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a b s t r a c t

Thermal balance model for composting process was developed to determine variations of heat loss com-
ponents (conduction, convection and latent heat loss) during the process. Substrate decomposition was
also modeled in order to measure biological heat production. Latent heat of water evaporation was pre-
dicted with absolute moisture content of outlet gases. Estimation of organics degradation was developed
with a reaction kinetics structure of previous work. Lab scale experiments were carried out to verify the
model. Simulation results were consistent with experimental data. The model could be a useful tool to
analysis thermal balance process and to detect the efficiency of insulation layer during the composting.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Composting is a heat production and loss process under aerobic
conditions from the point of thermal engineering. During compost-
ing, microorganisms degrade organic matter into composting
products, which can be used as soil amendment or organic fertil-
izer [1,2]. A considerable amount of energy is produced during
the process to heat the waste layer to a certain temperature for
sanitation. Therefore, temperature is one of the most important
composting factors. The prediction of thermal balance of compost-
ing process is important in understanding composting dynamics
and providing rational temperature control [3]. Thermal balance
components during composting process include biological heat
production, latent heat loss of water evaporation, sensible heat of
inlet and outlet gases, and sensible heat of composting materials
and reactor [4]. While several previous studies have analyzed the
thermal production and loss processes during composting of vari-
ous substrates, their results were not in agreement [3,5–11]. Gen-
erally, thermal balance process could be different depending on
reactor scales. To be specific, heat production and latent heat loss
were reported to be the most significant terms of heat balance pro-
cess for full-scale systems [5–7]. However, conductive heat loss
from surface of reactor walls, which could be more significant in
smaller scale reactor [10], was usually estimated too [3,5,8,9]. In
one study, wall conduction was reported to be the largest heat loss
in a laboratory-scale composting reactor [5]. In a windrow type

composting system, Robinzon et al. [11] reported that the latent
heat of water evaporation contributed to the largest portion of heat
loss, followed by radiation, and finally by convection. Ahn [3] con-
ducted a thermal balance experiment to investigate the influence
of different aeration rates and found that the evaporation heat loss
was the major heat loss, but forced convection and conduction also
played an important role in the heat balance process. Radiation
loss was less than 5% which was pretty different from an open
windrow situation reported by Robinzon et al. [11]. Vlyssides
et al. [12] presented an integrated mathematical model for com-
posting of wastewater and agricultural solid waste, which indi-
cated that the evolution of bio-reactions heat, the loss by
conduction from the surface and heat flow via exhaust air, intake
air, and wastewater were major components of the energy balance
process. In order to determine the temperature range feasible for
compost cooling, Klejment and Rosiński [8] conducted an experi-
ment to measure the thermal properties of composting materials.
Although lots of works had been done to measure thermal balance
process of composting, the results were quite different from each
other. In addition, the previous studies also fail to understand ther-
mal balance of composting process as a system.

Composting models supply a method to dynamically under-
stand the thermal balance process as a system [1,4]. With simula-
tion results, variations of different thermal balance components
could be monitored during the whole composting process, instead
of just giving an overall data that indicated which thermal balance
component was significant.

This study was carried out with the use of a simulation method
to analyze the thermal balance of composting process. Thermal
balance models were developed to measure variations of heat loss
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components during the whole composting process. In addition,
decomposition kinetics was introduced to measure biological heat
production. Laboratory scale experiments were conducted and
data was collected to verify the model. In an attempt to understand
the thermal balance processes as a dynamic system, this study also
tried to answer the influence of an insulation layer on the thermal
balance. For further study, thermal balance analysis in this study
might contribute to provide the basis for recommending a reason-
able coefficient of heat insulation as well as giving advices to oper-
ate a cooling system for composting process.

2. Materials and methods

2.1. Model description

The model used for the laboratory scale composting reactor sys-
tem was based on fundamental principal of physical and biochem-
ical reaction terms: substrate decomposition kinetics, heat balance
mechanisms of mass and heat transfer. Composting substrate was
assumed to be made up of biodegradable volatile solids (BVS), non-
biodegradable volatile solids (NBVS), inorganic components and
water [1]. Based on previous study, a new dynamic structured
model for BVS degradation was introduced in this work [13]. Bio-
logically generated heat was measured by multiplying the changes
of BVS and the combustion heat of the substrate. Output terms of
thermal balance in composting models included conductive heat
loss, convective heat loss and latent heat of evaporation.

The models were performed and calculated by STELLA�. A
switch object was introduced to turn insulation layer on or off in
the thermal balance model based on the software platform. The
heat transfer coefficient and the area of reactor walls were
assigned to the switch button. The thermal balance model could
be run with or without insulation layer to analyze the effect of con-
duction on the composting process.

Several assumptions and simplifications were made in the pro-
cess of model development. Mass flow rate of air entering the reac-
tor was equal to 80% of that for the outlet. Composting substrate,
water and water vapor had the same temperature. The condenser
of the composting reactor turned 20% of the steam within outlet
gases into drops of water. Heat capacity of composting substrate
was viewed as a dependent variable of BVS content. Oxygen and
moisture content were configured with Graphical Input Devices
built in the software to express their influences on BVS decompo-
sition. The composting pile was a homogenous mixture without
vertical variations for moisture content and temperature. Radiant
heat loss was neglected from the energy balance components.
Temperature was considered as the major effect on substrate
decomposition rate in the situation without insulation. It was
assumed that 60% of the initial volatile solid (VS) was biodegrad-
able during the composting of swine manure and wheat straw
based on results from previous work [2].

2.2. Reactor system

Lab-scale reactors with a working volume of approximately 12 L
were employed in this study (Fig. 1). The main body of the reactor
vessel was made of a steel tube, which had an internal diameter of
265 mm and a height of 390 mm. A perforated floor was fixed at
the bottom of the reactor to keep composting substrates out of
the air feeding pipe. Positive aeration was applied to the compost-
ing system with a blower and an air pipe. Insulation cap was con-
structed of wood board and plastic foam. The reactor was equipped
with a water catcher to collect condensed water.

Two composting reactors were operated in the verifying exper-
iment, one with insulation layer and the other one without insula-

tion layer. Two additional reactors were employed specifically for
measuring the volume and weight changes during the composting
processes. Each of those two reactors was placed on separate plat-
form scale to measure mass changes during the composting pro-
cess. The composting process was operated without water
feeding and same aeration rates were employed for all four
reactors.

2.3. Experimental design and measurement

A composting experiment that lasted for 14 days was per-
formed to determine the impact of reactor insulation on compost-
ing process. Data collected was used to verify results from the
model. While it normally took more than 14 days for a composting
process to reach completion, significant substrate degradation,
temperature fluctuations and oxygen consumption were observed
during the first two weeks of composting in previous experiments.
Degradation rate was observed to slow down considerably after
the first two weeks of composting. Therefore, an experimental per-
iod of 14 days was chosen and data were monitored and recorded
to verify the developed model.

Swine manure and wheat straw were mixed with mass ratio of
1:0.08 in order to gain proper initial moisture content, free air
space and C/N. The initial moisture content of composting sub-
strate was adjusted to approximately 65%. Continuous aeration
was employed and temperature was considered as the key factor
to set the air flow rate. Temperature was monitored by Pt 100 sen-
sors and data was collected and documented by a programmed
data acquisition system (DT85, DataTaker Pty Co., Ltd., Australia).
Oxygen content was obtained by an oxygen analyzer (OMS-B, CEGT
Science & Technology Co., Ltd, Beijing, P.R. China). The mass of the
composting vessel was measured using a scale (SEP-120A, Shangz-
hun Weighing Apparatus Electronic Co., Ltd., Xiamen, P.R. China).
The combustion heat of composting samples was measured by a
bomb calorimeter (Calorimeter A1200DDEE, Parr Instrument Com-
pany, USA). Measurement of air flow rate was carried out with a
gas flow meter (RK-1650, Kojima Instrument Inc., Japan). Dry mat-
ter content and volatile solids content were measured based on the
test method for examination of composting and compost [14].

2.4. Substrate kinetics

Modeling of organic matter dynamics was critical to biological
heat production [1]. A number of substrate degradation types have
been discussed in previous studies [15–17]. Based on the work of
Petric and Selimbasic [13], a new dynamic structured model for
substrate kinetics during aerobic composting process was devel-
oped in this work. The composting solids were assumed to be made

Fig. 1. Schematic diagram of the composting reactor.
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