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Introduction
Composting is becoming an attractive and environmentally 

friendly technology to treat and recycle organic solid wastes, and its use 
is increasing in developed countries. From the technical and scientific 
point of view, composting is an extraordinarily complex process in 
which mass and energy transfer phenomena and microbiological 
degradation and non-steady state conditions coexist. Composting 
is an aerobic process, which requires oxygen to stabilize the organic 
wastes, optimal moisture and porosity. Temperature, oxygen and 
moisture are often selected as the control variables in the composting 
process, because they can be simply determined and they are the most 
significant parameters in controlling the process [1].

Temperature is one of the most important factors in maintaining 
a proper composting system. The estimation of the thermal balance 
in the composting process is important in understanding bioreactor 
dynamics and providing proper temperature control. Investigations 
of optimal operational factors and proper control of the composting 
process have been reported by several researchers [1-3].

In a few previous works, other relevant studies for the prediction 
of temperature in a composting process have been carried out. Some 
of studies have focused on the study of surface compost temperatures 
of composting heaps and their relation to core temperatures [4] in an 
aerated active composting pile, with the aim of inferring pathogen 
deactivation, since important temperature gradients have been observed 
in large composting masses [5]. Other related works have studied the 
temperature effect on the biodegradation kinetics [6] or the effect of 
turning on the temperature and oxygen profiles in composting [7].

Recently, the calculation of the heat generation fluxes was assumed 
well known and the papers aimed to characterize the heat transfers. 
However, both the way the heat generation flux was calculated, and 
the values used, or fitted from modelling of heat transfers, for the heat 
generation coefficient, varied from one author to the others [1,8-16]. 
Thus, [17] reported that the heat generation coefficient varied between 
17.8 and 24.7 kJ/g DM removed and between 304 and 448 kJ/mole O2 

consumed. Such variations can justify since the enthalpy of formation 
and the stoichiometry of bio-oxidation of every waste may depend on 
its biochemical composition. However, as mentioned above, the heat 
release is often calculated on basis of thermal balance assuming heat 
transfers are valid whereas determine heat transfer coefficients is rather 
complex and that uncertainties regards heat transfers still remain. 

In windrow, [18] estimated losses by evaporation, radiation and 
convection to respectively 70, 20 and 10%. Thus, natural convection 
including evaporation and transfers between composting material and 
gas surrounding material were recognized as the main contributors to 
heat loss in detriment of radiation [13,19] also studied the influences 
size and shape of windrow upon both heat losses, by convection and 
radiation, and material temperature.

One of the main problems that hinder production compost is the 
difficulty to control the compost temperature, therefore, the main aim 
of this work is to develop a mathematical model of heat balance to 
predict the compost temperature during the maturation stage to help in 
a proper compost production.

Theoretical Approach
The following assumptions were taken into account while 

developing the model:

a. The system maintains a constant pressure.

b. Gas flow rates of the air at compost pile inlet and outlet are equal.
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c. The substrate is a homogeneous mixture of uniform composition.

d. Elementary composition of organic matter in the substrate (carbon, 
hydrogen, oxygen and nitrogen) is known at the beginning of the 
process.

e. The composting rate is expressed as the rate of organic matter 
degradation.

Equation 1 and 2 present the heat balance components of the 
compost pile as shown in Figure 1:

                    
(1)gen solar evap  conv cond rad dT/dt  Q Q -Q -Q -Q -Q= +PmC

  

solar D  reflected skyQ Q -Q -Q=                
                    (2)

Heat generated during the maturation stage can be described by the 
following equation [20]:

d
gen c

dm Q  h  
dt

=                                      (3)     

The degradation of dry matter was modeled after the equation 
presented by [21] which is:

( )d
d

dm K m-m
dt

=                                      (4) 

Radiation emitted by the Sun travels through the vacuum of 
space unaltered. The percentage of energy associated with certain 
bandwidths of solar radiation emitted from a blackbody at 5800K [22]. 
To determine the amount of incoming extraterrestrial radiation, the 
following equations can be used:
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The solar zenith (θz) is the angle formed by the pile normal and 

direct incident beam radiation and this angle varies with the time of 
day, the time of year and the geographical position of the pile. The 
solar zenith is given by the following equations [23,24]:

cos sin sin cos cos cos  θ δ δ ω= Φ + Φz                                (8)

( )36023.45sin 284
365

δ  = +  
n                   (9)

 

( )12 15ω ω= − 
time x                                        (10)

( ) 15ω = + − ÷time LST Lnt Lng                                (11)

The reflectivity of solar radiation varies with the angle of incidence 
of the incoming radiation will be negligible.

Longwave sky radiation can be calculated using the following 
equation [25,26]. 

( )40.97 σ=sky airQ e T
                                  (12)

The average emittance of the atmosphere terms can be calculated 
according to the following equations [25]:

( )2.14850.398 10−= × aire T                                                        (13)
Convective heat loss is caused by the enthalpy differences between 

air entering and exiting the pile. It can be described by the following 
equation [27]:

( ) ( )conv 2 P2 surf 0 1 P1 amb 0Q n C T -T -n C T -T=
              (14)

Standard molar composition of air entering the pile was used (21% 
of O2 and 79% of N2), whereas the average molar composition of air 
exiting the pile was approximately 15% of O2, 79% of N2 and the rest 
(6%) is assumed to be CO2. Values of CP1 and CP2 can be calculated 
according to the physical properties of these compounds.

Conductive and radiation heat loss terms can be calculated 
according to the following equations, respectively [1]:

( )cond surf ambQ T -T=UA                                  (15)

( )4 4
rad surf ambQ T -Tσ= a bAF F                                                   (16)

Surface temperature (Tsurf) is a crucial parameter for the simulation 
of temperature profiles since it determines the heat loss by convection, 
conduction and radiation mechanisms. To estimate Tsurf, a local 
calorific balance was carried out, taking into account that given a heat 
exchange area and under pseudo-steady state conditions, the heat 
internally transferred from the core to the surface of the pile must be 
equal to the heat loss in the surface (conduction and radiation terms) 
as shown in the following equation [27]:

icond condQ Q= +radQ                                 (17)
 With  

( )icond surfQ T-T /dx= kA              (18)

Energy loss by water evaporation can be calculated by the equation 
19 [9]. This value must be considered as specific to this waste, since water 
loss by evaporation is mainly dependent on the compost temperature 
and porosity. Although water evaporation is the main contribution 
to maintain and control temperature in aerated active thermophilic 
composting processes [1].Figure 1: Heat balance of compost pile.
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( )evap WVS evapQ F L= − ⋅genQ                                (19)
The gaseous flow going out from the composting material was 

assumed saturated in vapour and the mass of water going out from 
material as vapour was calculated as [16]:

WVS 2 sF V= ⋅n                   (20)
The content in vapour in saturated gas (Vs) was calculated to 

mathematical regression of psychometric charts between 10 and 110°C 
[16]:

( )0.05859T
sV 0.00464 e= ⋅                 (21)

The latent heat of evaporation was obtained by applying:

evapL 2501-2.56T=                                 (22)
All computational procedures of the model were carried out using 

Excel spreadsheet. The computer program was devoted to heat balance 
for predicting the temperature of compost pile. Figure 2 shows the 
flowchart of the model.
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Figure 2: Flowchart of the model.
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Table 1 shows the initial (before maturation) and final (after 
maturation) characteristics of the maturation pile. Table 2 shows the 
parameters used in the model. 

The parameters used in the model that were obtained from the 
literature are listed in Table 2.

Experimental Procedures
The experiment was carried out at the Compost Unit at 

Experimental Research Station at the Faculty of agriculture, Moshtohor, 
Benha University. Some of agricultural wastes are used for compost 
production, these wastes are cattle manure, herbal plants residues and 
sugar cane plants residues. The raw materials properties that used in the 
manufacturing the compost are listed in Table 3.

The mixture of raw materials was placed in three piles of 2.20 m 
wide, 1.70 m height and 12.00 m long. Two sets of PVC perforated pipes 
φ 5 cm 2.00 m long were placed horizontally parallel two the pile. Six 
pipes with same diameter were fixed vertically and distribution at 2.00 
m distance (Figure 3).

Temperature was recorded at different depths (40, 80 and 120 cm 
horizontally and 40 cm distance vertically) using a thermo-couple 
thermometer (Model Digi-Sense 69202-30; Range:  -250 to 1800 °C, 
USA). Average daily temperature readings were taken. Thirty three 
temperature sensors were distributed in the compost pile vertically and 
horizontally as shown in Figure 1. 

Results and Discussion
Model Experimentation

Energy balance of compost pile at different ambient temperatures

Table 4 shows the components of the energy balance of the compost 
pile which include: heat gained by heat generation, solar radiation and 
heat lost by radiation, evaporation, convection, and conduction at 
different ambient temperatures (15, 20, 25, 30 and 35°C). It indicates 
that the net energy gained to the pile increases with increasing ambient 
temperature, meanwhile, the heat lost decreases with increasing 
ambient temperature. The results also indicate that when the ambient 
temperature increased from 15 to 35°C the heat gained increased from 
7620.67 to 9605.16 kJ m-2 day-1 which represents 40.91 to 50.03% of total 
energy, but, heat loss decreased from 11005.05 to 9593.36 kJ m-2 day-1 
which represents 59.09 to 49.97% of total energy. 

The predicted pile temperature at different ambient temperatures

The average daily predicted pile temperature at different ambient 
temperatures (15, 20, 25, 30 and 35°C) is shown in Figure 3. It indicates 
that the pile temperature increases with increasing ambient temperature. 
From the Figure 3, it could be seen that the pile temperature increased 
gradually until it reached the peak after 14 day and then decreased 
until it reached day 40 and then it seemed to be constant. The ambient 
temperature increased from 15 to 35°C caused an increase of pile 
temperature by 8.78°C during the whole period of work. The pile 
temperature reached a maximum value at day 14 (72.20, 77.64, 81.61, 
86.34 and 93.52°C at different ambient temperature 15, 20, 25, 30 and 
35°C, respectively). After the temperature peak, a progressive decrease 
in temperature is observed, to reach a final value of 34.40, 35.61, 37.17, 
40.04 and 43.18°C at different ambient temperature 15, 20, 25, 30 and 
35°C, respectively at day 50. The temperature increase was due to the 
metabolic heat generated by relative stable compost piles (in terms 
temperature). This phenomenon is observed in pile composting, where 
the thermophilic temperature is only maintained for few weeks or even 
few days as mentioned by [29].

The predicted pile temperature at different airflow rates

The average daily predicted pile temperature at different airflow 
rates (0.7, 1.1and 1.5 mg air s-1 kg-1 dry material) are shown in Figure 4. 
It indicates that the pile temperature decreases with increasing airflow 
rates. From the Figure 4, it could be seen that the pile temperature 
increased gradually until it reached the peak after 14 day and then 
decreased until it reached day 40 and then it seemed to be constant. 
It could be seen that the airflow rates increased from 0.7 to 1.5 mg air 
s-1 kg-1 dry material caused a decrease of pile temperature by 2.23°C 
during the whole period of work. The pile temperature reached a 
maximum value at day 14 (87.33, 81.61 and 77.53°C at different airflow 

Parameter Initial Final
Moisture content (%) 50.25 32.40
Organic matter (%) 46.25 35.60
pH 7.60 7.20
EC (dS m-1) 3.65 3.60
Bulk density (kg m-3) 588 573
Nitrogen content (%) 1.11 1.35

Table 1: Initial and final characteristics of the compost pile.

Parameter Units Value Source
hc MJ kg-1 23.00 [21]

CP oxygen kJ kg-1 K-1 29.35 [13]
CP nitrogen kJ kg-1 K-1 29.12 [13]

CP carbon dioxide kJ kg-1 K-1 37.11 [13]
CP compost (40% 

moisture)
kJ kg-1 K-1 2.01 [1]

Ψ - 1 [25]
T0 K 298 [1]
Lnt Degrees 30
Lng Degrees 31.2
Fa

- 0.9 [1]
Fb

- 1.0 [1]
U kJ m-2 K-1 day-1 100.32 [1]
k kJ m-1 K-1 day-1 34.46 [1]
σ kJ m-2 K-4 day-1 4.89 × 10-6 [1]
K day-1 0.29 [21]

n2

mg air s-1 kg-1 dry 
matter

4320 [28]

A m2 48.96
Tamb K 288-308
m Kg 11460

Table 2: The parameters used in the heat balance.

Properties

Raw materials

Cattle manure Herbal plants 
residues

Sugar cane 
plants residues

Total Nitrogen % 0.93 1.35 1.62
Total Organic Carbon % 18.16 9.40 20.00
Total Organic Matter% 31.30 43.10 61.30
C/N Ratio 19.53:1 6.97:1 12.35:1
Total Phosphorus % 0.21 0.36 1.12
Total Potassium % 0.17 0.42 1.36
Bulk Density kg m-3 750.00 354.00 372.00
Moisture Content % 58.30 16.20 36.20

Table 3: Properties of the raw materials used in compost making.
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rates 0.7, 1.1 and 1.5 mg air s-1 kg-1 dry material, respectively). After the 
temperature peak, a progressive decrease in temperature is observed, 
to reach a final value of 38.28, 37.17 and 36.05°C at different airflow 
rates 0.7, 1.1 and 1.5 mg air s-1 kg-1 dry material, respectively at day 50. 
These results were agreed with those obtained by [30]. This is due to the 
cooling effect of the air entering the pile which had a lower temperature 
than that of the inside pile temperature.

Model Validation

The model was validated using the experimental data and other 
data from the relevant studies of [15,27]. Figure 5 shows the predicted, 
the measured temperatures, model data of [15] and model data of [27] 
of compost pile during the maturation stage. It could be seen that, 

the average daily pile temperature by the model was in a reasonable 
agreement with those measured, where; it ranged 31.72 to 76.34°C 
theoretically while it was from 18.00 to 71.00°C experimentally during 
the whole period. The pile temperature reaches a maximum value at day 
14 (73.40°C) theoretically, while it was 71°C at day 11 experimentally. 
The mode results were in agreement with the data obtained by [15], 
while the data obtained by [27], were higher than the experimental 
data, which is owing to overestimating the heat generation in addition 
to, he considered the energy loss by evaporation does not change during 
the whole process. 

The variations between the predicted and the measured are shown 
in Figure 6. The relationship between the predicted and measured 
temperatures is expressed by the following equation:

2
P MT 0.8872T 9.9576                 R 0.93 = + =              (23)

Where:

 TP is the predicted pile temperature, °C

 TM is the measured pile temperature, °C

Conclusion
A mathematical model for the compost system was developed 

Ambient 
Temperature (°C)
 

 Energy gain Energy loss  

kJ m-2 day-1 % of total 
energy kJ m-2 day-1 % of total 

energy
15 7620.67 40.91 11005.05 59.09
20 8206.06 43.34 10729.69 56.66
25 8768.27 45.66 10434.88 54.34
30 9114.84 47.55 10055.35 52.45
35 9605.16 50.03 9593.36 49.97

Table 4: Energy balance of compost pile.

Figure 3: The average daily pile temperature at different ambient temperatures.
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Figure 4: The average daily pile temperature at different air flow rates.
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Figure 5: The predicted and the measured temperatures of compost pile 
during the whole period of compost. 
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successively according to heat balance to optimize the main factors 
affecting the performance of compost system through studying of 
pile temperature at different ambient temperatures and air flow rates. 
Also, carrying out an experiment to validate the model results through 
measuring: pile temperature. The most important results obtained can 
be summarized as follows:

1. The model showed that the net energy gained to the pile increases 
with increasing ambient temperature, meanwhile, the heat lost 
decreases with increasing ambient temperature. The ambient 
temperature increased from 15 to 35°C the heat gained increased 
from 7620.67 to 9605.16 kJ m-2 day-1 (40.91 to 50.03 % of total 
energy), but, heat loss decreased from 11005.05 to 9593.36 kJ m-2 

day-1 (59.09 to 49.97 % of total energy). 

2. The model showed that the predicted pile temperature increases 
with increasing the ambient temperature, where, the ambient air 
temperature increased from 15 to 35°C during the whole period 
of compost, the predicted pile temperature increased from 34.40 
to 43.18°C.

3. The model showed that the predicted daily pile temperature 
decreases with increasing the airflow rate, where, the airflow rates 
increased from 0.7 to 1.5 mg air kg-1 dry matter during the whole 
period of compost, the predicted pile temperature decreased 
from 38.28 to 36.05°C. 

3 The predicted pile temperature was in a reasonable agreement 
with the measured pile temperature with a coefficient of 
determination of 0.93. The average daily pile temperature 
ranged from 31.72 to 76.34°C, while it was from 18.00 to 71°C 
experimentally during the whole period. The results also agreed 
with those obtained by [15].

Nomenclature
m: total compost mass, kg

Cp: heat capacity of compost, kJ kg-1 K-1

T: temperature of the pile, K

t:  time, day

Qgen: generated energy by biodegradation, kJ day-1

Qsolar: generated energy by solar radiation, kJ day-1

Qevap: energy loss by water evaporation, kJ day-1

Qconv: energy loss by convection, kJ day-1

Qcond: energy loss by conduction, kJ day-1

Qrad: energy loss by radiation, kJ day-1

QD: energy gained by direct solar radiation, kJ day-1

Qreflected: solar energy reflected a way from the system, kJ day-1

Qsky: energy gained by long wave radiation from the sky, kJ day-1

hc: combustion of the compost material, kJ kg-1

md: dry matter of compost, kg

K: degradation rate of compost at local temperature and moisture content, day-1

τ: day angle, radians

n: day of the year (on January 1st , n = 1)

Sc: solar constant, kJ day-1

D: distance from the Earth to the sun, km

D0: mean distance from the Earth to the sun, km

ψ: a “clearness” factor 

θZ: solar zenith angle, degrees

n: pile’s latitude (positive for North),degrees

δ: solar declination 

ω: hour angle, degrees

ωtime: solar time, degrees

LST: local standard time

Lnt: longitude of the standard time meridian, degrees

Lng: longitude of the pile, degrees

Tair: absolute air temperature, K 

e: average emittance of the atmosphere

n1: air flow exiting the composting mass, kg day-1

n2: air flow entering the composting mass, kgday-1

Cp1: average heat capacity of air exiting the composting mass, kJ kg-1 K-1

Cp2: average heat capacity of air entering the composting mass, kJ kg-1 K-1

Tsurf: surface temperature, K

T0: standard temperature, K

Tamb: ambient temperature, K

U: overall heat transfer coefficient, kJ m-2 K-1 day-1 

A: area of conduction and radiation heat transfer, m2 

σ: Stefan–Boltzmann constant, kJ m-2 K-4 day-1 

Fa: emissivity radiation factor 

Fb: configurational radiation factor 

Qicond: heat internally conducted from the core to the surface of the pile, kJ day-1 

K: average thermal conductivity of compost, kJ m-1 K-1 day-1 

Dx: average distance from the core to the surface, m 

FWVS: flux of vapor coming out from the material, kg day-1

Levap: latent heat of evaporation, kJ/kg water evaporated

VS: vapor content in saturated gas, kg water/kg dry air

TP: predicted temperature, °C

TM: measured temperature, °C
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