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Temperature control in solid substrate fermentation
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Abstract. A laboratory-scale system for controlled dy-
namic solid substrate fermentation was developed and
tested. The fermentation takes place in a stainless steel
discontinuously rotating drum reactor, under con-
trolled conditions of temperature, gas composition, re-
lative humidity and direction and rate of rotation. The
system was tested on a model fermentation of soya
beans with Rhizopus oligosporus. In contrast to the
traditional tempe fermentation, a granular product is
obtained and build-up of heat and mass gradients is re-
stricted. Despite the discontinuous rotation, the fungal
growth continues, as evidenced by the production of

heat. The rate of cooling depends on the temperature

of the gas flushed through the reactor, the gas flow rate
and the length of the rotation period. As a conse-
quence of the homogeneous temperature control, the
fungal heat development continued up to 70 h of fer-
mentation. This is in clear contrast with the traditional
tempe fermentation, which is already limited after 36 h
by its own heat accumulation.

Introduction

Tempe is a traditional Indonesian food in which fungi,
particularly Rhizopus spp. play an essential role. Yel-
low-seeded soya beans are the most common and pop-
ular raw material (Nout and Rombouts 1990). The
equipment required for daily production capacities of
7-1800 kg has been described by Shurtleff and Aoyagi
(1980). When scaling up the production by increasing
the fermentor size, problems can be expected due to
accumulation of metabolic heat [14960 BTU/kg dry
solids (1 BTU=1054 J) (Mudgett 1986); 2514 kJ/kg of
fermented solids (Aidoo et al. 1982)]. Consequently,
the temperature within a bed or package of tempe may
rise 10-16°C above that of the environment. A steep
temperature gradient of 3°C/cm bed thickness during
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active growth has been reported in a fermentor em-
ploying a bed height of 6.5 cm (Rathbun and Shuler
1983). The availability of O, is determined by diffu-
sion, which in turn is determined by porosity, particle
size and consistency of the substrate (Alvarez-Marti-
nez 1987; Mitchell et al. 1988). Due to these limitations
to mass transfer, O, levels decreased to approximately
2% (v/v) and CO, increased to 22% (v/v). However at
1-6.5% (viv) O,, rapid fungal growth still occurred
(Rathbun and Shuler 1983), implying that the O, levels
measured in tempe would not be growth-limiting,

A change in the reactor configuration can improve
the process. Instead of a static packed bed, we devel-
oped a rotating drum reactor (RDR). The use of
RDRs has been recently reported for the production
of, for example, ethanol (Kargi and Curme 1985; Wei-
land and Scholz 1990), ochratoxin (Lindenfelser and
Ciegler 1975), enzymes (Silman 1980), spores (Lar-
roche and Gros 1986), koji (Mudgett 1986) and for the
cultivation of plant cells (Shibasaki et al. 1992).

Some authors consider that the rotation of a fer-
mentation medium would have a negative effect on
growth and sporulation (Cannel and Moo-Young 1980;
Silman 1980). According to Smith and Aidoo (1988)
the main disadvantage of RDRs is that the useful space
for fermentation is only approximately 30% of the to-
tal drum volume,

In contrast to research on submerged fermentation,
there are no commercial laboratory-scale systems
available for solid substrate fermentations. Conse-
quently, we developed a device that can be used for
studies on solid substrate fermentations. This paper
describes an RDR system with advanced measurement
and control features, and illustrates the temperature
control in a solid substrate fermentation based on the
tempe model.

Materials and methods

Organism. Rhizopus oligosporus LU 575 NRRL 5905, classified
as R. microsporus var. oligosporus was grown for 7 days at 30°C
and maintained on malt extract agar (Oxoid, CM 59). Sporan-
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Fig. 1. A cross-sectional view of the rotating drum reactor: 1, mo-
tor; 2, stainless-steel drum; 3, wiper; 4, sample port; 5, static wall
with sensors; 6a/b, glas in- and outlet, respectively

Fig. 2. Schematic view of the gas flow system: I, mass flow con-
troller valves; 2, rotameters; 3, humidifier; 4, on-line relative hu-
midity measuring unit; 5, rotating drum reactor

giospore suspensions were obtained by scraping the sporangia off
the agar and suspending them into sterile distilled water + 0.1%
(v/v) Tween 80. The viable count varied between 5x 10° and 108
colony-forming units (cfu)/ml.

Reactor and sensors. Experiments were carried out in a RDR as
depicted in Fig. 1. The RDR had an inner diameter of 20 cm and
a length of 15 cm resulting in a 4.7 volume.

The reactor consisted of two stainless steel main parts, namely
the rotating drum itself and the static wall, which includes
welded-in sockets for.the sensors. Two Pt 100 O-sensors with a
diameter of 3 mm (Tempcontrol, Voorburg, The Netherlands)
were used to measure the temperature, one situated in the sub-
strate and the other in the headspace of the reactor. An autoclav-
able O, probe (diameter 25 mm, length 70 mm, Ingold, Urdorf,
Switzerland) was placed in the headspace, and was calibrated un-
der process conditions prior to the start of the fermentation. A
non-autoclavable probe for relative humidity (1400, Rotronic,
Bassersdorf, Switzerland) with a built-in Pt 100 {)-sensor was
placed in the headspace after autoclaving. The RDR was used in
a temperature-controlled incubator. In order to prevent beans
from sticking to the wall, the rotation was supplemented by a
sweeping action. This was achieved by a wiper consisting of
spring-loaded horizontal and vertical parts. During fermentation,
homogeneous samples could be obtained, after rotation, through
the sample port.

Gas flow system. Humidified air was provided through the gas
inlet tube. The outlet was connected to an O, and CO, analyser
(Uras 3, Hartmann and Braun, Frankfurt-am-Main, Germany).
The relative humidity of the ingoing gas was controlled by mixing

a water-saturated flow and a dry gas flow. The relative humidity
was measured in the gas stream before the gas inlet. The gas com-
position could be controlled using four mass flow controllers (10,
100, 1000 and 2000 sccm, Type 1259B, MKS Instruments, Miin-
chen, Germany) and one multi-gas controller (147, MKS Instru-
ments, Minchen, Germany) (Fig. 2). Gas of desired composition
could be produced by mixing O,, CO,, N, and air, with flow rates
varying from 0 to 3 I/min and relative humidity levels ranging
from 50 to 100%.

Measurement and control system. All sensors were linked to a
computer-controlled measurement and control system consisting
of hardware formed by a distributed controller (WDCS 6000,
Analog Devices, Oosterhout, The Netherlands), controller soft-
ware (FIXDMACS 1.3, Intellution, Norwood, Mass., USA) and a
personal computer (Vectra  QS/16S with 80387 co-processor,
Hewlett Packard, Grenoble, France). The rotation speed (0-30
rpm), direction (forward/reverse) and duration could be pro-
grammed and controlled by FIXDMACS programming blocks,
but manual intervention was also possible. The process data were
stored on a hard disc prior to analysis (plotting, ASCII transfer to
Lotus, etc.).

Fermentation process. Yellow-seeded soya beans (Glycine max)
were dehulled by dry abrasion and soaked overnight with accel-
erated acidification (Nout et al. 1987). Subsequently the beans
(pH soak water <4.2) were washed with tap water and boiled for
20 min, cooled and superficially dried (15-30 min, at room tem-
perature). The RDR was autoclaved for 20 min at 121°C, before
filling it with inoculated soya beans (1 kg/run). After inoculation,
beans were transferred to the previously autoclaved and cooled
RDR.

Results and discussion
Effect of aeration

One way of preventing high substrate temperatures is
to use forced evaporation to absorb the metabolic heat
generated. The degree of evaporation may be con-
trolled by the flow rate and the relative humidity (RH)
of the gas (Barstow et al. 1988). According to Ryoo et
al. (1991) mixing dry and wet gas achieves better con-
trol of evaporation than increasing the gas flow rate. In
addition to heat removal, gas flow may serve to control
the composition of the atmosphere in the reactor. Ini-
tially we used compressed air as the aeration gas since
it is cheapest. To simulate the situation in a traditional
static fermentation we tested the effect of air flow in
the substrate temperature in the RDR at stand-still.
Different flow rates (0, 0.25, 0.5, 0.75, 1, 1.5 and 2 V/
min) with moisturized air (RH 95%) were used. The
substrate temperature showed a similar pattern as the
growth curve for fungal biomass including a lag phase,
an exponential phase and a stationary or autolytic
phase with concomitant temperature decrease.

In Fig. 3 the substrate temperature during a static
fermentation with an air flow rate of 1 I/min is present-
ed. Table 1 summarizes results with air flow rates rang-
ing from 0.25 to 2.00 Vmin. This table shows that flow
rates <0.75 /min were limiting to the metabolic activi-
ty. The highest temperatures were reached with air
flow rates of between 0.75 and 1.5 /min. Due to heat
removal the temperature of the gas increased by 3-4°C.
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Fig. 3. Development of substrate temperature in the rotating
drum reactor during static and discontinuously rotated fermenta-
tions with air gas flow of 29°C, 95% relative humidity at 1 l/min
and surrounding temperature of 30°C: , discontinuously ro-
tated, rotation temperature (7r)=34°C and rotation period
(t,) =1 min; ——-, static; , discontinuously rotated, rota-
tion temperature (Txr)=36°C and rotation period (f,) =1 min

Flow rates exceeding 1.5 I/min resulted in lower tem-
peratures due to increased heat removal.

Effect of rotation temperature and rotation period

The aim of rotation was to minimize heat and mass
transfer limitations and to create a homogeneous prod-
uct by breaking the tempe mass into smaller particles.
Several authors reported that rotation of fermentation
media would have a negative effect on growth and spo-
rulation (Cannel and Moo-Young 1980; Silman 1980).
One of our aims was to investigate whether growth in-
hibition would occur as result of discontinuous rota-
tions. An advantage of discontinuous over continuous
rotation would be that less energy is required for rota-
tion and that the fungal mycelium would be exposed to
a minimum of shear. In principle, a.compromise be-
tween maximum growth (minimum rotation) and mini-
mum temperature gradients (maximum rotation)
would be required.

Table 1. Influence of air flow on the temperature of substrate and
gas in the reactor during a static fermentation in the rotating
drum reactor
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Fig. 4. Detailed view of the temperature pattern during discontin-
uously rotated fermentation: 7, rotation temperature (°C); Trs,
temperature at end of rotation period (°C); ¢, cycle period (h); £,
Tr_TRS

<t

rotation period (h); e, slope

One may programme the discontinuous rotation ac-
cording to a pre-defined timescale. However, due to
variations in the lag phase, the actual start of the active
growth is difficult to predict. Consequently, we chose
to couple the rotation programme directly to the actual
fungal metabolic activity as indicated by the substrate
temperature. ’

Due to the mixing with gas of a lower temperature,
the substrate temperature is reduced to Trs (Fig. 4) at
the end of rotation. During subsequent stand-still the
substrate temperature increases again to Tw. The rate
of temperature rise could be expressed as slope « (Fig.
4). A

To achieve adequate size reduction of the block
formed, rotation into both reverse and forward direc-
tions was required. A rotation scheme in which the ro-
tation temperature (7R), rotation rate (rpm), rotation
direction and rotation period (z) were defined in a
programme block of the FIXDMACS programme is
shown in Table 2. There was no rotation during the lag

Table 2. Rotation scheme as defined in a programme block of
FIXDMACS for an experiment with a rotation temperature (Tg)
of 34°C and rotation period (z,) of 1 min

Flow rate Tinax Tax Temperature -
substrate gas slope® Step Event Rotation rate Rotation time
(I/min)® €S O (°C/h) (rpm) ()
025 29.41 28.98 0.22 1 If T >34°C GOTO step3 0 0
0.50 39.26 32.41 1.06 2 GOTO step 1 0 0
0.75 45.56 34.91 221 3 Rotate forwards 6 7
1.00 44.61 34.34 1.81 4 Rotate backwards 4 7
1.50 45.41 33.74 1.76 5 Rotate forwards 6 7
2.00 40.75 33.69 1.53 6 Rotate backwards 4 7
7 Rotate forwards 6 32
® Maximum rate of temperature increase during the active 8 GOTO step 1 0 0
growth phase Total: 60

® Relative humidity of air flow = 95%; surrounding temperature
= 30°C; temperature of gas at inlet = 29°C

Tsap =substrate temperature
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Table 3, Temperature control during discontinuous rotated fer-
mentation in a rotating drum reactor flushed with air of 29°C,
95°C relative humidity, at 1 Vmin for different rotation tempera-
tures and rotation periods

Rotation Rotation Temperature Cycle  Average
temperature period drop time Slope «
Tr L Tr—Tys I (Tr—Trs)/(t.—1,)
C) (min)  (°C) (min)  (°Cth)
32 1 0.36+0.12 97 28

32 5 0.30£0.11 16+9 1.4

34 1 0.92+0.22 39+11 1.5

34 5 2.09+0.80 83+651.2

36 1 1.17+0.41 40%£13 1.8

36 5 2314042 73+36 1.9

38.5 1 2.91+0.46 39+11 5.8

38.5 5 3.69+0.58 142+81 23

41 1 3.03+£0.43 36x15 5.7

Surrounding temperature =30°C

phase. As a result of spore germination and growth,
the substrate temperature was allowed to increase until
the defined rotation substrate temperature (7g) was
reached (Fig. 4).

Table 3 summarizes the temperature fluctuations
obtained at rotation temperatures ranging from 32°C
to 41°C and rotation periods of 1 and 5 min. Air of
95% relative humidity and 30°C was put through at 1
I/min. With increasing rotation temperature and rota-
tion periods, the temperature difference Tx — Trs in-
creased. This was due to the similarly increasing differ-
ence between Tk and T, and the increased exposure
to the gas, respectively. An increase of ¢, from 1 to 5
min resulted in almost all cases, except at T 36°C, in a
decrease of a. This effect may have been caused by in-
creasing damage of mycelium by longer rotation. In
addition, the stronger cooling effect of prolonged rota-
tion could also influence a. We did not investigate the
pure effect of prolonged rotation on mycelium disrup-
tion. However this could be done by ensuring a con-
stant difference between the temperature of the in-go-
ing gas and the substrate temperature in order to avoid
the effect of cooling at increased ¢,.

In Fig. 3 the temperature curves at Tz=34°C and
Tr=36°C both with #,=1 min are illustrated together
with the temperature curve of a static fermentation in
the same reactor at the same air flow (1 I/min, 30°C,
95% RH).

In the traditional static tempe process, the substrate
temperature regulates the growth of the mould. Figure
3 shows that at a maximum substrate temperature of
44°C, growth was strongly inhibited and the accumu-
lated heat was dissipated slowly, resulting in a decrease
of the substrate temperature beyond 36 h of incuba-
tion. In the RDR the slope («) increased gradually to a
constant level and could be maintained until the chem-
ical composition of the substrate became inhibitory,
probably by substrate limitation. The slope « increased
with higher rotation temperatures (7r); whereas the
maximum slope during the static process was 1.8°C/h
(Table 1, 1 Vmin), the slope a in the dynamic process

was maximum (5.8°C/h) at Tr =38.5°C. The increase of
the temperature slope (o) resulted from two effects,
namely firstly the production of metabolic heat, which
we assume to be maximal at the optimal growth tem-
perature (approx. 37°C), and secondly the levelling of a
temperature gradient within the beans, which was
created by the cooling effect during rotation. As a con-
sequence of the homogeneous temperature control,
the fungal heat development continued for up to 70 h
of fermentation. This is in clear contrast to the tradi-
tional tempe fermentation, which was limited already
after 36 h by its own heat accumulation.

The avoidance of uncontrolled and stormy heat ac-
cumulation with consequent excessive and limiting
temperatures opens interesting prospects for increas-
ing the efficiency of substrate modification in fungal
solid substrate fermentations.

Compared with rotating drum systems described
elsewhere (Silman 1980; Kargi and Curme 1985; Lin-
denfelser and Ciegler 1975; Shibasaki et al. 1992),
which operate under fixed conditions for temperature,
rotation speed and air flow rate and which do not have
options for data logging or computer control, the pres-
ent system has a number of advantages. In addition to
measurement and control of multiple parameters, the
set values and actions can be activated by the process
itself, e.g. temperature activated rotation as in Table 2.
The optimization of tempe processes requires investi-
gation of the kinitics of substrate modification under
defined and controlled conditions. This is presently be-
ing studied.
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