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Abstract: The large amount of heat produced from solid waste composting has stimulated great interest in heat recovery and
utilization. This paper reviews the advances in composting heat recovery researches in the last decade. Some experimental
results and theoretical studies on composting heat utilization are summarized. The results indicate a great potential for
utilization of heat produced by the composting process. Common problems experienced by current methods are how to

realize the maximum heat recovery without negatively impacting compost quality and the economics of heat recovery

methods.

commercially.
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1 Introduction

Composting has been described as the aerobic

degradation of organic wastes where heat is released in

metabolism'").

Composting is a significant bio-recycle process[z]. It

the  oxygen-consuming  microbial
produces huge amount of heat due to heat liberation from
microbial metabolic activity. Elevated temperature of

the order 70°C-90°C may be found within a few days or
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even a few months during the composting of solid

organic waste. The temperature increases will lead

approximately 85% of industrial waste to be combustible

when heat-loss is unable to balance heat generation'.

The
determined by the degradability and energy content of the
431 availability of moisture and oxygen'®™,

and the

heating-up during a composting process is

substrates
C/N ratio®, pH!',

- A[L11]
conservation .

mode of energy

Conventional typically

comprise four major microbiological phases in relation to

composting  processes

temperature: mesophilic, thermophilic, cooling and
maturation, and the final product is compost!'?. The
composting processes must be properly managed, and the
progressive changes with time of the physical and
chemical parameters of the compost must be carefully
controlled to give products with optimal qualities.
Because compost quality is defined by its maturity and
stability, it is determined by quality of the feedstock
materials and management of the composting process'> ¢!,

In order to keep the optimal temperature and meet
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regulatory requirements for pathogen control, current
composting approaches and technologies tend to take
55°C as the temperature to maintain the appropriate
the

Heat removal should be controlled so the

aeration, and shortening composting

[17-19]

thereby
process
temperature in the compost bed is not below 55°C.
Hence, the objective of this study is to investigate
composting processes related to heat recovery, such as
optimal heat recovery temperature, potential energy,

recovery models, recovery methods and research gaps.
2 Composting heat

2.1 Composting temperature

According to the best composting temperature ranges,
there are two kinds of composting. One is thermophilic
composting which works at the temperatures higher than
45°C. The other is mesophilic composting which is
carried out at temperatures lower than 45°C***!', The
best temperatures of these two kinds of composting
reported by various researchers are shown in Table
131722291 1t indicates that mesophilic composting at a

lower temperature is more favorable for the

decomposition of waste although a higher temperature is
effective for the elimination of pathogenic and weed seed
contaminants during composting™*>".

Temperatures should be maintained over 55°C for at

least 15 d in thermophilic composting to destroy
pathogens, weed seeds and fly larvae and temperatures
over 65°C should be avoided to prevent immobilization
of beneficial microorganisms and minimize the loss of N
during compostingm. The thermophilic phase of the

process runs at considerably high
(45°C-65°C).

owing to the loss of easily degradable organic matter,

temperatures

It lasts several days to 6 weeks, probably

cooling of the heaps during mechanical turning, or a lack
of moisture (below 50% mass percentage of moisture)m].
The optimal moisture content for
50%-70%"".

process may result in shortening the entire process and

composting is

Extending this phase of the composting

reducing the amount of harmful gases produced. The
higher temperatures (70°C-80°C) can hygienize the
compost, but waste of agricultural origin does not need

hygienization[34'36];

therefore, the excess heat can be
Under the

mesophilic composting, the moisture content and pH

taken away and used in another place.

could be easily controlled at a level suitable for the
growth of microorganisms in the reactor. Comparing with
a thermophilic composting at about 60°C, the mesophilic
composting at 35°C could bring about a significant
reduction of the power input for heating the reactor, and
would thus become an option for sanitary disposal of

human feces especially in water deficient areas.

Table 1 Composting temperatures reported by various researchers

Authors Year Temperature phase Best temperature/°C Advantages
Suler et al.*! 1977 Thermophilic 50-60
MacGregor et al.l'”! 1981 Thermophilic 52-60
Nakasaki et al.!*) 1985 Thermophilic 50-60
Miller®”) 1992 Thermophilic 55-65
Palmisano and Barlaz*"! 1996 Thermophilic 55-59
Rao et al.>”! 1996 Mesophilic 37 Maximal mineralization of poplar wood carbon to CO,
Vikman et al.**! 2002 Mesophilic 35 Maximum carbon converted into microbial biomass carbon
Liang et al.?”! 2003 Mesophilic 43 Greatest amount of cumulative O, uptake
T T s et enld bl ol st
Hu et al.*! 2013 Mesophilic 33-37 Effective removal of pathogenic bacteria

2.2 Heat production capacity

Data on the amount of heat produced during
composting is scarce, and the results are as diverse as the
composition of composted biomass. A limited number
of studies have investigated the potential heat production

of compost as given is Table 2074,

2.3 Compost thermal conductivity coefficient

Heat produced in the composting process needs to be
released in order to prevent higher than desired
temperature. To estimate the heat production, we need
to know the thermal conductivity coefficient of the

compost materials. Three studies reported the values of
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compost thermal conductivity coefficient as shown in

Table 3.

The coefficient is determined by the compost

material, compost time, temperature, moisture content

and density. It ranges from 0.075 to 0.670 W/(m-K).

The value has a positive relationship with the compost

temperature, moisture content and density 47!,

Table 2 Potential heat production of compost reported by various studies

Heat production/MJ kg™

Authors Material Year Temperature phase

Average Range
Guljajew and Szapiro!®”! agricultural waste 1962 whole 0.961 0.302-1.802
Stainforth**) wheat straw 1979 whole 17.6
Sobel and Muck®”! wheat straw 1983 whole 12.8
Ahn et al. %! poultry manure and wood shavings mixture 2007 whole 16.83-19.7
Klejment and Rosinski*"! MSW 2008 high temperature phases (higher than 60°C) 1.136
Irvine et al.*?! industrial sludge 2010 whole 7-10
Bernstad and Cour!®! food waste 2012 lower heating value 1.7-6.3
Lee et al.[*! livestock wastes 2014 whole 18.82
Antonelli et al.l*’! MSW 2015 whole 9-11

Table 3 Reported values of compost thermal conductivity coefficient

Authors Material Year Moisture content/%  Temperature/°C Density/kgm’3 Compost thermal conductivity coefficient /W'(m~K)'I
Ginkel et al.*! straw 1996 75 0.550- 0.670
Kaletal*"! clover 1999 40 0.075-0.085
Klejment and Rosinski®!  MSW 2008 40 442-600 0.150-0.309

3  Theoretical modeling of compost heat

production

Composting models supply a method to dynamically
understand the heating-up and thermal balance process as

(1]

a system Biological energy production has been

predicted using either first-order, Monod-type, or

empirical expressions, in conjunction with heat

conversion factors. Temperature correction functions
have been incorporated into most biological energy
models, with corrections for moisture, oxygen and free air
space also incorporated in some cases. With simulation
of different

components could be monitored during the whole

results, variations thermal balance

composting process, instead of just giving an overall data

that indicate which thermal balance component is

significant!™].
3.1 Correction functions of thermal balance
components
3.1.1 Temperature correction functions
Experimental composting data show that as

temperature rising from about 20°C, biological activity
tends to first increase slowly, then rise moderately to a
peak value, following which a rapid decline in activity

occurs, typically over a small temperature range. Thus a

right-hand skewed curve results, with the optimum and
maximum temperatures generally very close together.
Similar behavior has been described for other microbial

growth studies. A number of models have generated

profiles which reflect this phenomenon well!'"*"],
However, in other cases this pattern has been less well
represented. For example, the temperature correction
functions used by Kaiser™ showed parabolically shaped
curves, with a high degree of activity indicated at 20°C,
peak temperatures of 40°C for all substrates and
organisms, and a relatively slow decline above the
optimum temperature. A simpler approach was used by
Stombaugh and Nokes"!, who adopted three linear
temperature correction functions over the
0°C-30°C, 30°C-55°C and higher than 55°C, with a

constant value for peak activity from 30°C to 55°C.

ranges

The temperature correction model of Neilsen and

Berthelsen®™ was based on an enzyme/substrate
mechanism in combination with an Arrhenius type
expression. It was developed to overcome problems
with negative values at high temperature (i.e., above 80°C)
occurring with the Haug model'*?.  Whilst it is
unlikely that many composting systems would operate at
or above 80°C, the model may be useful for related solid

state processes. No validation data was presented.
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In contrast to the models showing a peak, followed by
a decrease, in activity, the Arrhenius model utilized by
Finger et al.™®* increased exponentially. The empirical

5% tended to a

model developed by Vandergheynst et al.
plateau at a temperature differential of about 30°C, which
is equivalent to 50°C given a starting temperature of 20°C.
However, given the high degree of scatter in the
experimental data and evidence of a declining trend in the
rate at higher temperatures, a model of the skewed form
described above might also be fitted in this case. A
polynomial expression for the rate coefficient &, with a
form similar to the skewed models in their sub-optimal
temperature range, was used for temperature correction
by Mohee et al.’”.. However, a peak and subsequent
decrease within the biologically active range was not
indicated and the function continued to increase beyond
80°C.

Three models used to correct for the effect of
temperature on the microbial growth rate were evaluated
in detail by Richard and Walker, using new experimental
data®****1 Whilst all models showed an acceptable fit,
it was concluded that the model of Rosso et al.*’!
provided the best description of the rate coefficient
temperature dependence, since it involved the fewest
parameters, all of which were easily measurable and each
of which had a physical meaning in terms of the
composting process.

3.1.2 Moisture, oxygen and FAS correction functions

Published moisture correction functions employed in
composting process models have all been derived
empirically. An exponential expression indicating
maximum activity at 70% moisture content was used by
Smith and Eilers®”. A similar model, reportedly based
on data of Smith and FEilers, was employed by Mohee et
al.’), although in the form presented in the literature, this
produces an unrealistic curve. However, following
adjustment to ensure that a negative exponent is always
present and the moisture content is expressed as a fraction,
a curve with a peak at 56% moisture content may be
produced. However, the modified function is negative
at fractional moisture levels below 17% and higher than
97% and has a different profile to the model of Smith and

Eilers®”. In contrast, a function with a plateau above

70% was proposed by Haug''. As noted by Haug, a
decreasing trend in data at higher moisture levels, which
described by the model, was

was not probably

attributable to diminishing free air space. In order to
correct for this, Haug also presented a free air space
correction function of similar mathematical form to that
used for moisture dependence!''). When the moisture
and free air space correction functions are combined, a

model of similar form to that of Smith and Eilers™ i

S
produced, illustrating the interdependence of these two
factors in terms of their influence on reaction rates. As

”], it can be difficult to separate out the

noted by Haug[
effects of moisture, free air space and also bulk weight.
More recently, a mechanistic model relating moisture
content and respiration rate has been proposed by
Hamelers and Richard®”.

relationship of similar form to that generated by the
49]

This model predicts a
temperature correction model of Rosso et al.*) and has
shown a promising fit to experimental data as reported by
Richard et al.!”

The effect of oxygen concentration has been modelled
using Monod-type and exponential expressions' . A
simple one-parameter model was used by Haug, with a
half saturation constant value of 2%.
Richard et al.®"

one-parameter,

More recently,
compared the
modified

two-parameter Monod-type models, plus an exponential

performance of
one-parameter and
model, using an extensive data set. It was concluded
that the Monod-type models gave the best performance
over the complete temperature range, and suggested that
the simple one parameter model was best suited to
windrow composting applications where low oxygen
the modified

one-parameter model may be preferable for forced

levels may be encountered, whilst
aeration systems operating at relatively high oxygen
concentrations. The simple one-parameter model, with
the half saturation constant expressed as an empirical
function of temperature and moisture concentration, was
subsequently used in the composting model validation
study of Higgins and Walker'®.
3.2 Several important composting energy models
Nelson et al.®*! analyzed a spatially uniform model

based upon Semenov’s theory for thermal explosions for
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self-heating in compost piles. The time-derivative of
non-dimensional bioreactor temperature (d6/d¢) changed

into singularity function (G) is:
G =y, exp[0]+ (v, exple, 0] - O)(1 + fexp[e,0]) (1)
Note that,
G, =exp[0]=0 2)

Vb

The model investigates the cases when self-heating is
due to purely biological heat-release and due to a
combination of biological and chemical heat-release.
High value of G means temperature increase quickly, low
value of G means temperature increase slowly, and
negative value of G means temperature decrease. Since
the system is described by a single (but non-linear),
first-order ordinary differential equation, with few
parameters, it is able to investigate the generic
steady-state behavior of the system when parameters are

1 " This model shows

varied by using singularity theory'
elevated temperatures can be accounted for by two
mechanisms. However, it is not validated by experiment.
Sidhu et al®

spatially-dependent model that contains both biological

considered a two-dimensional,

and chemical activity. The relevant equation for the

model is:
or . o, -E,
(PC), 5 = kg VT +0.(1=2)p. A, expl—]+
AWM;?] 3)
Qb(l_g)pb—_E
1+ A4, exp[—2]
PN RT

The formulation of this model is completed once the
boundary conditions have been defined. The boundary
conditions used in this study are specified in Figure 1,

and are given explicitly below.

YA
r=T,

h l
T=T,—» Compost pile «—T=T,
==
0 Ground T L X

T=T, or no-flux condition
Figure 1 Schematic diagram showing the geometry of the

two-dimensional compost pile with a rectangular cross-section and

the corresponding boundary conditions!®”!

Boundary conditions:

T=T,, along x=0, x=L, and y=h

T=T, or or =0, along the base y=0 4)
n

Initial conditions:
T=T, (5)
The model incorporates the heat release due to
biological activity within the pile and the heat release due
to the oxidation of cellulosic materials. The heat release
rate due to biological activity is modeled by a function
which at sufficiently low temperatures is a monotonic
higher

increasing function of temperature. At

temperatures, it is a monotonic decreasing function of

[66] " This functionality represents the fact

temperature
that micro-organisms die or become dormant at high
temperatures. The heat release due to the oxidation
reaction is modeled by the usual manner using Arrhenius

kinetics!®>¢7),

This model is validated by experiment but
it does not consider oxygen consumption, and convection
of oxygen into the pile.

Boniecki et al.!®® analyzed heat of the composting
process of solid natural fertilizers with neural network
modeling. This research highlighted the problem of
neural prediction of heat processes accompanying the
composting of selected natural fertilizers and focused on
the estimation of lost heat generated as part of the
exothermic reactions taking place during the process.

The equation is:
Vp .. .
=q,+q, =3.0UAT -T))+——(@  —i 6
qz qw qk ( r 0) X+1(w ) ( )

The research results show that neural network
modeling can be effectively used in the process of
estimating heat energy emitted and lost in the composting
process. The model’s analysis of sensitivity to input
variables show that the six most important parameters in
the process of neural estimation of heat lost are in the
following order: T (temperature inside the bioreactor), SM
(mineral substance mass), O, (% volume percentage of
oxygen), V (stream volume), CO, (% volume percentage
of carbon dioxide), and ¢ (process duration).

Wang et al.'®! developed a thermal balance model for
composting process to determine variations of heat loss

components (conduction, convection and latent heat loss)
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during the process. The thermal balance equation is:

dT
(mc+chR)E: Ebio -k _Ewall _Elat (7)

con

Model results in this study show that the percentages
of convective, conductive and latent heat losses of total
heat loss varied significantly during the composting
process. The peak percentages of conduction heat losses
are 38.9% and 57.7% of total heat losses for the modeling
situation with and without insulation, respectively.
Substrate decomposition could significantly affect
temperature changes and the whole thermal balance
process.

Khater et al.”” developed a mathematical model to
predict the compost temperature during the maturation
stage. The components of the energy balance of the
compost pile which include: heat gained (heat generation
and solar radiation) and heat lost (radiation, evaporation,
different

convection and conduction) at ambient

temperatures. The heat balance equation of the compost

pile is:
dTr
mCP E = Qgen + onlar - Qevup - anv — Qamd _ de (8)

This model is able to predict the pile temperature at
different ambient temperatures and different airflow rates.
The results show that the pile temperature increases with
increasing ambient temperature and it decreases with
increasing airflow rates, where, as the ambient
temperature increases from 15°C to 35°C, the pile
temperature increases from 33.40°C to 37.41°C, and
when the airflow rates increases from 0.7 mg air/s kg dry
matter to 1.5 mg air/s kg dry matter, the pile temperature
from 34.40°C to 32.39°C. The pile

temperature increases slightly and reaches a maximum

decreases
value at day 14. 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 model results indicate that
the predicted daily temperature is in a reasonable
agreement with those measured ones and other data in

40,71]

literature! at different ambient temperatures and

airflow rates, where, it ranges from 30.30°C to 73.40°C,
while it is from 18.0°C to 71.0°C experimentally during

the whole period of compost maturation* .  The

calculated results of this model are consistent with the
experiments and consider the ambient temperature and

the airflow rates.
4 Heat recovery methods

A limited number of experimental studies on compost
heat recovery have been reported. One major problem
during the studies is the precision in controlling the
processes of heat removal and aeration in the bed. Too
much heat removal from a heap may result in a
temperature drop inside it, which, in effect, can slow
down (or even stop) the thermophilic phase of
composting!’?.  On the other side, too intensive aeration
results in desiccation of the composting material and
simultaneous loss of heat; and too little aeration slows
down the composting process. The process control
methods currently in use are usually based on adjusting
the amount of air supplied to a compost heap by
controlling either the temperature inside the bed or the
oxygen content of the air which leaves the heap!”!.
There are direct and indirect methods of heat recovery
from composting.

4.1 Direct recovery method

A direct recovery method involves extracting heat
from the material during the composting process.
4.1.1 Water heating

The first method involves recirculating water through
tubing buried within a compost pile or concrete slab.
Smith and Aber’" reported that "this method is more
suitable for backyard operations, where the time and
labor consuming aspects of installing and removing the
pipe during pile formation and breakdown, can be
They

concluded that this scenario "is not typically suitable for a

absorbed by an enthusiastic homeowner".

commercial practice where revenue is the goal, as it is

labor/time intensive". Another problem is that
mechanized agitation can be restricted by the pipes in the
compost pile. Problems can also arise if too much heat is
removed from the pile by the cold water. This scenario
can inhibit microbial growth and crash the microbial
population, causing putrid conditions!".

A simple and efficient method of directly extracting

heat energy from manure was pioneered by Gorton!” in
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which a litter pile is built in 10 inch thick layers with
water pipes in between each layer. As air flows through
the litter pile, the compost heat is transferred to the water
in the pipes and then the pipes carry the heated water to a

[76]

greenhouse as a source of radiant heat. Courtney

utilized such a system. It is a hydraulic system in which
water is passed through the compost in a system of
recirculating pipes traveling into the greenhouse and back
to the pile (Figure 2). When the water reaches the
greenhouse, it would pass through a heat exchanger to

warm the air of the greenhouse!’®.

Refurbished duct work

Retrofitted radiator panel

Recirculating
pipe

connecting
- |compost pit to
radiator panel

— <

ﬂ Subterrain insulated
Recirculating pipes j‘\ - compost pit with cold
traveling to and from frame cover

compost pit

Figure 2 Heat exchange system (designed by Booker)"™”?

Lekic!””

temperature between the

investigated the increase in water
inlet and the outlet of
polyethylene pipes embedded in composting windrows
and reports that 73% of the theoretical value of heat
energy is transferred to the water. One main limitation
of this study is the placement of the pipes within the
compost mass.

Komoril”®

A solution proposed by Seki and
involved using a packed column heating tower
that transfers the heat from the warm exhaust air of the
compost to a volume of water.
4.1.2 Space heating

The second approach used to recover heat from
composting is through space heating, where heat is
pushed out (forced aeration) or pulled through (negative
aeration) a composting pile. Smith and Aber'’" described
how this is "most commonly accomplished by placing
compost on top of an aeration floor, where perforated
PVC pipes are cast into concrete, covered by a perforated
cover plate, which is then covered by 8" of woodchips.
By mechanically moving air through the pile, the aerobic

microbes receive needed oxygen, while excess heat is

removed, both of which allow for a larger and healthier

microbial populationl™*”"*,

Heat recovery from a
positive aeration system is one option, but has limited
applications due to the difficulty in capturing the diffused
heat across the pile. The amount of available heat is also
limited, as only 13.4% of the heat generated within the

pile is contained in the airflow!®!,

Early research
utilizing this technology came from the New Alchemy
Institute, where a winter greenhouse was warmed through
compost vapor, which had been sent through a biofilter’**.
Although limited to mostly horticultural applications, this
method serves as a valuable tool for season extension and
energy reduction for  greenhouse in  cooler
climates""*****_ One example to capture and utilize this
heat is University of New Hampshire (UNH) heat
recovery composting facility shown in Figures 3 and
47483841 1t can handle up to 400 t/month of feedstock.
UNH heat recovery unit captures both the thermal energy
in the hot air and in the water molecules of the vapor
stream itself. It can maintain 295-gallon water tank at

an average of 37.8°C**].

[83]

Figure 3 Heat capture system
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Excessive vapor discharge
to compost bay

Well water inlet

Slide

Bulk tank *

o .
Isobar array

24" diameter
damper condenser duct

Irrigation line to
compost bay

Compost

Process hot water outlet

Figure 4 Flow diagram of UNH heat recovery system

4.2 Indirect recovery method

An indirect recovery method involves harvesting the
heat indirectly by altering the form of the bio-waste
Lee et al*! reformed an advanced

They reported that

material itself.
compost and energy system (ACES).
"in the ACES, technically, high water content in livestock
wastes evaporated by an exothermal reaction caused from
a specific group of aerobic fermentation microorganisms.
The microorganisms produce heat higher than 80°C thus
evaporating moisture retained in wastes. Livestock wastes
and food wastes are comparatively tested. Resulting
materials show relatively high caloric value and energy
yield, 18.82 MJ/kg, in a heating value test. Among many
advantages of the ACES, a wastewater treatment process
is not needed for the liquid separation from slurry waste.
Rather, unlike conventional methods, the ACES is more
like a zero discharge system, not using external energy
sources. By exothermic reaction, microorganisms heat out
while digesting organic compounds of livestock waste.
The temperature from the ACES is up to 80°C-90°C.
With this heat, moisture inside of the waste is removed
from a slurry waste, which other methods are not able to
do" 41,

The biggest obstacle to convert livestock or food
wastes to energy material is how to separate liquid from
livestock waste and dispose of or treat the liquid part.
The moisture content of livestock and food waste is up to
90%. If liquid out of this high slurry waste is
appropriately managed, the remaining solid, as an organic

mass, is apt to have a relatively high energy yield, such as

Blower Insulated
* Facility w A 4 ootk pod A
heating
Vapor collection ducts
Manifold
= '_o_
Condensate pump
# Condensate sump

[83]

10.46-14.64 MlJ/kg.

moisture out of high slurry waste, high energy demanding

In order to evaporate internal
methods are conventionally used. In other words, it
requires high costs to use electricity and gas for liquid
evaporation. In addition, it is time consuming to
completely dry slurry waste because moisture inside of
the waste is not easily dried out. With this water content,
a dried material is also odorous'””. The ACES is

advantageous in high water content wastes composting.
5 Conclusions

Recent researches have acquired many of
achievements in the field of theory and experiment about
composting heat recovery. Some heat recovery methods
have been practiced in agricultural and industrial
production. The potential energy content of poultry
manure and wood shavings mixture composting is the
highest, the values range from 16.83 MJ/kg to 19.7 MJ/kg.
Direct recovery method is the most used in the industrial
composting due to its simplicity. The heat transfer
calculation models normally could be used to simulate the
specified composting process.

Research is needed to develop simplified models for
heating predictions in the ordinary conditions with the
main influence factors of compost, such as temperature,
time, moisture, density and oxygen. Meantime, highly
efficient heat recovery method from compost should be
commercialized. The keys to success have been new
methods of managing aeration, combined with innovative

heat exchangers. Negatively aerated static pile systems
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(pulling air down through the top of the material into
channels underneath it) enable heat to be captured by
running the hot vapor pulled from the compost through a
heat exchanger. Negative aeration also enables capture
of carbon dioxide (CO,) emissions and odors from

compost.
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Nomenclature

v, semenov number for the biomass

X  absolute mass humidity of surrounding air

® non-dimensionalized bioreactor temperature, K

A, pre-exponential factor for the inhibition of biomass
growth

v, semenov number for the oxidation of cellulosic

materials

T, temperature of the ground, K

a, dimensionalized activation energy for -cellulose
oxidation

g, amount of heat generated (lost) in the bioreactor, kJ/h
S maximum dimensionless rate of inhibition

T, ambient temperature, K

U penetration coefficient, W/(m*-K)

Ey activation energy for the biomass growth, J/mol

T temperature within the compost pile, K

A Dbioreactor surface, m’

t time,s

7, medium temperature of the bioreactor, K

key effective thermal conductivity of the bed, W/(m'K)
E, activation energy for the inhibition of biomass
growth, J/mol

E  void fraction, —

Ty, external temperature, K

p. density of pure cellulosic material, kg/m3

p  density of input air, kg/m’

R ideal gas constant, J/K-mol

P, density of bulk biomass within the compost pile,
kg/m’

V' volume stream of air on the inlet to the bioreactor,
m’/h

m  mass of composting materials, kg

i absolute enthalpy of the inlet air, kJ/kg

¢ specific heat capacity of composting materials,
kJ/(kg-°C)

myg mass of composting reactor, kg

cr specific heat capacity of composting reactor,
kJ/(kg-°C)

E4;,, biological heat production, kJ/d

E.,, convective heat loss, kJ/d

E,.; conductive heat loss form surface of reactor, kJ/d
E).; latent heat of water evaporation, kJ/d

0O, exothermicity for the oxidation of biomass per kg of
dry cellulose, J/kg

Cp heat capacity of compost, kJ/(kg-°C)

Q. exothermicity for the oxidation of the cellulosic
material, J/kg

Ogen generated energy by biodegradation, kJ/d

Ay, pre-exponential factor for the oxidation of the
biomass growth, 1/s

Osoir  generated energy by solar radiation, kJ/d

A. pre-exponential factor for the oxidation of the
cellulosic material, 1/s

QOevqp  €nergy loss by water evaporation, kJ/d

E. activation Energy for the oxidation of the cellulosic
material, J/mol

Qcony  energy loss by convection, kJ/d

o, dimensionless activation energy for the inhibition of
biomass growth

QOcona  energy loss by conduction, kJ/d

(pc)ey effective thermal capacity per unit volume of the
bed, J/(m*-K)

O,.q energy loss by radiation, kJ/d

g, heat leaving the bioreactor as a result of the
penetration phenomenon, kJ/h

qr heat leaving the bioreactor as a result of the
convection phenomenon, kJ/h

i, absolute enthalpy of air on the outlet of the

bioreactor, kl/kg
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