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Abstract 
We conducted a laboratory-scale composting experiment with forced aeration using two fermenters with the same 

shape and geometry under the same material and operating conditions to certify the reproducibility and construct a math-
ematical model for the proposed composting process as an ecosystem phenomenon. Overall, the reproducibility of the 
composting process was relatively good, although small differences in the temperature and heat generation rate between 
the two fermenters occurred after 100 h, and these differences gradually increased toward the end of the experiment. 
Based on these results, it seems feasible to simulate the composting process with a deterministic model to examine the 
behavior of the entire system for the purposes of basic system design. We propose a deterministic model for heat and 
mass transfer in the composting process, emphasizing that the transformation process of released biochemical energy to 
heat involves an “energy dissipation mechanism” as a successive substrate decomposition process. The simulated model 
results of the temperature, moisture content, weight, oxygen concentration, and heat generation rate were in fairly good 
agreement with the experimental results. However, the course of the heat generation rate over time, that is, the reaction 
rate at any height in the vertical direction, somewhat differed from those estimated by the measured temperature profile. 
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1. Introduction 

The effective use of biomass is one of the important themes in 
agricultural engineering based on the interpretation and applica-
tion of ecological phenomena with respect to plant behavior. Two 
good examples are the use of compost as an excellent soil 
amendment and the use of heat generated in the composting pro-
cess. Several papers on composting process modeling have been 
published (Finger et al., 1976; Fujita, 1980; Seki and Komori, 
1984; Bach et al., 1987, Nakasaki et al., 1987; Hamelers, 1993; 
Keener et al., 1993; Kaizer, 1996; Stombaugh and Nokes, 1996; 
Das and Keener, 1997; VanderGheynst et al., 1997; Seki, 2002). 
Since composting is a complicated phenomenon involving simul-
taneous heat and moisture transfer with microbial reactions in 
dispersed phases of solid, liquid, and gas, effective models direct-
ly related to the practical application of composting are yet to be 
proposed. 

Recently proposed detailed simulation models (Sole-Mauri et 
al., 2007; Bongochugetsakul and Ishida, 2008; Hiraishi et al., 
2012; Nakayama et al., 2007a; Nakayama et al., 2007b) show an 
increased recognition of the effectiveness of using unused bio-
mass along with an upgrade in the numerical techniques being 
used. Although sensitivity analyses have been applied to these 
models, confirmation of their reproducibility has been insufficient, 
and further research is required to bring them up to the level re-
quired for effective practical use. 

In this study, we interpret composting as an ecological phe-
nomenon involving microorganisms and provide useful infor-

mation on effective composting operations. Specifically, we ad-
dress the following subjects: 
1)In a laboratory-scale composting experiment under nearly iden-

tical material and operating conditions, we confirm the repro-
ducibility of the composting process and discuss the observed 
shift of microbes and substrates during composting. 

2)Regarding composting as a dissipative structure (Nicolis and 
Prigogine, 1977) and assuming the mechanism characteristic of 
an energy dissipation structure, we construct a simulation mod-
el of an in-vessel composting process and certify its validity by 
comparing our theoretical results with the experimental ones. 

2. Theory and Mathematical Modeling 

2.1 Biochemical reaction modeling 
We developed a mathematical model by which we can properly 

express the experimental results, and which are discussed below 
in section First, we assume the composting process to be an eco-
logical phenomenon that develops a dissipative structure. A dissi-
pative structure is a stable state that forms in an open system, 
which is far from being an equilibrium state (Nicolis and Prigo-
gine, 1977). For dissipative structures, there are some rules for 
the redistribution of the exergy released and supplied to the sys-
tem (e.g., Silow et al., 2011). For example, one rule states that 
the released exergy is used to maximize the amount of exergy 
accumulated in the constructed dissipative structure (Jorgensen, 
2001). This rule has been suggested to connect to the rule of for-
mation of the dissipative structure; however, a detailed model to 
quantitatively express this rule has not yet been developed. 

Some mathematical model is therefore required to characterize 
the microbial reaction that corresponds to the formation of the 
dissipative structure, such as the Lotka–Volterra model or the 
logistic model based on the empirical aspect of the dissipative 
structure formation (Nicolis and Prigogine, 1977). However, it is 
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not easy to define and determine the parameters for these models 
for their application to the composting process. Therefore, we 
propose a more tractable mathematical microbial reaction model 
using the following assumptions that are based on conventional 
chemical engineering techniques: 
1)A composting reaction obeys the 1st order decomposition reac-

tion of the four types of substrates. 
2)One type of microbe decomposes only one type of target sub-

strate. 
3)Substrate succession obeys a “time lag plus 1st order delay” 

system. 
As for assumption 1, the first order reaction, as based on the 

expression by Haug (1993) and Keener et al. (1993), holds in 
the case of a large Contois constant value in a Contois model that 
has been experimentally proven to be applicable to the compost-
ing process (Fujita, 1993). Four types of substrates are identified 
from the experimental temperature data, which have different 
degrees of biodegradability and temperature dependence. As-
sumption 2 indicates that there is no competition between the 
many types of microbes to obtain the same substrate; that is, each 
type of microbe decomposes only one type of target substrate. In 
assumption 3, the term lag time refers to the time interval required 
to reach the prescribed temperature, as determined by the tem-
perature dependency of the microbes that decompose the target 
substrate, and the time constant is a reflection of the microbe’s 
habituation. First, we determine the time required to reach the 
harmonic growth stage; that is, the logarithmic growth stage. In 
this case, the reaction rate coefficient ki, in a period from the start 
of degradation of the prescribed substrate i to the time it reaches 
the logarithmic growth stage, is governed by the following equa-
tion: 
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t = ti ;              ki = 0,  (2) 
where ki0 is the reaction rate coefficient in the logarithmic growth 
stage, αi is the reciprocal of the time constant, and ti is the delayed 
time lag until the composting reaction starts. Introduction of “time 
lag plus 1st order delay” to composting systems has been previ-
ously applied by Seki and Komori (1984). 

Based on the above assumptions, equations for the biochemical 
reaction rate are written as follows: 
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where Rsi is the rate of decomposition of substrate i, Rxi is the rate 
of growth of the microorganism corresponding to the decomposi-
tion of the substrate i, Rw is the rate of water formation from the 
growth reaction of the microorganisms, RO is the rate of oxygen 

consumption with substrate decomposition, RH is the rate of heat 
generation with substrate decomposition, Y is the cell yield for the 
composting reaction, Yw/s is the mass of water produced by the 
decomposition of a unit mass of the substrate, Yo/s is the mass of 
oxygen consumed by the decomposition of a unit mass of the 
substrate, and Δhs is the enthalpy change for the substrate decom-
position reaction. 
The reaction rate coefficient ki is expressed as 
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where T is the temperature, w is the moisture content, O is the 
oxygen concentration, and fTi(T), fw(w), and fo(O) are  
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Eq. (9) is a simplified expression of the temperature dependence 
of ki (Seki, 2014), based on the equation used by Seki and Komo-
ri (1992) and Seki (2002). Eq. (10) is a continuous form expres-
sion of the moisture dependence of ki from the discrete form of 
the equation shown in Seki (2002). The term u(t − ti) is Heavi-
side’s step function [=1 (t > ti), 0 (t < ti)], A and B are positive 
parameters relating to reaction characteristics, KO is the saturation 
constant of oxygen, and Ti* is the optimal temperature for the 
microorganisms decomposing substrate i. Moreover, f(O) is a 
mono-type expression proposed by Haug (1993). The values of 
these parameters are shown in Table 1. 
2.2 Transport phenomena model with a biochemical reaction 

Regarding mixed compost materials as a continuum, we con-
structed a macroscopic model (Bear and Bachmat, 1991) of the 
composting process. This model is based on Seki’s model (2002), 
but it contains an upgrade and two simplifications. The upgrade is 
our introduction of 4 types of substrates having different degrees 
of biodegradability and temperature dependence. We simplified 
Seki’s model by disregarding the change in the volume of the 
compost materials and the moisture diffusion during the compost-
ing process because of their insignificant contributions. Our as-
sumptions are as follows: 
1)Solid, liquid, and gas phases coexist in the representative ele-

mentary volume [REV, (Bear and Bachmat, 1991)], and mi-
crobial reactions and phase changes (water evaporation and 
condensation) occur uniformly in the REV. 

2)Air flows vertically downward (z-direction) from the top of the 
compost mass at a constant rate. 

3)Vertical fluxes of the moisture and oxygen transfers in the gas 
phase are governed by convective transport because the diffu-
sive fluxes are extremely small compared with the convective 
fluxes. 

4)The quasi-steady-state approximation holds for humidity H, 
enthalpy i, and oxygen concentration O in the gas phase. 

5)Liquid water moves according to the extended Darcy’s law 
(e.g., Hillel, 1971). 
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Under these assumptions, the balance equations for the substrate 
and microbes, moisture content, oxygen concentration, humidity, 
enthalpy, and heat are as follows: 
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Table 1. Values of parameters used for theoretical calculation. 
Y 
 
Yw/s 

Yo/s 

Δhs 

mass of microbes produced by oxidation of the unit mass of substrate(growth yield 
of microbes) 
mass of water produced by decomposition of the unit mass of substrate 
mass of oxygen consumed by decomposition of the unit mass of substrate 
enthalpy change for substrate decomposition process 

0.35 [ - ] 
 

0.535 [ - ] 
1.35 [ - ] 

18000 [kJ kg-1-DS] 
α1 

α2 

α3 

α4 

t1 

t2 

t3 

t4 

k1max 

k2max 

k3max 

k4max 

reciprocal of time constant for decomposition of substrate 1 
reciprocal of time constant for decomposition of substrate 2 
reciprocal of time constant for decomposition of substrate 3 
reciprocal of time constant for decomposition of substrate 4 
delayed time lag until starting of substrate 1 
delayed time lag until starting of substrate 2 
delayed time lag until starting of substrate 3 
delayed time lag until starting of substrate 4 
reaction rate coefficient in the logarithmic growth state for substrate 1 
reaction rate coefficient in the logarithmic growth state for substrate 2 
reaction rate coefficient in the logarithmic growth state for substrate 3 
reaction rate coefficient in the logarithmic growth state for substrate 4 

0.02 [h-1] 
0.02 [h-1] 
0.05 [h-1] 
0.01 [h-1] 

0 [h] 
0 [h] 

15 [h] 
6 [h] 

0.8 [h-1] 
0.8 [h-1] 

0.15[h-1] 
0.3[h-1] 

S10 

S20 

S30 

S40 

initial concentration of substrate 1 
initial concentration of substrate 2 
initial concentration of substrate 3 
initial concentration of substrate 4 

5 [kg m-3] 
13 [kg m-3] 
10 [kg m-3] 
10 [kg m-3] 

A 
B 
T1* 
T2* 
T3* 
T4* 
KO 

parameter in Eq.(9) 
parameter in Eq.(10) 
temperature at which degradation rate of substrate 1 shows maximum 
temperature at which degradation rate of substrate 2 shows maximum 
temperature at which degradation rate of substrate 3 shows maximum 
temperature at which degradation rate of substrate 4 shows maximum 
saturation constant for oxygen concentration 

0.13 [K-1] 
0.3 [K-1] 

26 [℃] 
39 [℃] 
56 [℃] 
58 [℃] 

0.057[kg-O2 m-3] 
ρa 

C 
K 
U 
ks 

m 
wst 

CH 

i0 

H0 

O0 

T0 

hin 

hou 

density of air 
specific heat of the compost mass 
effective thermal conductivity of the compost mass 
overall heat transfer coefficient at the side wall of the compost container 
hydraulic conductivity 
exponent in Eq.(26) 
saturated moisture content 
humid heat of the humid air 
enthalpy of the air inlet 
humidity of the air inlet 
oxygen concentration of the air inlet 
temperature of the air inlet ( = atmospheric temperature) 
heat transfer coefficient at the top surface of the compost container 
heat transfer coefficient at the bottom surface of the compost container 

1.1 [kg m-3] 
3.0 [kJ kg-1K-1] 

0.9 [kJ m-1h-1K-1] 
1.68 [kJ m-2h-1K-1] 

0.00018 [m h-1] 
2 [ - ] 

0.8 [kg-H2O kg-1-total mass] 
1.0 [kJ kg-1K-1] 

34.4[kJ kg-1-DA] 
0.0088 [kg-H2O kg-1-DA] 

0.232 [kg-O2 kg-1-air] 
20 [℃] 

10 [kJ m-2 h-1 K-1] 
3 [kJ m-2 h-1 K-1] 
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The boundary and initial conditions are: 
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In the above equations, k is the hydraulic conductivity, kHa is the 
volumetric water vapor transfer coefficient, H* is the saturated 
humidity, u is the airflow rate averaged over the cross sectional 
area of the compost bed, i* is the saturated enthalpy of humid air, 
C is the specific heat of the mixed compost materials, ρ is the 
density of the entire volume of the compost material, K is the 
thermal conductivity of the compost materials, U is the overall 
heat transfer coefficient at the side wall of the compost container, 
lp is the perimeter of the compost container, Ab is the base area of 
the packed compost materials, T0 is the standard temperature (at-
mospheric temperature) that is assumed to be equal to the initial 
temperature in the mixed compost materials, hin is the heat transfer 
coefficient at the top surface of the packed compost materials, Tia 
is the temperature in the air chamber above the mixed compost 
materials, hou is the heat transfer coefficient at the bottom of the 
packed compost materials, Tea is the temperature in the air cham-
ber just below the mixed compost materials, Si0 is the initial mass 
of substrate i per unit volume, Xi0 is the initial mass of microbe i 
per unit volume, and w0 is the initial moisture content of the 
mixed compost materials. 

In Eq. (18), the second term on the right-hand side is the en-
thalpy loss with water evaporation and the third term is the actual 
heat generation rate with biodegradation.  
As Rsi, Rw, Ro, and RH are nonlinear equations, it is difficult to 
obtain analytical solutions for Si, Xi, w, O, H, i, and T. However, 
numerical solutions can be obtained by applying the finite differ-

ence method. 

3. Experiment 

Experiments were conducted using fermenters with the same 
size and shape as those used in the experiments described by Seki 
and Shijuku (2012). Each fermenter (sample container) is a 
0.022 m3 cylindrical vessel composed of a 10-mm-thick acrylic 
resin, with an inner diameter of 200 mm and a height of 690 mm. 
Air chambers were set at the top and bottom of the fermenters. 
Ten pairs of Cu–Co thermocouples were set along the vertical 
center line of each fermenter, with two pairs in the two air cham-
bers and one pair in the surrounding air for temperature measure-
ment. 

After packing the compost materials, air was directed continu-
ously from the top of the container to maintain aerobic conditions 
in the inner compost material. The aeration gas exhausted from 
the container has a high CO2 concentration and high humidity; 
therefore, we measured the oxygen concentration after dehumidi-
fying the humid air with a dehumidifier. Further details of the 
apparatus are provided in Seki and Shijuku (2012). 

Using the identical fermenters, we conducted the compost ex-
periment with the same airflow rate and compost material content 
in each. We continuously measured the temperatures, outlet oxy-
gen concentrations, and the amounts of leachate water from the 
fermenters. The fermenters were each placed on balancers, and we 
measured changes in their weight at set time intervals. At the 
completion of the experiment, we measured the moisture content 
at specific heights and the C and N contents of compost samples. 

Table 2 shows basic data on the organic materials used in the 
experiment and the experimental operating conditions. 

4. Results and discussion 

4.1 Experimental results and repeatability of the composting 
process 

(1) Temperature and moisture content 

Table 2. Organic materials used for experiment and operating conditions. 
Components of the organic materials 
 Carbohydrate [%] (crude fiber) Protein [%] Fat [%] Others [%] 
Rice bran 47.1 ( 7.9) 15.0 20.6 17.3 
Chicken manure 29.2 (11.0) 17.2 2.1 51.5 
Sawdust 85.7 (65.3) 0.2 1.1 13.0 
 Mixing ratio and Carbon and Nitrogen contents 
 Mixing ratio [wt%] Moisture content [wt%] Carbon content 

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

C/N ratio [ - ] 

Rice bran 25 12.3 0.439 0.0246 17.8 
Chicken manure 25 18.3 0.237 0.0239 9.94 
Sawdust 50 24.3 0.504 0.0023 219.0 

Aeration rate, density and moisture content 
Cross sectional average 

 velocity of air 
u [m h－1] 

Density of mixed  
compost materials 

ρ [kg m－3] 

Moisture content of mixed 
compost materials 

w [kg-water kg－1-total mass] 

Total weight of mixed 
 compost materials 

[ kg ] 
2.0 550 0.571 12.1 
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Figs. 1a and b show the temperature history at vertical positions 
z = 0.03, 0.10, 0.24, 0.38, 0.52, and 0.66 m, where z is the distance 
from the top of the fermenter. As shown in the figures, the tem-
perature history for the fermenters is almost identical. Tempera-
ture increased downward from near the top position due to the 

influence of the convective heat flow with aeration. In the bottom 
region, where z = 0.66 m, the temperature drop at a later stage was 
significant when compared with the central region where z = 0.24, 
0.38, and 0.52 m. This is because water generated by the compost-
ing reaction moves downward, thereby increasing the bottom 

Fig. 1. Temperature history at vertical positions z = 0.03, 0.10, 0.24,0.38, 0.52, and 0.66m. 
[ (a) fermenter 1, (b) fermenter 2, (c) model simulation ] 
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moisture content. As a result, the heat capacity increases and the 
temperature rise typically associated with heat generation is sup-
pressed. Temperature in both fermenters increased to approxi-
mately 50℃ by t = 20 h, and then gradually decreased. However, 
the temperature increased and attained a maximum value of ap-
proximately 70℃ at t = 70 h. 

Figure 2 shows the initial and final moisture profiles along the 
vertical direction. We can see that the moisture content profiles 
are almost identical as well, although some difference is observed 
in the central region at z = 0.38 m. 

Figure 3 shows the temperature profiles in the fermenters at t = 
10, 30, 50, 100, 150, 200, 250, and 300 h. Results for both fer-

Fig. 2. Initial and final moisture profiles along the vertical direction. 
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Fig. 3. Temperature profile in the fermenter at times t = 10, 30, 50, 100, 150, 200, 250, and 300h. 
[ (a) t =10h, (b) t = 30h, (c) t = 50h, (d) t = 100h, (e) t = 150h, (f) t = 200h, (g) t = 250h, (h) t = 300h ] 
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menters were very similar at t = 10 and 30 h; however, there were 
differences at t = 50 h. After t = 100 h, the temperature gradually 
decreased and the fermenters once again show similar results. 
After t = 200 h, we again observed differences in their tempera-
ture profiles near the bottom of the cylinders.  
(2) Oxygen concentration 

Figure 4 shows the oxygen concentrations at the fermenter out-
lets with time. Results for the fermenters were again very similar. 
From t = 4–9 h, the oxygen concentration was below 10% and the 
minimum measured value was 0%. These concentrations gradual-
ly recovered to reach values of approximately 18% at t = 13–15 h, 
and then, decreased again to values below 10% at t = 24.5–32 h, 
with a minimum measured value of approximately 5%. After-
wards, however, they recovered to 12–13% and gradually de-
creased again until t = 70 h, after which the oxygen concentrations 
slowly increased. 

(3) Changes in the weight of the fermenters 
Figure 5 shows the changes in the weight of the fermenters with 

time, which gradually decreased exponentially. The tendency of 
weight change for the two fermenters was almost identical. 

Figure 6 shows the experimental results of the spatial average 
temperatures with time, and Figure 7 plots the changes of the 
temperature’s spatial standard deviation with time. According to 
Fig. 6, the average temperatures in the fermenters coincide well 
up to t = 200 h, but gradually differ afterwards. Furthermore, their 
standard deviations coincide until t = 100 h, but differences be-
tween the two fermenters gradually increased after t = 100 h.  

The above results reveal that the two composting processes, op-
erating under the same operating and material conditions, proceed 
in almost the same manner; hence, it seems appropriate and feasi-
ble to deterministically model the composting process using ap-
propriate parameters. However, differences in the standard devia-
tion between the two fermenters will not completely disappear 

Fig. 4. Oxygen concentration at the exit of the fermenter with time. 

Fig. 5. Change in weight of the fermenters with time. 
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even if we match their operating and material conditions. The 
reason for this is that it is very difficult to create and maintain 
completely uniform conditions in every detail by mixing compost 
materials, and unavoidable differences in the state variables will 
stem in the two fermenters. In response, we should consider grad-
ually increasing the standard deviation with time. Since compost-
ing behavior is difficult to treat deterministically, we should also 
consider using the stochastic modeling proposed by Seki (2000). 
4.2 Shift of substrates for decomposition 

Following the procedure proposed by Seki and Shijuku (2012), 
we obtained the actual heat generation rate for the two fermenters. 
Figure 8 shows the relationship between the actual heat generation 
rate and temperature at z = 0.52 m. From this figure, we can ob-
serve three phases. In the first phase (t = 0–8h), the heat genera-
tion rate maximizes at 36.7℃ for both fermenters 1 and 2, and 
the maximum heat generation rate was 11533 kJ m-3 h-1 for fer-
menter 1 and 11437 kJ m-3 h-1 for fermenter 2. In the second 
phase (t = 8–28.5h), the heat generation rate maximizes at 56.6℃ 
for fermenter 1 and 56.9℃ for fermenter 2, and the maximum 

heat generation rate was 6766 kJ m-3 h-1 for fermenter 1 and 7304 
kJ m-3 h-1 for fermenter 2. We attribute the differences in the heat 
generation rates to the differences in the reaction mechanisms. In 
this case, mesophilic microbes are active in the first phase (2 
kinds of flora, i = 1, 2) and thermophilic microbes (i = 3) are 
active in the second phase. The third phase (t > 28.5h) is also 
thermophilic (i = 4), but there was no clear temperature showing 
the maximum heat generation rate. 

Figure 9 shows the changes in the temperature and heat genera-
tion rate at z = 0.52 m, and the oxygen concentration rate at the air 
chamber outlet with time. Since composting proceeds aerobically, 
if the oxygen supply rate is greater than the microbial oxygen 
consumption rate, the internal oxygen concentration in the con-
tainer increases, and vice versa. The heat generation rate in the 
third phase is very small compared with the first and second phas-
es; hence, the reaction in the third phase would be different from 
the reaction in the first and second phases. That is, the types of 
microbe and substrate in the third phase would be different from 
those in the first and second phases. From the above results and 

Fig. 6. Experimental results of the spatial average temperature with time. 

Fig. 7. Change in the spatial standard deviation of temperature with time. 
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those in the literature (Paul and Geesing, 2009), we surmised that 
there were four kinds of substrates that corresponded to the ob-
served first, second, and third phases. However, we have not yet 
directly examined these substrates. Substrate types would include 
a polysaccharides group and a fat group for the first phase, a pro-
tein group for the second phase, and cellulose and hemi-cellulose 
groups for the third phase. Possible corresponding microbial 
groups might be bacteria for the first and second phases, and fungi 
or actinomycetes for the third phase. 
4.3 Comparison of model simulation and experimental results 
(1) Several coefficients and parameters 

In numerical calculations, the equations for H and i, that is, Eqs. 
(16) and (17), are discretized at every small increment of dis-
tance Δz, and the following analytical solutions are employed for 
the calculations: 
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where j is the number of the grid (1−J), and H*(T) and i*(T) are 

the humidity and enthalpy for saturated air, respectively, which 
are approximated by the data tabulated by Uchida (1963) as fol-
lows: 

,0.0043)( 0.0599TeTH* =   (24) 

,18.201)( 0.0547T* eTi =   (25) 

where T is the temperature (℃). 
We determined the effective thermal conductivity K and heat 

capacity of the compost material C using the empirical equations 
of Seki et al. (2014) and Seki (1990), respectively. The unsatu-
rated hydraulic conductivity k is assumed to be an exponential 
function of w, as in Campbell’s equation (Campbell, 1985): 

,
m

st
s w

wkk 







=   (26) 

where wst is the saturated moisture content, and m is a power de-
termined by trial and error so as to coincide as much as possible 
with the calculated moisture content and measured profiles. The 
saturated hydraulic conductivity ks is determined by the following 
equation, deduced from the amount of measured leachate and the 
flow-out duration time, assuming that the water diffusion effect 
can be neglected and the water is saturated at the bottom of the 
fermenter, where the hydraulic gradient is 1: 

Fig. 8. Relationship between the actual heat generation rate and temperature for the two fermenters. 
[ (a) fermenter 1, (b) fermenter 2 ]  
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.
sec flowout)of(durationarea)tional(crosss

quantitywatereffuluentks ×
=  (27) 

We estimate the volumetric mass transfer coefficient kHa for the 
water vapor transfer due to aeration using the following equation 
proposed by Seki and Komori (1984): 

.
55.2

H

a
H C

uρ
ak =     (28) 

We estimated the value of the overall heat transfer coefficient at 
the side wall of the compost container U using the thermal con-
ductivity and thickness of the polystyrene resin container wall. 
(2) Temperature distribution 

Figure 1c shows the calculation results for temperature history 
in the model simulation, which agree well with the experimental 

results in the following respects: 1) the increase in the initial stage 
(t = 0−10 h), 2) the transition in biodecomposition from meso-
philic to thermophilic microbes (t = 20−30 h), 3) a stable high 
temperature period (t = 30−70 h), and 4) a slow temperature 
decrease (t = 100−200 h). However, there was a difference be-
tween the theoretical and experimental results with respect to the 
temperature decrease after t = 200 h, and a temporary drastic tem-
perature drop (t = 10−20 h). Specifically, in the early microbe 
shifting period at t = 10−20 h, we observed a rapid temperature 
drop of approximately 5℃ in the experiment, but the model 
simulation showed only temperature stagnation during this period. 
In fermenter 2, the temperature dropped below 30℃ at t = 300 h, 
although the temperature held at 40℃ near the bottom of the 
apparatus in fermenter 1 and in the model simulation. The tem-
perature drop in fermenter 2 was because of the imbalance be-

Fig. 9. Change in temperature at the position z = 0.52 m, heat generation rate, and oxygen concentration of outlet air with time. 
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tween the oxygen supply by aeration and the oxygen consumption 
in the composting reaction due to the decrease in the apparent heat 
generation rate .)( iiakR *

HH −−  
(3) Moisture content 

The calculation results of the final moisture profile are shown 
in Fig. 2. The simulation results show a moisture content of 0.55 
kg-water kg-1-total mass in the central position, z = 0.25–0.5 m, 
which is larger than the experimental result 0.4 kg-water kg-1-total 
mass. However, the calculated moisture content results agree well 
with the experimental results in the following three respects: 1) 
decreased moisture content near the entry of the aeration air (top 
of the fermenter), 2) homogeneity in the central region, and 3) 
increased moisture content near the exit of the aeration air (bot-
tom of the fermenter). Figure 10 shows the calculated results of 
the changes in moisture content at each height in the fermenter 
with time. This figure shows a moisture content drop due to water 
evaporation near the entry of the aeration air and a moisture con-
tent increase due to vapor condensation near the exit of the aera-
tion air.  
(4) Oxygen concentration at the outlet of the fermenter 

The calculated results of the oxygen concentration at the fer-
menter outlets are plotted in Fig. 4. These calculated results repli-
cate the experimental results in the following respects: 1) an ini-
tial rapid decrease (t = 0−10 h), 2) a quick recovery (t = 10−20 
h), 3) a second decrease (t = 20–30 h), 4) a second recovery (t = 
30−40 h), and 5) a slow recovery (t = 100–200 h). 

However, the drop in oxygen concentration during the t = 40–
100 h period, and slight drop during t = 170−200 h, are not re-
flected in theory. The former result is related to the disagreement 
between the experimental and theoretical temperatures in the cen-
tral region, z = 0.24–0.52 m. The latter is related to the shift in the 
theoretical temperature stagnation in the period t = 200–250 h 
(Fig. 1c). Although the reason for these results cannot be clarified 
here, we surmise that temporal and spatial changes in the substrate 
shift are not satisfactorily reflected theoretically. 

The model simulation otherwise properly reflects the course of 
the reaction rate in the entire fermenter over time, as shown in this 
figure. 
(5) Heat generation rate 

Figure 11 shows a comparison of the calculated and experi-
mental results of the heat generation rate at several heights in the 
fermenter. Initially, decomposition progressed from the top in the 
high temperature region, and later its reaction zone gradually 
shifted to a lower position for both calculated and experimental 
results. The calculated results, however, did not necessarily coin-
cide with the experimental results at each height in the fermenter. 
For example, a substrate shift seems clear judging from a local 
temperature fluctuation in the theoretical results, but is not ob-
served after t = 250 h in the experimental results. As indicated 
above, the substrate shift was not satisfactorily replicated theoreti-
cally. This is a point to be considered in the future. 

In summary, the theoretical and experimental results are in fair-
ly good agreement. Therefore, the proposed basic substrate shift 
reaction mechanism is a fairly good approximation that reflects 
the experimental results of the temperature profile and history, as 
well as the heat generation rate in the entire fermenter region. In 
the initial period, however, when there are drastic temporary and 
spatial changes in the heat generation rate, time, and position of 
the maximum value of the heat generation rate, there are differ-
ences between the theoretical and experimental results. Moreover, 
the accumulated discrepancy in the time of the substrate shifts 
results in some differences in the weight, moisture content, and 
temperature values between the theoretical and experimental re-
sults. In this respect, the introduction of a stochastic model will be 
available to consider the small differences in operation and mate-
rial conditions. This issue remains as a future problem to address. 

5. Conclusions 

To clarify the reproducibility of the composting process and to 
construct a mathematical model of the process as an ecosystem 

Fig. 10. Calculated results of the change in moisture content at each height in the fermenter with time. 
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phenomenon, we conducted a laboratory-scale composting exper-
iment with forced aeration using two fermenters of the same shape 
and geometry under the same material and operating conditions. 

According to the experimental results obtained from the two 
fermenters, the changes in temperature, heat generation rate, oxy-
gen concentration at the exit of the aeration air, and weight with 
time coincide between the two fermenters until 100 h from the 
beginning of the experiment. However, a small difference be-

tween the two fermenters accumulates with time after 100 h, and 
this difference gradually increases toward the end of the experi-
ment. As the reproducibility of the composting process is relative-
ly good, simulating the process with a deterministic simulation 
model may be useful for examining the behavior of the entire 
system for the purposes of basic system design. For a total simula-
tion including the uncertainty of reproducibility in the final stage, 
however, we suggest the application of stochastic modeling. 

Fig. 11. Comparison of the calculated and experimental results of the heat generation rate at several heights in the fermenter. 
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We consider that the transformation process from the released 
biochemical energy to heat expresses the “energy dissipation 
mechanism” as a successive substrate decomposition process. 
Hence, we proposed a deterministic model of the heat and mass 
transfers with a biochemical reaction. The simulated results for 
temperature, moisture content, weight, oxygen concentration, and 
heat generation rate by the model were in fairly good agreement 
with the experimental results. However, the course of the heat 
generation rate over time, that is, the reaction rate at any given 
height in the vertical direction, somewhat differed from the rates 
estimated by the measured temperature profile. 
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