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Estimating the heat generation rate in a forced-aeration composting 
process by measuring temperature changes 
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Abstract 
Knowing the rate of heat generation is useful when trying to understand the composting reaction 

rate. In this study, we conduct several experiments in composting with forced aeration, using a small, 
cylindrical reactor, and propose a practical method for estimating the heat generation rate. This simple 
method does not involve highly technical measurements but applies only the temperature measured in 
the compost materials to heat and moisture balance equations. The heat generation rates estimated us-
ing this method agree well with the results estimated from oxygen consumption rates. The amount of 
biologically decomposed organic matter also agrees well with the measured results. Therefore, the va-
lidity of this method is confirmed. Although it is necessary to confirm that this method is applicable 
irrespective of the type of organic compound, it is useful as a basic experimental procedure to exam-
ine the decomposition characteristics of the targeted organic wastes. 

Key words: Composting, Heat balance, Moisture balance, Oxygen concentration, Reaction heat 
with organic decomposition. 

 
 

1. Introduction 

Composting is a method of waste recycling and is an 

agricultural application of unutilized resources (e.g., 
Yukishitsusigenka-suishinkaigi, 1997; Kimura, 2003). 
Although any type of organic material can be used for 
composting, it is difficult to present a detailed mathe-
matical model for the composting process, because it 
involves a complicated phenomenon, that is, a micro-
bial chemical reaction. As compost is a dispersed me-
dium comprising of solid, liquid, and gas phases, an 
exact prediction of the reaction rate based on a repre-

sentative elementary volume (REV) scale (Bear and 
Bachmat, 1991) is important to aid in the design of 
composting equipment from an engineering viewpoint. 
With the rapid development of gene detection tech-
niques, microbial group analysis of composting has 

recently come to be conducted (e.g., Inoue, 2003; 
Tang et al., 2007; Wakase et al., 2008). Nevertheless, 
information on the diversification of reaction materials 
and microbes is insufficient, and so it is difficult to 

quantitatively estimate the overall reaction rate on a 
REV scale. Therefore, indirect methods based on tem-
poral and spatial variations of state variables, such as 
temperature and concentration, might be effective for 
understanding the overall reaction property in a REV. 
The rate of heat generation in a reaction vessel is req-
uisite information to obtain the reaction rate. 

In a laboratory-scale, non-stirred reaction vessel, the 
conditions of temperature and concentration vary spa-
tially. Therefore, to obtain the rate of heat generation, 
it is appropriate to use an estimation method that ap-
plies the observed temperature in the reaction vessel to 
a model equation. 

Thus far, there have been several studies conducted 
on heat balance models for composting processes, such 

as Finger et al. (1976), Nakasaki et al. (1987), Kaiser 
(1996), Stombaugh and Nokes (1996), Das and 
Keener (1997), VanderGheynst et al. (1997), and 
Seki (2002). However, only two of these studies have 
been published for estimations based on the heat bal-
ance method. One is a back-calculation method using 
the analytical solution of the heat conduction equation 

for a non-aerated static composting process (Seki and 
Komori, 1983, 1984), and the other is based on the 
results of experiments conducted in a very small-scale 
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reactor (Iwabuchi and Kimura, 1994). Since practical 
composting processes typically involve aeration, air 
convection must be considered, and a method using the 
model equation corresponding to the air flow is there-
fore required. Although the model proposed by Iwabu-

chi and Kimura (1994) considers air entering and 
leaving, it is only applicable to a small reaction vessel 
with a volume of 1 l. Moreover, the model assumes 
that temperatures are spatially uniform and does not 
consider spatial temperature variations. In general, 
spatial non-uniformity of temperature and material 
concentration is inevitable with an increase in the vol-
ume of the compost container. 

We conducted composting experiments using a 
small cylindrical vessel with forced aeration. Based on 
these experiments, we proposed a method for estimat-
ing the heat generation rate by applying the tempera-
ture measured at any point within the compost contain-
er to heat balance equations for a finite difference rep-
resentation. Because this method deals with compost-
ing under condition of forced aeration, it will be 
worthwhile and useful to apply it to the actual system 
design of the composting process. 

2. Theory 

2.1 Heat and moisture balance equations 
As pointed out in the introduction, the temperature 

and concentration of compost materials are spatially 
non-uniform. In this case, composting phenomena are 
non-linear with respect to temperature, and so it is 
incorrect to express the spatial average heat generation 
rate or reaction rate as a function of spatial average 
temperature and concentration. Therefore, we derived 
spatially differential-type shell balance equations for 

heat and moisture, and obtained the spatially different 
heat generation rate by applying heat transfer analysis. 

To derive a heat balance equation for a compost 
container, we set the following assumptions: 

1) The temperature of the moist solid phase - both 
solid and liquid parts, is equal to that of the gase-
ous phase because of a very low gas flow rate. 

2) The gas flow rate through the compost bed is con-
stant. 

3) Physical properties (heat capacity, thermal conduc-
tivity, and density) of the mixed compost materials 
do not vary. 

4) Spatial variation of the physical and chemical 
properties of the mixed compost materials in the 
horizontal direction r is small compared to the var-
iation in the vertical direction z. 

Under the above assumptions, a shell balance of 

thermal energy within a small increment of z, z, dur-
ing an infinitesimal time increment t is shown in Fig. 
1. In the figure, the calculation uses the temperature of 

the mixed compost materials (T); the atmospheric air 
temperature (Ta); the inner radius of the compost con-
tainer (Rv); the specific heat of the mixed compost 
materials (C); the density of the mixed compost mate-
rials (); the effective thermal conductivity of the 
mixed compost materials (K); the specific heat of the 
ambient air (Ca); the density of the aerated air (a); 
the airflow rate averaged over the cross sectional area 

of the compost bed (u); the overall heat transfer coef-
ficient at the side wall of the compost container (U); 
and the apparent rate of heat generation(RH), where RH

＝the actual heat generation rate-the heat consumption 
rate with water evaporation. Following the law of con-
servation of energy, we obtain the following: 

Fig. 1. Shell balance of thermal energy within a small increment z. 
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[1]＝[2]＋[4]-[3]-[5]＋[6]＋[7], 
where terms [1]-[7] are as follows: 

[1]: accumulation  CR
2zT 

[2]: flow-in by advection CaauR
2[T]zt 

[3]: flow-out by advection CaauR
2[T]z+zt 

[4]: flow-in by heat conduction 
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[6]: heat generation  RHR
2zt 

[7]: heat loss from the side wall of the compost con-
tainer 

   2RzU(T-Ta)t. 
Substituting each term in the above relationship and 

dividing it by Rv
2zt , the following basic heat trans-

fer equation is obtained as the increments z and t 
approach zero: 
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 (1) 

where RH is given by the equation: 

LEQR HHH   (2) 

which uses the actual heat generation rate (QH), the 
water evaporation rate in the vessel (EH), and the la-
tent heat of water evaporation (L). 
The exact details of the boundary conditions for heat 

and mass transfer are somewhat subtle for a tubular 

reactor (Himmelblau and Bischoff, 1968) such as the 
compost container used in our experiments. Therefore, 
instead of setting the boundary conditions at both ends 
of the compost container, we set the conditions for the 
continuously measured temperature results at internal 
points that were 0.03 m away from both ends of the 
container. These measured temperature results vary 
with time. 

On the other hand, Fig. 2 shows a shell balance of 
moisture in an elementary volume within the time in-

terval t. In the figure, the calculation uses the free air 
space in mixed compost materials (), molar fraction 
of moisture in free air space (XH), water vapor diffu-
sivity in free air space (DH), and the volume-based 
moisture evaporation rate (EvH). 

Following the law of conservation of mass, we ob-
tain the following: 

[1]＝[2]＋[4]-[3]-[5]＋[6], 
where terms [1]-[6] are as follows: 

[1]: accumulation  XHR
2z 

[2]: flow-in by advection uR
2[XH]zt 

[3]: flow-out by advection uR
2[XH]z+zt 

[4]: flow-in by diffusion 
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Fig. 2. Shell balance of moisture within a small increment z. 
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[5]: flow-out by diffusion 
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[6]: internal generation  EHR
2zt. 

Substituting each term in the above relationship, divid-

ing it by Rv
2zt, the following basic water vapor 

transfer equation is obtained as the increments z and 
t approach zero: 
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2.2 Derivation of the equation used to estimate the 
heat generation rate at any point in the vessel 

Considering that pores of free air space in the mixed 
compost materials packed in the vessel are small and 
the air velocity is slow, we set the following assump-
tions: 

1) The water vapor in the pores and the water in con-
tact with this water vapor are in equilibrium. 

2) Relative humidity is more than 0.94 in the microbi-
al growth stage (Fujita, 1993), which is approxi-
mately equal to the maximum value of 1, so that 
the activity of the water in contact with the water 
vapor can be taken as 1. 

According to the above assumptions, the volume-
based water evaporation rate EvH is a function of T 
alone and is formulated using the procedure mentioned 
as follows: 

First, the activity of the components of the ideal gas 
is numerically equal to the partial pressure expressed in 

standard atmosphere (atm) units (Uematsu et al., 
1982), and the partial pressure is equal to the molar 
fraction because the total pressure is 1 atm in this study. 
Therefore, the equilibrium constant between the liquid 
water in the mixed compost materials and the neigh-
boring water vapor Keq is given as: 

H
H

eq X
X

waterliquidofactivity

vaporwaterofactivity
K 

1
 

 (4) 
The latent heat of water evaporation L is 2450 Jg-1 at 
20℃ and 2360 Jg-1 at 60℃, that is, it has a maximum 
difference of only 4％. Therefore, if L is regarded to be 
constant, that is, independent of the temperature varia-
tion of the experiment, then Keq is dependent only on 
temperature and is given as: 
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where Hv
0 (＝L×molar mass of water) represents 

the molar latent heat of water evaporation (4.33×106 
Jmol-1), R represents the gas constant (8.314 Jmol-1 K-1) 
and K0 is a constant (1.22×106 [-]). This equation is 
obtained by integrating the van’t Hoff equation (At-
kins and de Paula, 2006). 
Substituting Eq. (5) in Eq. (3) and rearranging the 
resulting equation, we get the following equation for 
EvH: 
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 (6) 
The product of the saturated water vapor density 
vs(T) {(273/T) (MH/22.4)} and EvH gives the mass-
based water evaporation rate EH [kgm-3 h-1] as shown 
below: 
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 (7) 
Substituting Eq. (7) in Eq. (1) and rearranging the 
obtained result, we get the equation for the actual heat 
generation rate QH, which is composed of only temper-
ature T and its derivatives ∂T/∂t, ∂T/∂z, and ∂2T/∂z2, 
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The derivatives (∂T/∂t)i, (∂T/∂z)i, and (∂2T/∂z2)i are 
expressed by the finite difference representation as 
follows: 
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where T(i) and T′(i) indicate the measured tempera-
ture at the point i (1, 2, 3, …10, interval z) at time t 
and t＋t, respectively. 
By substituting the abovementioned measured temper-

ature results in Eq. (8), we obtain the value of the rate 
of heat generation QH at any point i from the initial 
situation. 

3. Experiment 

3.1 Raw materials and thermophysical properties of 
mixed compost materials 

In this experiment, the main substance in the organic 
materials mixture used for composting was rice bran. 
Chicken manure and sawdust were used for condition-

ing the carbon/nitrogen (C/N) ratio and water content. 
Table 1 shows the mixing ratio, C and N contents, and 

the moisture content (wet mass base) of the raw mate-
rials. The tip size of sawdust was adjusted to ≤2 mm by 
sieving to achieve a good mixing condition of the raw 
materials. 

The values of the C/N ratio and moisture content 

were set to about 30 and 60％, respectively, which are 
known to be optimal for composting (Kubota and Ho-
sono, 1977), and the density was set to 500 kgm-3. 
Table 2 shows the values of moisture content, C and N 
contents, and C/N ratio for the mixed compost materi-

als. The free air space  of the mixed compost materi-
als was 0.57, which was large enough for aeration. 

Thermal conductivity was 2.1 kJ m-1 h-1 K-1, which 

had been measured by the steady-state condition meth-
od. Specific heat was obtained following an empirical 

equation correlated to the moisture content (Seki and 
Komori, 1983). 

3.2 Experimental apparatus and method 
The compost container is an acrylic resin vessel, 

0.022 m3 in volume, with an inner diameter of 200 mm, 
height of 690 mm, and thickness of 10 mm. The con-
tainer was insulated with 100-mm-thick styrofoam 
resin. To measure the temperature in the vessel and the 
air at the entrance and exit, 10 Cu-Co thermocouples 
were set for the compost materials and two for air tem-
perature, as shown in Fig. 3. Temperature data were 

recorded by a data-logger (MX100, Yokogawa Elec-
tric Co.) every 30 min. At the bottom of the container, 
we set an inverted siphon-type condenser to recover 
the condensed water during the experiment and to ob-
tain a uniform moisture profile in the vertical direction. 
Nevertheless, values of moisture content are signifi-
cantly different for the top and bottom parts of the 
compost vessel, as shown in Table 2. However, mois-
ture variation is not so large, and for the main part of 

the mixed compost materials in the vessel (except 
around both ends of the vessel), it seems to be spatial-
ly uniform compared to the results obtained under the 

inverse air-flow condition in this experiment (Seki et 
al., 2008). 

First, the flow rate of the compressed air from a 
compressor is controlled through the mass flow con-
troller, and then the compressed air is supplied to the 
air chamber set at the top of the container. The air 
flows down the container until it reaches the bottom 
and flows out through the vinyl plastic pipe and the 
condenser where the vapor is condensed and removed 
after measurement. The oxygen concentration of the 
dry gas is automatically measured by an oxygen meter 

(OXYMAN, OM25MF10, Taiei Electric Co.) and 
finally exhausted to the open air. 

Because the optimum air flow rate is known to be 50 

lmin-1 per unit volume (m3) of compost container 
(Izawa, 1989), we set it as 1.08 lmin-1 in this experi  

Table 1. Moisture, carbon, and nitrogen contents, and C/N ratio of raw materials 

 Mixing ratio
w [wt％] 

Moisture content
w [ wt％] 

Carbon content 
C [kg-C kg-1-DS]

Nitrogen content 
N [kg-C kg-1-DS] 

C/N ratio 
C/N [-] 

Rice bran 24 13.4 0.455 0.0283 16.1 
Chicken manure 24 12.5 0.327 0.0242 13.5 
Sawdust 52 9.5 0.455 0.0031 147.0 
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Table 2. Moisture, carbon, and nitrogen contents, and C/N ratio of mixed compost materials at the initial and final

conditions. 

Run w,C,N, 

C/N 

initial final 

zone1

z＝0.03

m 

zone2 

z＝0.10 

m 

zone3 

z＝0.17 

m 

zone4

z＝0.24

m 

zone5

z＝0.31

m 

zone6

z＝0.38

m 

zone7

z＝0.45

m 

zone8

z＝0.52

m 

zone9 

z＝0.59 

m 

zone10 

z＝0.66 

m 

spatial 

average 

1 w [％] 60.9 45.6 50.6 55.7 57.9 60.1 61.5 61.1 63.2 66.8 76.6 59.9 

C [％] 46.3 43.8 45.2 46.5 44.6 46.0 44.7 43.6 45.2 44.9 45.1 45.0 

N [％] 1.46 1.55 1.53 1.65 1.57 1.42 1.49 1.48 1.56 1.56 1.56 1.54 

C/N [-] 31.7 28.2 29.6 28.1 28.4 32.4 30.1 29.4 29.0 28.7 29.0 29.3 

2 w [％] 61.3 23.6 42.7 50.0 51.0 55.6 59.2 59.9 61.4 66.8 76.9 54.7 

C [％] 45.4 44.8 44.9 45.4 44.0 44.3 46.7 45.7 44.6 44.8 45.3 45.1 

N [％] 1.43 1.77 1.72 1.83 1.67 1.57 1.69 1.61 1.54 1.64 1.74 1.68 

C/N [-] 31.7 25.3 26.1 24.8 26.3 28.2 27.7 28.4 29.1 27.4 26.0 26.9 

3 w [％] 62.8 48.7 53.6 57.0 56.9 58.4 59.3 61.2 62.0 63.9 76.7 59.8 

C [％] 44.7 44.8 44.4 44.3 44.6 44.7 45.0 45.0 45.4 45.1 44.9 44.8 

N [％] 1.43 1.59 1.71 1.63 1.61 1.52 1.58 1.59 1.48 1.54 1.67 1.43 

C/N [ -] 31.3 28.2 26.1 27.3 27.7 29.4 28.5 28.3 30.7 29.3 27.0 28.3 

Fig. 3. Experimental apparatus where the points z＝0.1, 0.38, and 0.66 m are representatives for the top, middle,
and bottom region, respectively. 
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ment, considering the container volume to be 0.022 m3. 
After packing the compost materials in the container, 

we left the container undisturbed for 24 h, which is the 
induction period for the completion of microbial 
growth, after which aeration was started. Table 3 
shows the physical properties of air, water vapor, and 
operating conditions used in the experiments. The val-
ue of U was obtained by considering thermal conduc-
tivity and thickness of the styrofoam resin covering the 
compost container. 

Factors used for the measurements include tempera-
ture, oxygen concentration, and the total weight. Oxy-
gen concentration at the exit of the air chamber, as 
shown in Fig. 3, was automatically measured and rec-
orded every minute. The total weight of the compost 
container was measured every hour by setting the sam-
ple container on a balance. When the oxygen concen-

tration reached over 20％, that is, when the consump-
tion rate became very small, we concluded the experi-
ment. 

The experiment was conducted three times (runs 1-
3) in order to confirm the repeatability. As already 
described in Table 1, the raw material content and the 
moisture content are the same for all runs. One differ-
ence in the conditions of these experimental runs is the 
season in which each experiment was conducted, that 
is, run 1 was conducted in February, 2010, and runs 2 
and 3 were conducted in November, 2010. 

Moisture content and C/N ratio were measured be-
fore and after each experiment. Dividing the mixed 
compost materials into 10 parts on the basis of the 
temperature measuring points, we selected three pieces 
of compost material for each part and measured the 
properties of moisture, carbon and nitrogen contents. 
The experimental results for the properties are the av-
erage of the three sets of data. 

4. Results and Discussion 

4.1 Temperature in the container 
Figure 4 shows the change in the total mass of 

mixed compost materials in the container over time. In 
all runs, this change remained almost constant after 
150 h. This fact suggests that the decomposition of 

easily biodegradable organic materials (the first stage 
of composting) had completed by then. 

Figure 5 shows the experimental results concerning 
the material temperature. The time lag before starting 
the initial temperature increase was 0 h for run 1, 10 h 
for run 2, and 5 h for run 3. Subsequently, for all runs 
there was a tendency for the temperature increase to 

temporarily stop at around 45℃, increase again after 5-
10 h, and reach a maximum of 60-65℃. For runs 2 and 
3, temperatures increased further to reach around 70℃. 
High temperature periods, during which the tempera-

ture was higher than 50℃, lasted 100 h for run 1, 80 h 
for run 2, and 70 h for run 3. Subsequently, tempera-
tures gradually decreased to room level. 

Although all the experiments had started 24 h after 
packing the mixed compost materials, there was a dif-
ference in the time lag before the phases where tem-
peratures began to increase, as described above. This  

Table 3. Physical properties of air and water vapor and operating conditions for the experiments. 
 Symbol value unit 

Heat capacity of air Ca 1.0 kJ kg-1 K-1 
Inner radius of sample container Rv 0.1 m 
Mass of unit mol of water MH 0.018 kg mol-1 
Water vapor diffusivity in the air DH 0.066 m2 h-1 
Density of air a 1.1 kg m-3 
Cross sectional average velocity of air u 2.06 m h-1 
Overall heat transfer coefficient on the side wall of the container U 1.47 kJ m-2 h-1 K-1 
 

Fig. 4. Change in the total mass of mixed compost
materials in the container with time. 
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result suggests that the time interval for naturalization 
should be treated as a stochastic phenomenon. The 
temperature gradually changes from the top of the 

container at the air entrance (z＝0.1 m) toward the 
bottom of the container (z＝0.66 m), and this spatial 
temperature distribution causes a variation in reaction 

rates. Microbes are expected to be more active near the 
air entrance because of the high temperature; however, 
an increase in temperature was suppressed by water 
evaporation. Toward the bottom region, the tempera-
ture increased due to heat accumulation, and therefore 
made the microbial reaction become active.  

Fig. 5. Experimental temperature in the compost materials with time where the points z＝0.1, 0.38, and 0.66 m
are representatives for the top, middle, and bottom region, respectively. 
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The duration for the microbial shift from the meso-
philic to thermophilic temperature conditions and the 
duration for the temperature shift are almost the same 
for all the experimental runs because the content of the 
raw materials was the same for all runs. 

4.2 Oxygen concentration 
Figure 6 shows a plot of the measured oxygen con-

centration in the air chamber as a function of time. It 
was found that oxygen concentration decreased when 
the rate of temperature increase was high, and so the 
oxygen consumption rate was coupled with the com-
posting reaction rate. The minimum value of oxygen 

concentration is about 5％ (6％ for run 1, 6％ for run 
2, and 4.5％ for run 3). As the minimum requirement  

Fig. 6. Measured oxygen concentration in the air chamber over time where data is missing between t＝140-160h 
for run 2 because of temporary breakdown of oxygen meter. 
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of the oxygen concentration is 10％ according to Fu-
jita (1993), the aerobic condition was not satisfied 
during the period when the oxygen concentration was 
less than the minimum value. In other words, aerobic 
microbes such as bacteria, actinomycetes, and fungi 
were very active and the oxygen consumption rate was 
very high during this period. For almost all periods, 
except the abovementioned, the aerobic condition was 
satisfied. 

4.3 Heat generation rate QH 
1) Validity of the obtained results 

Figure 7 shows the calculated results of QH using Eq. 

(8). In the calculation, we assumed that the values of 
density and the specific heat of the compost materials 
at any position vary with time from the initial to the 
final stage, accompanied by a linear temporal change 

of the moisture content. The time interval t for esti-
mating QH by Eq.(8) was set to be 0.5h. This value of 

t is as small as about 400-500th part of the duration 
of each experiment (190h for Run 1, 260h for Run 2, 
180h for Run 3), such that the change in the physical 

properties within t was very small, and the estimated 
results of QH would be close to its real value. 

First, we compare the calculated values with those 
that were estimated from the measured oxygen concen-
tration. It is known that QH is proportional to the oxy-
gen consumption rate RX under the aerobic condition, 

as follows (Fujita, 1993): 

XH aRQ 
 (12) 

    
l

XX
u

RT

MP
R ouin

ain
X


 03

2 hmOkg

 
 (13) 

where P0 indicates total pressure (1.0×105 Pa), R 
indicates the gas constant (8.314 J mol-1 K-1), a indi-
cates the proportionality constant (14000 kJ kg-1), M 
indicates the molar mass of oxygen (0.032 kg mol-1), 
Xin indicates the mole fraction of oxygen at the inlet of 

the compost bed (0.21), Xou indicates the mole fraction 
of oxygen at the outlet of the compost bed, Tain indi-
cates the air temperature at the inlet of the compost bed, 

and l indicates the height of the compost bed (0.69 m). 
Therefore, if the heat generation rate obtained from the 
measured values of temperature is valid, its average 
over the vessel must be proportional to the oxygen 
consumption rate. To determine the feasibility of the 
above relationship, we consider the validity of the 

results of the heat generation rate obtained by this 
method. 

As described in section 3.2, we measured the oxygen 
concentration in the air chamber into which the air 
flowed after leaving the compost container and being 
dehumidified. The oxygen concentration in the cham-
ber Xc is not equal to that at the exit of the container 
Xou. Assuming perfect mixing conditions, the relation-
ship between the two is given as follows: 

     tX
dt

tdX
tX c

c
ou 

 

(14)
 

where (=Vc/) represents a time constant, v is the 
volumetric airflow rate through the compost mass by 
forced aeration, and Vc indicates the chamber volume. 

Oxygen concentration at the exit of the container Xou 

was estimated from Eq. (14). By substituting the value 
of Xou in Eq. (13), we obtained the value of RX. QH 
was then estimated by applying RX to Eq. (12). Figure 
8 shows the obtained results of QH, which agreed well 
with the experimental results. In these calculations, the 

proportionality constant a was set to 10000 kJ kg-1, 
that is, 30％ less than 14000 kJ kg-1, the value given 
by Fujita (1993). One of the possible reasons for this 
result is that perfect aerobic conditions were not main-
tained. Another reason for the result may be the tem-
poral variation in kinds of substrates and microbes. 
However, their time courses could not be obtained here. 
Therefore, these reasons could not be discussed in 
detail in this study. The relation between the value of a 
and kinds of substrates and microbes remains to be 
solved. 

Next, we consider the validity of the results by com-
paring the estimated heat generation rate with the value 
estimated from the measured degraded compost mass. 
Table 4 shows the mass of solid consumption corre-
sponding to the mass of degraded organic matter and 
the values estimated by dividing the total amount of 
heat generation by the calorific value of the mixed 
compost materials. In this table, the former was esti-
mated from the change in total mass and moisture con-
tent of the mixed compost materials between the initial 
and final stages. The calorific value, that is, the com-

bustion heat of the mixed compost materials Hs, was 
-22300 kJ kg-1, which was obtained in advance by 
using a bomb calorimeter (OSK100 OGAWA sam-
pling). Both values for the mass of solid consumption 
shown in Table 4 agreed well with each other. 
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Fig. 7. Calculated QH over time where the points z＝0.1, 0.38, and 0.66 m are representatives for the top, middle,
and bottom region, respectively. 
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Fig. 8. Comparison of the spatial average value of QH with the estimated results from oxygen consumption rate
during composting. 
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As the spatial average value of the heat generation 
rate obtained by the previously discussed method is 
acceptably accurate, the estimated results for the heat 
generation rate at any position of the container may 
also be valid. 

2) Characteristics of the obtained results 
According to Fig. 7, the heat generation rate did not 

vary spatially too much in the early stage, 0＜t＜30 h 
for run 1, 0＜t＜60 h for run 2, and 0＜t＜40 h for run 
3, because there was no significant spatial variation of 
temperature. However, after the early stage, the heat 
generation rate varied in response to the temperature 
distribution along the height of the container. For ex-
ample, in the upper region of the compost container, 
that is, at the air entrance, the heat generation rate was 
relatively small, since the temperature in this region 
was lower than that in the lower area. The heat genera-
tion rate then gradually decreased toward the end of 
the first stage of composting and approached almost 

zero at t＞150 h. 
Summarizing the above results, the following char-

acteristics are shown: 

a) An initial period of rapid increase in degradation 
rate. 

b) A period of temperature shift from mesophilic and 
thermophilic stages. 

c) An intermediate period of stable but slow heat 
generation. 

d) A final period of decrease of heat generation rate 
after consumption of the substrate. 

These characteristics are supposed to be related to 
the microbial shift according to temperature and sub-
strate changes during decomposition. The basic fea-
tures of time phases during the composting processes 

that are well known (Kubota and Hosono, 1977; 
Matsuzaki, 1992) are as follows. 

In the early stage, easily degradable substrates, such 
as carbohydrate, protein, and fat, decompose. In the 
intermediate stage, after the early stage, degradable 
materials such as hemicelluloses and cellulose start to 

decompose under coexisting aerobic and anaerobic 
conditions. The degradation rate gradually decreases 
with decreasing amounts of these degradable materials. 

The above explanation could be qualitatively appli-
cable to the characteristics given in this study. Howev-
er, a detailed explanation concerning the changes in the 
heat generation rate corresponding to the reaction rate 
will be required after measuring the nutritional infor-
mation. Moreover, it is advisable to quantitatively 
examine the relationship between the changes in the 
heat generation rate and in the substrate. 

5. Summary 

We proposed a practical method for estimating the 
heat generation rate in the composting process under a 
forced aeration condition without using highly tech-
nical measurements. This method applies the measured 
temperature to the balance equations of heat and mois-
ture. The heat generation rates estimated using this 
method agreed well with the results estimated from the 
oxygen consumption rates, and the amount of biologi-
cally decomposed organic matter also corresponded 
closely with the measured results. Therefore, the valid-
ity of this method has been confirmed. This experiment 
was conducted using only rice bran as the principal 
material; however, it is necessary to conduct experi-
ments for other types of material and confirm whether 
the proposed method can be applied to estimate the 
composting reaction rate by using the heat balance 
equations, irrespective of the type of organic compo-
nent. 

It is also necessary to develop a quantitative model 
of the reaction rate relating to the dynamic analysis of 
microbes and substrates in order to support system 
design for process control. 
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