine control chipsin our laboratory are also shown in
Figure 11.19. Thereis excellent correspondence between our data and the data from
the literature. Although the chipsin the literature were classified into three different
size ranges, our chips were screened only to remove grossly oversized chips, pin
chips, and sawdust. Thus, our chips contained a wider size distribution, which would
lead to greater pressuredropsasthesmaller chipsfill in theinterstitial spaces be-
tween the larger chips. Differences in wood species and surface characteristics may
also account for the dlightly higher pressure drops we experienced at greater veloci-
ties.

The amount of compression has implications for the ventilation of the pile.
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Figure 11.18 Compression of 2-week treated chipswith two fungi and control (untreated)
chips. A load of 100 kPa is equivalent to a column of wet wood chips approximately 30 m
high.
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Figure 11.19 Pressure drop through a column of wood chips as a function of the velocity

of the air. The small, medium, and large chip curves are based on the correlations developed

by Suggs and Lanier (1985). The control (untreated) chip data correspond well with the

literature data.

Greater compression reduces the void spaces between the chips, thus restricting
the airflow, increasing the pressure drop, and increasing the ventilation costs. With
increasing load, the bulk density of the wood chips also increases. Figure 11.20
shows the pressure drop through the column versusthe dry packing density of the
chips. Note that these measurements wer e taken after 2 weeks of fungus growth.
The superficial air velocity was 0.88 cm/sec. When plotted against bulk density,
thereislittle differencein the pressure drop between the control chipsand the P.
subserialis - treated chips. P. subseralis is only slightly higher in pressure drop at
thisvelocity. However, chipstreated with C. subvermispora exhibited significantly
higher pressuredropsthan did the control and the P. subserialis - treated chips.
Analysis of the literature data and the Ergun Equation shows that the pressure
drop is a strong function of the velocity of air through the chips. Air at varying
velocities was blown through chipsin the small tubular reactor, and the pressure
drop was measured as a function of the velocity. Note that these much higher veloci-
ties put the airflow in the turbulent flow regime. Figure 11.21 shows the resultsfor
several trialsincluding controls and 2-week treatment with C. subvermispora and P.
subserialis. In Figure 11.21, the data have been fit to the Ergun Equation (Equation
11.4) by aleast squaresfit. The degree of fit to this equation isvery good.
Thethree controls are quite consistent, whereas the four trials of P. subserialis
and thetwo trials of C. subvermispora show some variation. This variation is proba-
bly dueto variationsin the growth patterns of the fungus near to wherethe pressure
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Figure 11.20 Pressure drop of air blown through a column of chips as a function of dry
density in the column. The density of the packed column of chips was increased by compress-
ing the chips at a constant rate of strain. The superficial air velocity was 0.88 cm/sec; the air
temperature was 22°C at the inlet the pressure was atmospheric.

drop readings wer e taken. Despite the variation, C. subvermispora - treated chips
caused significantly greater pressuredrop than did either the control or theP. subser-

ialis- treated chips. C. subvermispora produces a great deal of aerial hyphae when
grown on chips, which tendsto restrict the airflow through and around the chips.
These hyphae become visible during the second week of the incubation; and near

the end, the chips have a distinctly fuzzy appearance. P. subserialis, on the other

hand, does not produce such a large amount of hyphae external to the chip and does

not restrict the airflow as much. It appearsthat P. subserialis directsthe majority of

itsgrowth into the center of the wood chips, asreflected in the ergosterol analysis.
Ergosteral is the measurement of fungal biomass.

The experimentsdiscussed so far in regard to the pressure drop through the wood
chips dealt with completely developed growth. However, at the beginning of a 2-
week incubation, one essentially has control chips. Thus, the effect of the time since
inoculation is also a factor affecting the pressure drop. Figure 11.22 shows the pres-
sure drop through a column of chipstreated with C. subvermispora as a function of
velocity at different times during the incubation. Note that the low velocities are
primarily in the laminar flow regime. During the first 4 days, the pressure drop
increased only dightly. However, during the last week of incubation (days 7 to 14),
the pressure drop increased daily. Thisis consistent with observations made of the
fungal growth on the surface. It isonly after 5 days or so that the fungus was visible
on the surface of the chips. At the end of the 2 weeks, the aerial hyphae often
bridged between adjacent chips, causing airflow restriction.
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Figure 11.21 Pressuredrop of air blown through a column of chipsasa function of velocity

for two different fungal treatments. Shown aretwo trialswithC. subvermispora, four trials

with P. subserialis, and three control trials. The air temperaturewas 22°C and the pressure

was atmospheric.

The velocity of the air required to cool a chip pile depends on the height and the
geometry of the pile. For silo or tubular reactors, the velocity isrelatively constant
throughout the reactor s because thereis essentially a one-dimensional flow of air.
However, the flow in chip pilesistwo-dimensional and, hence, more complicated.
The velocity will vary throughout the chip pile, being much greater near the air inlet
and much lower near the free surface of the chip pile. The velocities shown in Figure
11.21 and the corresponding pressure drops are representative of the air velocities
near theinletsto the chip piles. Figure 11.23 shows the same data extrapolated to
lower velocities, which would be representative of the velocitiesin the bulk portion
of the chip pile after the air had dispersed asaresult of thelarger cross-sectional
area available for the flow. Even at these low velocities, the chips treated with C.
subvermispora produced a much higher pressure drop.

The relative cost in terms of blower energy can be estimated from the product of
the pressure drop through the pile and the volume of air being blown through the

pile. That is,

Ventilation cost a V, AP [11.8]

where V,isthe volumetric flow rate of the air and DP isthe pressure drop. P.

subserialis has two distinct advantages from an engineering point of view. First of
all, it isviable over a larger temperature range (22-39°C), thus requiring less air
for cooling. In addition, the lower intrinsic pressure drop also reducesthe overall
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Figure 11.22 Pressure drop of air blown through a silo reactor as a function of time and
velocity of theair for C. subvermispora. Most of the increase in the pressure drop occurs
after thefifth day of theincubation, at which time aerial hyphaae are visible on the surface of

the chip.

ventilation costs. Figure 11.24 showstherelative blower operation costsfor chips
treated with the two fungi. Note that this comparison does not take into account
the additional blower costsinvolved in filtering and conditioning the air; only the
pressure drop through the pileis considered. This comparison isbased on a chip
pile with a triangular cross section 20 m high and 43 m wide. The inlet air is at
27°C.

Figure 11.24 shows the relative ventilation costs as a function of the temperature
increase that isallowed through the pile. All data are shown relative toC. subver-
mispora with a 5° temperature increase, from 27 to 32°C. The graph shows control
chips (or day O treated chips) and chipstreated with the two fungi for 2 weeks. The
relative costs are compared over a 2-week incubation of the wood chips. Near the
beginning of the incubation, the chips are essentially control chipsin ther air flow
restrictions. After 2 days, the heat production increases from essentially O to the
maximum for the fungus. After 5 days, the growth of aerial hyphaeincreasesthe
pressure drop almost linearly until the end of the 2 weeks. First to be noted isthat
when morethan a 5°C temperatureincreaseis allowed, even with C. subvermispora,
thereisasignificant reduction in the ventilation cost during the last week of a
treatment. Allowing a temperature range of 27 to 33°C (a 6° temperature increase)
rzeducesthe ventilation cost to 58% of the standard. An 8° increase reducesit to

5%.

With P. subserialis, over the same temperature range of 27 to 32°C, the ventila-

tion cost is about 45% of the cost for C. subvermispora, simply because of the
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Figure 11.23 Pressure drop of air blown through a column of chipsasa function of velocity
for two different fungal treatments. Data from Figure 11.21 were extrapolated to the low
velocity.

lessened aerial hyphae that thisfungus produces. Furthermore, P. subserialis can
grow at much higher temperatures (up to 39°C); therefore, additional energy reduc-
tionsresult when the larger temperatureincreasein the pileisallowed. A 10°C
temperatureincrease further reducesthe blower coststo 15%. The combination of
the lower air volume required, because of the lower production of aerial hyphae,
and, moreimportant, the larger temperature range allowed, significantly reducesthe
ventilation cost for P. subserialis. Of course, there are additional blower resistances
present regardless of the fungus, and the levels of resistance to airflow for the two
fungi are significantly lower during the first week of incubation. However, there
will still be benefits from the use of P. subserialis.

Energy Savings in Mechanical Pulping Table 11.5 shows the energy savings
achieved at the various process scales for C. subvermispora with loblolly pine. Also
shown are the improvementsin tear strength of the resulting paper. The energy
savings achieved for thisand other fungi are discussed in detail in Chapter 10.
Near ly the same ener gy savings wer e achieved from the larger-scaletrials as have
been regularly achieved with the laboratory-scale bioreactors. Thisindicates that
the process can be scaled-up and the same benefits realized. Table 11.5 also indi-
catesthat greater energy savings can be achieved with longer incubation times, up
to 67% with a 6-week treatment. Note that even with a 4-week treatment, the energy
savings were 50% with an 80% improvement in the tear strength of the paper. The
length of the treatment ver susthe energy savingsis an economic question that will
depend on the particular situation of each mill.
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Figure 11.24 Relative blower costsfor ventilation of treated wood chipsin atriangular
cross section woodpile. The cost is calculated over a 2-week incubation time.

Chip Inoculation on a Large Scale Chips haveto be decontaminated and inocu-
lated on a larger scale than those described here. Furthermore, the decontamination
and inoculation must be done on a continuous basis and not batchwise, as has been
donein the laboratory trials. To demonstrate the operation on a continuous basis, a
treatment system was built that was based on two screw conveyers, which transport
the chips and act astreatment chambers. Figure 11.25 is an overview of the continu-
0ous process equipment. Steam is injected into the first screw conveyer, which heats
and begins to decontaminate the chips. A surge bin islocated between the two
conveyorsto act as a buffer aswell asto hold the chipsfor a sufficient time for

TABLE 115 Experimental Results from Larger-scale Reactors for C. subvermispora
on Loblolly Pine.

Process Incubation Time Energy Savings* Tear Improvement*
Scale (Weeks) (%) (%)

Large Bioreactor 2 32 45

Tubular Reactor 2 29 N/A

Silo Reactor 2 28 77

Silo Reactor 3 37 N/A
Bioreactor 4 50 80
Bioreactor 6 67 N/A

‘Percent energy savings or tear improvement calculated on basis of untreated control values.

N/A = Not Available
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Figure 11.25 Overview of a continuous treatment process for decontaminating, cooling,
and inoculating wood chips. The system isbased on two screw conveyerswith a surge bin
between them.

decontamination. Additional steam can be injected into the surge bin to maintain the
temperature of the chips. Thissurge bin may or may not berequired on an industrial

scale. From the bottom of the surge bin, a second screw conveyor removes the
chips, which are subsequently cooled with blown air in half the length of the screw
conveyor. Theair isfiltered prior to useto maintain the cleanliness of the chips. In
the remaining half of the second screw conveyer, the inoculum suspension con-

taining fungus, corn steep liquor, and water isapplied and mixed thoroughly with

the chips through the tumbling action in the screw conveyor. Because cooling air is
still moving up the conveyor, further cooling takes place throughout the entire con-

veyor. From the screw conveyor, the chips fall into the pile or reactor for the 2-

week incubation.

Two trials at the Forest Products Laboratory in Madison, Wisconsin, have suc-
cessfully implemented thisdesign at larger scales. In thefirst scale-up trial, 4 tons
of spruce wood chips were inoculated and incubated at a throughput of approxi-
mately 0.5 tons per h. At the end of 2 weeks, the chips wererefined and the same
results were obtained asthose at the laboratory scale. The design of the first success-
ful outdoor trial with the biopulping fungus C. subvermispora is shown in Figure
11.26. In thistrial, 40 tons of spruce were treated at a throughput of approximately
2 tons per h continuously for newly 24 hs. The equipment for decontamination and
inoculation is shown in Figures 11.27 and 11.28 and is based on the process diagram
shown in Figure 11.25. During the 2 weeks, the chip pile was maintained within the
temperature growth range for the fungus despite exposure to much colder ambient
conditions. At the end of 2 weeks, more than 30% energy savingswererealized in
thermomechanical pulping. These two demonstrations have verified the technology
at a scale that is within an order of magnitude of the industrial level.
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Figure 11.26 Overview of thelarge, 40-ton trial held at the Forest Products Laboratory in
Madison, Wisconsin, in October 1996. To the left of the pile are the aeration units, and to the
right isthetreatment apparatus.

SCALE-UP TO INDUSTRIAL LEVELS

In arelated development, lar ge-scale treatment of wood chipswith a fungus was per -
formed commercially in an operation known as the Cartapip " process, developed by
Sandoz Chemicals Co. (now Clariant Corporation) (Farrell et al., 1992). The Car-
tapip process removes pitch and controls unwanted colored microor ganismsthat con-
sume bleach chemicals. It differsfrom the biopulping processin that the Cartapip
fungus does not attack lignin and does not save any energy during mechanical pulp-
ing. Nor are decontamination of the chips and ventilation of the piles practiced with
Cartapip™, although these steps would probably lead to better control of the process.
Based on the simplicity of the biopulping process and the substantial benefits it con-
fers, we anticipate that the economic analysis following lar ge-scale evaluation will
be compelling. The fact that the Cartapip® process is successful shows that millsare
able and willing to insert a biotechnological step into their existing operations. A full
description of the Cartapip processisgiven in Chapter 18.

Several issues must be considered for the final scale-up to industrial levels, which
can range from 200 to 2,000 tons (dry) or mor e of chipsto be processed on a daily
basis. The larger scale with a 2-week treatment time would require the routine stor-
age of 28,000 tons of wood for a 2,000-ton-per-day plant, which is a pile 160,000
m’in volume. To put this amount of chipsin perspective, it would be a pile of chips
100 m long, 40 m wide, and 40 m high. Although some mills do store and manage
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Figure 11.27 Closeup view of the screw conveyor used for steaming in thetrial shown in
Figure 11.26. The screw conveyor picked up the chips from the hopper and transported them
to the top of the surge bin while steam was injected.

inventoriesin these ranges, others may have to make significant changesin their

wood yard operations to take advantage of thistechnology. Asis the case with most

new technology, incor porating into new construction would be much easier than

retrofitting into an existing system. However, thefirst lar ge-scale operation would
probably be a retrofit. Chip rotation hasto be controlled with a first-in, first-out

policy to maintain a consistent furnish to the pulp mill. However, this strategy is not

seen as a great difficulty for most mills, because it is currently used in inventory

maintenance.

One concern about the use of fungal treatment is the variation in different parts
of the piles. Astemperaturesin the pile vary, so doesthe efficacy of the biopulping
process. Moreover, near the edges of the piles, contamination with other microor -
ganisms may increase competition and reduce the biopulping efficacy. Theresults
of our 4-ton experiment, however, showed that the surface penetration of the con-
taminants was only 10 to 30 cm into the pile. In the 4-ton experiment, this represents
about 5% of the volume of the pile. In larger piles, where the surface-to-volume
ratio is even lower, the percentage would be even less, as was observed with a 40-
ton trial. Furthermore, untreated chipsin large industrial piles often heat to more
than 50°C because of respiration and oxidation of the wood and extractives as well
as bacterial and fungal metabolism. This natural growth in pilesleadsto variation
of the quality of the chipsthrough the pile, with the hotter center of the pilemore
affected by this growth. In addition, some of the indigenous or ganisms also degrade
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Figure 11.28 Closeup view of the screw conveyor used for cooling and inoculation for the
trial shown in Figure 11.26. As the chips travel through the screw conveyor, they are cooled
with air, mixed with the inoculum, and dumped onto the chip pile.

the cellulose in the wood, leading to pulp quality reductions and variation (Parham,

1983). With biopulping, this suite of naturally occurring organismsis being replaced

with a single lignin-specific fungusthat is grown under controlled conditions. The
single organism, together with the better control of chip pile conditions, should lead

to quality improvements.

Decontamination

Asthe scale of the project increases, construction of the equipment will probably

become much easier. On the industrial scale, equipment is available in the required

capacity ranges that will suit the purpose of this technology. For example, chip

steaming and decontamination could be easily accomplished in a presteaming vessel

similar to that used for Kamyr digesters (Smook, 1982). In thisdevice a star valve
feeds the chips to the vessel, where a slowly turning screw conveyor carries the

chips through the vessel. Alternatively, a vertical, pressurized steaming bin with

a downward flow of chips could also be used. L ow-pressure steam can be used to

heat the chipsand drive off the air. Because the vessel is pressurized above atmo-

spheric pressure, temper atures greater than 100°C can be used for the decontamina-

tion of the wood chips; these are similar to the temperatures and pressures of auto-

claving. The contained unit will also significantly reduce steam use because excess
steam does not readily escape from the system.
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With the higher temperatures and pressures, the surge bin for decontamination
time may or may not be needed. Previous work has shown that short-time steaming
with good surface exposure is effective for decontamination. However, some surge
capacity between the operations may still be desirable to isolate the effects of short-
term shutdowns and process variations in the sequence. Our current systems use a
holdup time of between 5 and 20 minutes during steaming, which is sufficient to
handlethe variation in the chip flow aswell as provide adequate decontamination
time. The amount of surge capacity will depend on the decontamination needs, oper-
ational requirements, and space availability. Again, to increase the effectiveness of
the decontamination step, the surge bin could also be pressurized to achieve higher
temperatures. It isalso possible that the surge bin could be directly connected to
the steaming vessdl, thus pressurizing as one unit. A second valve at the end of
the vessel would release the chips back to atmospheric pressure and the next opera-
tion.

Cooling and Inoculation

Cooling and inoculation will likely take place at atmospheric pressure. Millsthat
use air conveyorsto move the chipsto the storage location are well suited for incor-
poration of thistechnology. The conveying air will naturally cool the chips during
transport, thusrequiring that the inoculation be done at the end of the conveying
system and before the chips are placed into storage. Mills that depend on other
conveying methods-such as belts or screw conveyors—will probably require the
addition of some type of ventilation cooling to reduce the temperature of the chips.
In our pilot-scale work, the cooling of the chips, through ventilation in a screw
conveyor used for the transport of the chips, was very successful, reducing the
temperature of the chips from nearly 100°C to ambient conditions within 20 sec-
onds, during which the chipstraveled a distance of 2 m. Ventilation may also be
possible using belt conveyors, although this has not been tested on a laboratory or
pilot scale. Special consideration must be given to the cleanliness of the air that is
used in cooling, air conveying, and subsequent ventilation of the pile. After decon-
tamination, the chips should not be exposed to possible contamination until inocu-
lated and sent to the chip pile. The cooling air must be filtered to remove contami-
nants. However, a very ssimplefiltering system suffices for this purpose. Thefilters
used in the pilot-scale trials wer e inexpensive tilters, similar to those used in home
furnaces. In the pilot-scale trials, no contamination was detected at the bottom of
the pile near theair inlet, indicating that no significant contamination had entered
through the ventilation system.

In the pilot-scale operation, the inoculation was done in the same screw conveyer
that was used for cooling. Inoculum (together with the necessary nutrients and addi-
tional water) was applied to the chips and then mixed in the screw conveyor. At the
end of the screw conveyor, the chips were deposited into the pile. The screw con-
veyor provided sufficient mixing so that the inoculum was uniformly distributed
over the chips. The use of belt conveyors has not been explored; therefore, we do
not have information regarding the uniformity achieved by spraying inoculum on
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chips passing on a belt. However, the Cartapip® product has been successfully
applied in this fashion (Farrell et al., 1992).

Many mill chip yards are turning to radial-arm stackers and hor seshoe-shaped
pilesin order to better control chip inventory in afirst-in, first-out strategy. The
biopulping treatment would fit well into a design such as this, because the radial
arm could be located wher e the cooling and the inoculation occur, with the steaming
taking place somewher e before this step. With thistype of operation the handling
of the chipsis minimized after inoculation, thus reducing the possibility of contami-
nation. Of course, the air to different zones of the pile would require individual
controlsfor airflow rate.

Currently, it is estimated that losses of approximately 1% per month of wood
occur in outside chip storage systems (Smook, 1982). This loss is mainly due to the
blowing of fines, respiration of the wood, and microorganism activity. The blowing
of fines and sawdust, as well as microorganism growth, can also cause environmen-
tal difficultiesin the vicinity of the chip piles. Thus, indoor storage can be consid-
ered as an option for incorporating a biopulping operation into a mill. Enclosing the
chip storage operation should significantly reduce blowing dust and other environ-
mental hazards. Furthermore, better control of the environment for the growth of
the fungus could be maintained throughout the year. Enclosing the chip storage
would also allow the recovery of the heat produced by the fungus for usein condi-
tioning theincoming air. The geometry of the enclosed storage would also reduce
the blower costs. These factors could result in substantial energy savings, especially
during thewinter monthsin northern areas.

Ventilation Strategies

As shown in Figure 11.11, the temperature (and hence the heat production) rapidly
increasesduring thethird or fourth day of incubation, reaching a maximum and then
slowly decreasing during the second week. Thisisalso seen in Figure 11.16, which
shows a maximum in the heat generation rate at about the fourth day of the incuba-
tion.

We have found that a two-step ventilation strategy is very effective in managing
the temperaturein the reactors. During the initial 3 days, during which little heat is
generated, alow airflow rateis used to maintain a positive pressurein the pile. I
necessary, thisinitial airflow can also be used to maintain or adjust the temperature
of the pileto the proper range. That is, if the chips placed on the pile are too cool,
the air, which should be within the optimum growth temperature range for the fun-
gus, can be used to warm the chips.

After the third or fourth day, the airflow isincreased to a higher level to remove
the heat from the pile. The inlet air should be at the lower range of the fungus, and
therate of airflow just sufficient that the maximum temperature of the chipsis near
the upper limit for the fungus. Experience will verify the proper airflow rate, and
changes can be made as the increase in temperature is detected. More complex air-
handling strategies can also be envisioned. For example, therate of airflow could
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TABLE 11.6 Operating Costs and Energy Savings for a 200 Ton/Day Biomechnical
Mill.

kW -h/ton $/ton @ 0.05 $/kW-h

Power Cost
Main blowers 27-44 1.35-2.20
Other 7 0.35
34-51 1.70-2.55
Steam Cost 10°BTUfton  $/ton @ 2.0 S/10°BTU  $/ton @ 6.0 $/ 10°BTU
Decontamination 0.48 0.96 2.88
Air precondioning 0.36 0.72 2.16
0.84 1.68 5.04
Inoculum Cost $/ton
0.30-1.00
Refiner Savings kW -h/ton $/ton @ 0.05 $/kW-h
25-30% 375-600 19-30

be controlled to achieve a certain temperature in a key location in the pile or to
maintain the maximum temperature in the pile below a certain value. Of course, the
lengthy time delays between the control action and the changein temperature will
have to be considered in setting up this system.

PROCESS ECONOMICS

The economic benefits of the biopulping process have been evaluated based on the
process studies and engineering data obtained to date. The economic benefits gained
through use of the processresult from the following effects.

Refiner Energy Savings

The electrical power savings as aresult of the chip fungal treatment are shown in
Table 11.6. This represents a primary source of savings for the process and has
been well quantified experimentally. The savings (2-week treatment) should be a
minimum of 25% under wor st-case conditions of wood species and minimal process
control, whereas 30% is typically expected. Savings are shown in Table 11.6 for an
average power cost of 0.05 $/kW h. Rates often vary substantially with time of day
or magnitude of peak usage. In these circumstances, the cost benefits of refiner load
reduction could be even greater.

The reduction in power requirement has a further consequence that could be
of great significance for some mill sites. Mills that are currently throughput-
limited because of refiner power limits may assign substantial value to there-
moval of bottlenecks provided by biopulping.
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Furnish Blend Advantages

The biopulping process affects the resulting refiner mechanical pulp properties,
mainly through improved strength. This is advantageous in some common mill sce-
narios; for instance, where the product pulp is a blend of kraft, TMP, and ground-
wood. The kraft component is used to impart strength and is more expensive than
the TMP and groundwood components. The improved strength of the treated pulp
would allow the required strength in the blend to be achieved with a lower percent-
age of kraft pulp, and a higher percentage of bio-pulp and/or groundwood. For
example, a 50/30/20 blend of kraft/TM P/groundwood might be replaced by either a
40/40/20 or a 40/30/30 blend. The exact blend in any application will have to be
optimized to ensurethat all product specifications are met. The lower cost of the
bio-pulp and groundwood components relative to kraft could produce substantial
savings. This could also remove a bottleneck in mills that are kraft-production lim-
ited, because total blended pulp rates could be higher for a given production rate of
thekraft pulp component.

Environmental Advantages

The biopulping process itself is very benign environmentally. Only benign materials
are used, and no additional waste streams ar e generated. Biopulping chip storage is
mor e car efully contained. I n some cases, required kraft pulp production might be
reduced. Such featuresarein addition to the substantial amount of energy conserved
by the process.

These advantages may be compared with the costs associated with implementing
and operating the biopulping process. A preliminary assessment was conducted in
the case of a 2-week treatment with aflat pile geometry, which isafeasible, although
not necessarily optimized, configuration. The scenario pertainsto year-round opera-
tion in a northern climate; a southern climate scenario would show somewhat lower
costs because of some reductionsin containment and air-handling requirements.

Theresults, presented in Tables 11.6 through 11.8, are based on a 200 ton/day
(dry weight basis) throughput scale. Operating costs per ton should not depend sig-
nificantly on the scale. Although there should be further savingsin the capital re-
quirements (per ton/day) for larger throughput, their extent isnot certain at this
stage of evaluation. Conservatively, the capital requirements are scaled linearly with
throughput.

Table 11.6 summarizes utility savings and requirements. The range of blower
power requirementsreflects the differences between fungi. The cost of low-pressure
steam may be quite site dependent, and two values ar e given to indicate a range.
Table 11.7 summarizes estimates of the fixed and working capital requirements.

Table 11.8 summarizes the economic evaluation; it shows the cumulative ex-
tremes of the rangesin the preceding tables. The net savings ranges from 10 to 26
$/ton, with an estimated capital investment requirement of $2.5 x 10°. Simple rate-
of-retum numbers are also shown. Although the high end of the savingsrange is
probably optimistic, thelow end isalmost certainly over pessimistic. In round fig-
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TABLE 11.7 Capital Costs for a 200 Ton/Day
Biomechanical Pulping Mill.

10°%
Site construction 0.45
Equipment
Steaming 0.35
Blowers 0.35
Air precondioning ) 0.58
Other 0.12
Total 1.50
Other contingency 0.37
Inventory @ 10 d add. 0.30
Total 2.52

ures, net savings of at least 10 $/ton, and a simple annual rate of return (ROR) on
capital of at least 25%, are likely.

The numbersgiven aretheresult of a preliminary study and ar e subject to appro-
priate qualifications. Even so, a good deal of processresear ch has been conducted
to establish the operating costs and savings. The capital cost estimate is subject to
some variability, in particular the costs associated with integrating the new facility
into an existing site. Nevertheless, the ranges shown in Table 11.8 indicate that
the biopulping process should more than pay for itself based on utility saving
alone.

It isimportant to remember that the process economics summarized in Table 11.8
represent only part of the overall economic impact of the process. The additional po-
tential advantages mentioned, concerning furnish blend economics, removal of bot-
tlenecks, and environmental considerations, can strongly augment the overall eco-
nomics of the process. These advantages are not quantitatively analyzed here because
they are site-specific in their particulars. However, the economics associated with
them may be quite significant, and they must not be overlooked. Silo-based systems
also have to be considered more thor oughly from an economic standpoint.

TABLE 11.8 Economic Summary for a 200 Ton/Day
Biomechanical Mill.

Operating costs (8.59)<3.68) S/ton
Refiner savings 19-30 $/ton
Net savings 10.41-26.32 $/ton
Capital costs 2.52% 108 S
Savings simple ROR 0.29-0.72

Savings @ 0.15 ROR 4.96-20.87 $/ton
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CONCLUSIONS

Our engineering and economic analyses indicate that the biopulping processis tech-

nologically feasible and economically attractive. Instrumented and insulated biore-

actors constructed to mimic commer cial-size chip piles have provided data on heat

buildup and the rate of fungal action. On a pilot-scale level, methods for surface
decontamination of wood chips, cooling, fungal inoculation, and controlling temper -

ature and moisture throughout the chip bed, using conditioned air, have been devel-

oped. A complete process flowsheet has been established for commercial operation

and tested on a pilot scale. Based on the electrical energy savings alone, the process
appearsto be economically feasible. The additional benefits of biopulping—better
quality pulp, greater throughput, and environmental improvements-enhance the
economic picture for thistechnology. Two different fungi were investigated here for

biopulping efficacy. Although they produced similar resultsin regard to the energy

savings during mechanical pulping, differences between the growth patterns of the
two fungi could have a significant effect on the economic analysis.

Four-ton and 40-ton trials, in which the decontamination of chips, subsequent
cooling, and inoculation were performed sequentially in screw conveyors, provided
us results similar to those obtained using laboratory-scale bioreactors.

Although a great deal of work hasbeen performed over the past nine yearsto
bring the biopulping technology to this point, many questions remain. The most
basic concern isthe mechanism of biopulping. It appearsthat the two biopulping
fungi discussed in this chapter have different mechanismsin their action on wood
chemistry and structure. AlthoughC. subvermispora has a distinct softening effect
on chips, P. subserialis does not soften the chips as much, but still resultsin essen-
tially the same ener gy savings with mechanical pulping. An under standing of the
mechanism should facilitate the optimization of the process for both mechanical and
chemical pulping.

A better understanding of the decontamination process is also needed. Steaming
has been very effectivein reducing the contaminant toad to allow the colonization
of the chips by the biopulping fungus. However, an under standing of the time and
temperature relationships in decontamination would greatly improve optimization
of the process. More aggressive biopulping fungi would reduce the need for the
initial decontamination step. However, an initial decontamination would still be ben-
eficial, because the reduced competition increases the efficacy of the biopulping
fungus. Larger-scale trials, in conjunction with pulp and paper mills, are needed to
further confirm the economic feasibility of biopulping.
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