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Abstract

of a thesis submitted in partial fulfilment of the requirements for the degree of Ph.D.

APPLICATION OF DIFFUSION LAWS TO COMPOSTING:
THEORY, IMPLICATIONS, AND EXPERIMENTAL TESTING
by
P. D. Chapman

Understanding the fundamentals of composting sciaoce & pragmatic perspective of

necessity involves mixtures of different sizes and types of particles in constantly changing
environmental conditions, in particular temperature. The complexity of composting is
affected by this environmental variation. Wit s o much &é noiaguesiioni n t he
arises as to the need to understand the detail of this complenitgesstanding any part

of composting with more precision than this level of noise is not likely to result in greater
understanding of the syste Yet some compost piles generate offensive odours while

ot hers dondét and science should be able to
research was greater understanding of potential odour, which is assumed to arise from the
anaerobic core of @emposting particle. It follows that the size of this anaerobic core

could be used as an indicator of odour potential. A first step in this understanding is the
need to determine which parts of a composting particle are aerobic, from which the
anaerobigroportion can be determined by difference. To this end, this thesis uses a

finite volume method of analysis to determine the distribution of oxygen giastible

scales. Diffusion laws were used to determine the thickness of each finite volume.

The esulting model, called micrenvironment analysis, was applied to a composting

particle to enable determination of onion ring type volumes of compost (called micro
environments) containing substrates (further subdivided into substrate fractions) whose
coneentrations could be determined to high precision by the application ebfist

degradation kinetics to each of these finite volumes. Determination of the oxygen
concentrationatamicrenvi r onment 6s inner boundary was
St npniegwsaki on. The StnpniewsKki model was
soil aeration and enables each miervironment to have its own oxygen uptake rate and

diffusion coefficient.



This first version of micreenvironment analysis was derived fréime simpler solution to
diffusion laws, based on the assumption of-ddfusible substrate. It was tested against

three sets of experimental data with two different substrates:

1 Particle size trialsusing dog sausage as substiatéhere the peak compisg rate
was successfully predicted, as a function of particle size.

1 Temperature trialsising pig faeces and a range of particle siz€se results
showed the potential of micenvironment analysis to identify intriguing
temperature effects, in partieu a different temperature effect;@Rand fraction
proportion was indicated for each substrate fraction. Smaller particle sizes, and

possibly outward diffusion of substrate confounded a clear experimental signal.

7 Diffusion into a pile trialsvhich shaved that the time course of particles deeper in
the pile could be predicted by the physics of oxygen distribution. A fully
computed prediction would need an added level of computational complexity in
micro-environment analysis, arising from there being tatertwined phases, gas
phase and substrate (particle) phase. Each phase needs its own micro

environment calculations which can not be done in isolation from each other.

Unexplainable parts of the composting time course are likely to be partly expisiriee
outward diffusion of substrate towards the inwardving oxygen front.  Although the

possibility of alternative electron acceptors can not be discounted as a partial explanation.

To test the theory, a new experimental reactor was develgpegicalorimetry.  With an

absolute sensitivity of 0.132 Jhr™* and a measurement frequency of 30 minutes, the
reactor was able to detect the energy requi
composting begins to decline as oxygen is consumed.im{3ption of the aeration

pumping frequency using the evidence from the data was strikingly apparent immediately

after setting the optimum frequency.

Micro-environment analysis provides a framework by which several physical effects can

be incorporated to compost science.

Key words: diffusion\ moving boundarycompostinyrate constahtalorimetry

reactok micro-environment analysikinetics waste treatment.
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NOTATION and TERMINOLOGY

This thesis crosses several disciplines, consequently notation norms for each discipline
clash when combined. As most of these clashes only occur in specific parts of the thesis
then the norms of each discipline are retaineciaad possible with an explanation as
appropriate. For example, k in its thermodynamic context only occurs in the

experimental chapter when the thermal insulation of the reactors is discussed. Elsewhere
k is used in its microbial context as a rate camstaSimilar confusion is likely to arise

over the use of firsbrder as it is used in two contexts: diffusion law where it describes
oxygen consumption and composting where it describes substrate consumption (the
relationship between these is discusseth&r on page xix).

Symbols and Acronyms (Roman)

A Cross sectional area cn?

BM Bulking material

Car Arrhenius exponent = (InfQ)+10

C Seconds in interval/10™®

Cr Temperature dependent constant Y m*k-Ke

Cin Logarithmic growth phase constant

Co2 Oxygen @ncentration mg cm®

C Concentration

D Diffusion coefficient cntst

E Energy density of substrate MJ cm?®

FAS Free Air Space -

Flux Oxygen flow through surface mg cm? st

h Molar relationship (eg. moles;@onsumed per mole substrate)
mol/mol

K Half rate constant gO, L™

k Rate Constant W MJ?

k Thermal conductivity W m?ec?

m Micro-environment index integer

MEA Micro-environment analysis

Mix Compost wet weight g

Mult Rate constant multiplier -

n Number of micreenvirorments integer
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VOA
VOR

Z

Normalised biomass (growth phase param&iéX)ax

Pump capacity
Composting rate

cm® min?t
W cm®

The proportionate change in composting rate for eati ¢Bange in

temperature.

Volumetric heat generation (Sect. 5.4.2) W m?

Mixing ratio

gg’

Respiratory quotient: C{produced per unit £consumed.

Particle radius

cm

Rate of uptake or generation of a solute, or of substrate

consumption

Surface area

Time

Temperature

Heat transfer coefficient
Volume

Volatile organic acids
Volumetric oxygen consumption rate
Volatile solids (organic fraction)
Weight

Biomass

Microbial yield
Micro-environment thickness
Oxygen penetration limit

Symbols (Greek)

Subscripts

AB
an
aer

Gravimetric moisture content  We/Wiotal

Particle diameter
Volume proportion
Weight proportion

mg cm® s
cn?

Day

°C

W 2 et

cm’

mg(OZ) Cm—s(particle)
g
g

-1
gmicrobesg substrate

cm
cm

%
cm

Index for electron acceptor (see Equatie®)3

Anaerobic
Aerobic
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Ar Arrhenius (see & in Symbols)

BM Bulking material

component Eitherbulking materialor substrate
e Endogenous respiration

f Fast fraction

h Humification fraction

[ Analysis interval
I Limit of oxygen penetration

Ln Logarithmic (see G, in Symbols)
m Micro-environment index (1,2,..)
m Maximum eg ¥, = maximum growth rate (Section 5.5.2.2)
Part Particle
pile All of: FAS, BM and substrate
r A patrticle radius determined by upper and lower sieve sizes
S Any fraction (fast, slow, humificat
S Slow fraction
sub Substrate
trans The transition between panential and logarithmic stage of the
growth phase.
w Wall temperature (Section 5.2.2.1.1)
yl The time when the growth phase parameter =1
Format

The format for the notation in this thesis is:
Parameter scae (fraction) (time)

For example: BEp( t ) r@y dénsite of the fast fraction in micenvironment m at time
t.

Most of these calculations assume the substrate is the only active component of the
composting mix and assumes that the bulking material only takes up space at the pile scale.
If necessgy, the above format could be extended to an analysis inclusive of BM by

addition of an extra subscript level, which would identify the component that the parameter

applies to. The same format also accommodates a mixture of different sized patrticles:

Parameter scaie (component) (fraction) (time)
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Where component can be further

material of particle sizer.
Application to Scale

Three scales need to be considered:

subdivided

Pile -wher e: Pile = x(particles) + air.

Partcle T disassemble a pile piece by piece with a pair of tweezers and the pieces
represent the particles as used in this thesis. They can be further subdivided based

on source into:
o bulking material
0 Substrate

1 Subparticle (micreenvironment) -w h e r e cro-enfiromments) = particle.

At the patrticle scale, bulking material will generally differ from substrate in its composting

time course and therefore each component needs separate consideration.

The relationship between scale and various measuremeriie saen irTable 0-1.

Table 0-17 Parameters and their relationship to scale.

Pile Particle Subpatrticle

Bulking Substrate Micro-

Material environment
Weight Woile WgM Wsub Wm
Weight proportion (g 9) Usm o Un
Volume V pile Vem Vsub Vi
Volume proportion (cfh UM U sub Um
cm®)
Energy density (fraction) Epile(s) Esm(s) Esub(s) Emes)
Composting rate Qpile *x Qpart Qm
Oxygen consumption VORyile o VORpart VOR,

** = Bulking material is assumed to be inert.
Within each micreenvironment, substrate fractions occur.
where:

S = any substrate fraction,
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and, in descending order of the magnitude of its rate constant:

f = fast fraction,
s = slow fraction,
h = humification faction.

Time units

There are two time perspectives in this thesis:

1 Pile time where some arbitrary start time of the composting pile time course starts
at 0 and then moves with clock time.

1 Micro-environment tim&vhere the formation of the micienvironmat starts the
micro-environment clock at 0, which then progresses according to clock time.

Micro-environment timexists within the macrscalepile timeg where the relationship

between the two time frames can be seeralie 0-2.

Table 0-21 The relationship between micreenvironment time and pile composting time.

Micro-environment (m) Relationship to Pile time (t)
Aerobic composting start time tm t*m
Elapsed aerobic time taer t-tn = t-ti*m
Elapsed anaerobic tan t*m
NB=1 * ty1
NB transition ** tirans

** The growth phase parameter (NB) of mieavironments formed after the initial
growth phase is assumed to be 1, as biomass will spread from adjoining micro

environmentsn sufficient quantity to not limit the composting rate.
Space/time/micreenvironment Relationship

There is a relationship between the miertvironment index and its location, where
micro-environment m is located at a distan@::‘(zi) from the particle surface.

Therefore the location of the oxygen boundary at any time t will be at the location

determined as above with mieemvironmentm=n =t 4.t
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First-Order Kinetics

This research embraces a fisstler kinetic from two disciplines. Unfortunately the
application of the kinetic differs between the two disciplines, in particular:
71 Diffusion laws, where zerarder and firsorder refer to the kinetic of oxygen
uptake in the substrate, k = mg @n>, and firstorder is k x Gp.

T Compostingwhere the firsorder kinetic is substrate based, k = W\ahd first
order is k x E. However, this kinetic has a scale element, in thaleitteon
acceptorbased rate constants are located in different spaces. Consequently, first
order substrate sad kinetics has two forms:

0 Thepile scale This is the form widely used in the composting literature where
the observed composting rate is a function of the degradable VS with no
adjustment for aerobic proportion (the observed rate constant will be @ mix
aerobic and anaerobic based rate constants).

o Themicro-environmenscale Where the kinetic is based on #etual electron
acceptor based rate constant operating, and aerobic rate constants have their
own space and are treated separately from anaeaib constants. Itis seen
as only goroportion of the compost which has a particular rate constant.

The relationship between the different disciplines is:
1 Zeroor der di f f uadersubstrhtakinetié onlfy at hightoxygen
concentrations.
While in the composting discipline, the relationship between the pile scalerfilest
substrate kinetic and the mieemvironment scale firstrder substrate ketic is:
{1 Firstordepje = first-ordemicroenvironment ONlY if there is a single micrenvironment
I.e. the particle is fully aerobic.
Because firsbrdeye is not adjusted for aerobic proportion, a structural error arises in its

use when particle size is sufficient to have an anaerobic core.
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Chapter 1

1 INTRODUCTION

Composting is an art as well as an applied science. Compost is a three phase system, with
mass and heat transfer processes overlaying spatial complexity. This results in a system

in which experimental variability is so large that Schloss & WalRé01)have argued

that few, if any, experiments in composting have enough statistical power to detect a
treatment effect. Limits to our understanding of composting also arise from the nature of
our investigative tools. Hamelef2004)argued that for inductive models the

experimental effort necessary to investigate all environmental factors to get a satisfactory
understanding was large, implying the strategy waslisgling. By contrast, deductive

models (deriving a model from thg®, being rooted in proven theory, have the potential to
identify aspects not visible with inductive approaches. But developing the initial theory is

an art.

With phenomenologically based inductive models widespread in composting, the effects of
macraesale parameters, such as free air space, moisture, maximum temperature etc, on the
composting rate are reasonably well understood, and work is progressing on models aimed
at understanding some of the interactions that occur between thesescalerparamets

within the composting matrileris & Regan, 1973b; Mohee, White, & Das, 1998;

Ndegwa, Thompson, & Merka, 2000; Suler & Finstein, 197 However, little work has

been done on the micisxale aspects of compaoxii

When measuring complex systems in which variation occurs at scales less than the lower
detection limit of the instruments we use, such as microbial activity in composting, then
what is detected is an average of what must exist at these smaller (et)csohles. If

this small scale variation is significant and constrains our understanding of the system, then
understanding this variation becomes important. However, to determine/detect
parameters at these scales, the lower detection limit of ourrmestts needs to match the

scale at which the effects are manifest, or we need to develop tools capable of doing so.

If we consider measurement precision to be the ability of our instruments to detect
variation at a particular scale, and microbial precisie being high if there is only one
type of micrasite, such as oxygen as the only electron acceptor, and low if there are

several micresites, such as several substrates, or aerobic and anaerobic electron acceptors,



then ourevel ofknowledgeof the sytem can be viewed as an average of the microbial
precision and measurement precisieigufe 1-1).

. Microbial
H|gh . ...............................
5
@ | Medium =
o
o
Measurement
Low

| Measurement scale |

Figure 1-17 Compostknowledgewith low precision measurement ability at subparticle scales.

The precision of the measurement curveigare 1-1 falls off slightly at the particle scale

as only some of the measurements become difficult e.g. free air space (FAS); while others,
such as moisture content and ash, have little difficulty in being measured, although the
variability in sequential measurements may increase. There is however a rapitidll
measurement precision at spérticle scales. This arises because, whitgoelectrodes

can measure many of the environmental parameters -qastible scales (oxygen, nitrates,

pH etc.), such measurements are not suited to intensive use in both space and time. At
subparticle scales, parameters, particularly substrate ctiatien and electron acceptor
concentration, change quickly over time. High precision would require multiple
measurements in time and space atsanbicle scales. Microelectrodes can measure
parameters at syarticle scales, but they are currently uedb remain in place and

monitor the changes over time. Also implicit in this is that measurement precision at sub
particle scales is largely unaffected by increasing the number of measurements at the
particle scale. One may understand more abouwatbility with increased number of
measurements, but little about treriation within the particle.

By contrast, considering the microbes at the pile scale has low precision as it would
necessarily be an average of the microbes on/in bulking matettiglggmas well as the
anaerobic/aerobic micrsites that exist within the substrate particle. However,
considering microbes at sydarticle scales could detect for example the difference
between anaerobic and aerobic microbial mgites and would havaigh precision.



One of the implications dfigure 1-1 for composting research, is that our knowledge of the
compost system is limited by the ability of our sensors to detect parametergattstlb
scales. There is a mismhatbetween the measurement precision needed for optimisation
of our understanding of microbial activity, and the ability of our tools to measure at this
level of precision. If the measurement precision atarticle scales iRigure 1-1 were

improved then our understanding of compost science would be increasesl1(2).

High
-

Measurement

Medium

Precision

Low

Pile Particle Subparticle

Measurement scale

Figure 1-27 Compostknowledgewith an improvement in our ability to detect variability at

sub-particle scales.

There are two areas where questions of precision can be applied to composting:

1 Electron acceptor (and its associated catestant, k) distribution.
1 Substrate (E) concentration distribution.
Both these parameters are needed for microbial kinetication 1-1):

Equation 1-1
Q=k3 E

Of these microbial parameters, the substrate concentration E develops known and
identifiable concentration differences over the composting time course, and is the essence
of the theoretical perspective presented in this thesis. Failure to acknowlisdge th

variation can become a structural limit of knowledge using compost models. For
example, models frequently contain the assumption (explicit or implicit) that a particle is
uniform (Finger,Hatch, & Regan, 197&nd hence exclude sydarticle variation, or small
enough to ignore internal gradiei®oleMauri, llla, Magri, Prenafet®8oldu, & Flotats,

2007) or in the case of Hamelers (2004yerags this variation over the particle. In

many cases these models use high precision microbial models (Monod kinetics), but ignore

the subparticle variation in the parameter that is needed in the Monod kinetic (oxygen or
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substrate). A high precision modelnglow precision input parameters will give a low

precision output; the increased computational difficulty (often associated with high

precision models) will not give any increased understanding.

The second area requiring consideratioBduation 1-1 is the micrescale distribution of

the electron acceptor. Consider the three major electron acceptor categories: aerobic

(oxygen as an electron acceptor), anoxic (nitrates as an electron acceptor) and anaerobic

(where neither oxygn nor nitrates are available). In several respects each of these

electron acceptors requires a unigue place in composting space, in part because there are

interactions between the different electron acceptors. The relationships between the

different eletron acceptors are complicated, yet have significant impacts on the

composting time course. For example, breakdown products of the anaerobes can produce

toxic levels of byproducts which impact on the composting rate of the aerobic biomass.
These effect may also be environmental in nature with the excess wirid lowering the

pH. The presence or absence of certain electron acceptors then has only some

explanatory value at symarticle scales. Two of these interactions can be seen in

diagrammatic fam in Figure 1-3.

unneennnnnnnn) Nijtrate as electron

Good
acceptor

Explanatory

ability

Oxygen as
electron acceptor

.
anssnmmnnns®

Poor

High Low Negligible

Oxygen concentration

Figure 1-3 1 Diagrammatic representation of the impact that the presence of oxygen has on the

utiliz ation of nitrates as electron accepto.

In Figure 1-3 the ability of oxygerio explain compost performance is good at high oxygen
concentrations, while nitrate concentration has poor explanatory abifitpsts
heterotrophgrefer to use oxygen as electron accejptivis available So even if nitrates

are present in aerobic space, it would have poor explanatory vatieevever, at low



oxygen concentrations nitrate reduction is likely to contribute more to understanding the
composting rate than oxygen reduction.

It becomes apparent Rigure 1-3 that two different electron acceptors with a fuzzy
boundary between them would likely give a better explanation of composting than only

one electron acceptor.

As oxygen is both a dominant electracceptor and has known and identifiable
concentration differences with distance from particle surface, then basing tparsaole
precision on oxygen distribution would seem a robust way of understandipgidbe
scales. But at some point, as oxygencentrations become very low, other electron

acceptors will better describe the composting time course.
Increased measurement precision needs to occur at two levels:

1) Experimental techniques capable of detecting the finer nuances of compost signals.
As some of these nuances may only be seen with short time intervals, the
experimental technique must be capable of operating at these measurement
intervals.

2) Mathematical techniques capable of extending the measurement precision to sub
particle scales (miobial micrasites scales) suitable for use in high precision
models.

These issues will be addressed in three ways in this thesis:

1 Development of calorimetry as a possible high precision experimental technique for
studying composting; including a new teajue developed by the author.

71 Derivation of a theoretical perspective from diffusion laws, using simple microbial

kinetic models, capable of determining oxygen and substrate concentrations at sub

particle scales in space and tilnthis being an originaldrmulation by the author.
1 Experimental evidence to support these notions.

Using the laws of diffusion means that the parameter values can be determined reliably at
scales beyond the detection limit of instruments. The consequent high precision
determinabn of parameters at stgarticle scales in space and time has the potential to
increase greatly compost knowledge, as the determined parameters can be incorporated

into high precision kinetic models.

At sub-particle scales, the ability of known matheitatsolutions to supply the modelling
needs is also questioned. Steathte versus non steadtate solutions, and single

parameter analysis (where oxygen is seen as the only electron acceptor within diffusion



law solutions), all have an impact on thpphcability of the mathematical solution at sub

particle scales. Mathematical precision also needs to mesh with microbial precision.

Several implications for compost research arising from consideration-plstible scale
variation are discussed, jparticular:
1 Quantifiable physical effects, notably the effect of temperature on the solubility of

oxygen in water and the diffusion coefficient, explaining a part of the effect of
temperature on the composting rate.

Other explanations for the effect of @an levels on composting.

Potential for a range of further analyses based ofpattitle scales, particularly
micro-scale pH effects.

1 Possible mechanisms to decrease statistical variability in compost research by
identifying spatial variation at sytarticle scale (converting some of the inter
experimental variability into determinablariation).

In conclusion, inductive modelling approaches are inherently limited in their potential
understanding of composting by the amount of experimental effort needederstand

fully all of the parameters and their interactions. Current deductive models, based on
microbial kinetics, seem to run into oyearameterization problems with the number of

differential equations needing a solution. This research steggtom the microbial

complexity of many of the current models and uses simple microbial kinetics in

conjunction with diffusion law solutions to determine the oxygen and substrate

concentrations in space and over time, atgtbicle scales. It therefoprits parameter

knowledge at the scale of the microbial misrees. The resulting high precision
Omeasurement 6 of these parameters has great

increasing compost knowledge.

This thesis investigates the spérticle sale variation in composting particles by
development of a model called mieeavironment analysis (MEA) in Chapter 3. This

model, which is based on the simple fbfiusible substrate version of diffusion laws,
determines the composting rate of eachganbicle scale element known as a micro
environment, by determining substrate concentration over time. Predictions made by this
model are tested with three sets of experimental data: particle size trials, temperature trials
and diffusion of oxygen into aomposting pile in Chapter 6. These experiments were

conducted in a new experimental reactor developed for these trials, fully explained in






Chapter 2

2 LITERATURE REVIEW

2.1 Aeration
Howarddos development in 1933 at Indore in

compostingGotaa, 1956; Haug, 1993) Aeration achieved, in part by turnimgice in
six months of compostingn part by the layering system utilis€tiaug, 1993)and in part
by passive airiw caused by hot air rising through the gNeeken, Wilde, & Hamelers,
2002) contributed to the sgess of the Indore method.

Modern commercial systems, whether reati@sed or open pile systems, usually have
aeration supplied by either mechanical agitation, to supplement the passive @tflow
Clark, & Leonard, 2005)orforced aeration with fan@iaug, 1993; Hughes, 1980) The
presence of fans in the system meant that when it was understood that excess temperature
adversely affects composting miesoganismgWaksman, Cordon, & Hulpoi, 1939)
evaporative cooling by forced aeration (Haug, 1993) could be used to control excess pile
temperature. Indeed considerable research effort still goes into modelling the effect of
temperature on the microb@rohn & ValenzueleéSolano, 2003; Ekinci, Keener, Michel,

& Elwell, 2004; C. Liang, Das, & McClendon, 2003; Miyatake & Iwabuchi, 2006; Nielsen
& Berthelsen, 2002; Richard & Walker, 2006 K¥fian, Karjomaa, Kapanen, Wallenius, &
Itavaara, 2002; Vinneras, Bjorklund, & Jonsson, 2003)

Whil e the importance of aeration has been
macroscale (or pile scale) aeration need that has received most atteotioreEearchers.
A range of aeration strategies have arisen including passive aékation & Yaldiz,
2004; Veeken et al., 2002)ontinuous aeratiofChang, Tsai, & Wu, 2006; Elwell, Hong,
& Keener, 2002; Fraser & Lau, 2000; Tremier, Guardia, Massiani, & M2A6kR)
intermittent aeratioEkinci, Keener, Elwell, & Michel, 2004; Elwell, Keener, Wiles,
Borger, & Willett, 2001; Kulcu & Yaldiz, 2004; Shuval, Gunnerson, & DeAnne, 1,981)
temperature feedba¢Bari & Koenig, 2000; Ekinci, Keener, Elwell, & Michel, 2005;
Fraser & Lau, 2000)and other experimental strategies including recycled air and
upflow/downflow (Bari & Koenig, 2000; Ekinci eal., 2005; Keener, Ekinci, & Michel,
2005; Kulcu & Yaldiz, 2004)

a



With this focus, the micrgcale aeration need (which is dominated by diffusion), is usually
acknowledged as presditamelers, 1993; Haug, 1993;iiMdr, 1992; Tseng, Chalmers,
Tuovinen, & Hoitink, 1995)but of insufficient strength to serve the composting needs
(Miller 1992).

In ignoring diffusion, the studies noted above limit their knowledge to the rsaate, and
contain the implicitassumpton t hat 6 a v escake gariatignds suffibientsfor mi ¢ r o
compost understanding. This is an implicit assumption which needs testing to ascertain

whether or not this micrgcale variation can be ignored.

Aspects of this micracale variation that ay be relevant to composting, and noted by
Wimpenny et al. (1984) are:
1 Two organisms may interact naturally through diffusion but may occupy
mutually exclusive habitat domains, eliminating competition between them.
1 Complex ecosystems show a multipliciyppocesses in a small volume.
1 The system may be disturbed by measuring it.
1 Reactiondiffusion equations are essential to quantitatively understand spatially

complex ecosystems.
Wimpenny et al(1984)used a range of laboratory tools to study some of this complexity.

For example, the égradostatd where they fed
fermentor vessels, with each medium starting at opposite ends.suCmexperiment

using the gradostat involvdtscherichia Colgrowing in opposing gradients of oxygen

and glucose. This apparatus, in addition to-tiwoensional wedge plates and microbial

film fermentors, studied microbial response to various gradiefiisese experimental
procedures yield useful information on microbial optimums but give little insights into the
actual gradients in composting particles. Indeed, microelectrode studies have shown that
concentration differences exist at micron scalexiivated sludge flo¢Li & Bishop,

2004) in biofilms (de-la Rosa & Yu, 2005; Horn & Hempel, 1995; Zhang, Fu, & Bishop,
1994)and in soil aggregatéZausig, Stephniewski, & Horn, 1993) That such gradients

exist in composting is acknowledgédamelers, 2001, 2004; Miller, 1992nd one could

argue that a compost particle would resemble a soil aggregate with a very high respiration

rate.

There is thus a gap in our understanding ofzaiticle scale aeration processes in
composting science. Consequently, the effect of this lack of undersjaatdhis scale
on the statistical power of compost science (or lack of it) noted by Schloss & Walker
(2001)is similarly unable to be determined.



2.2 Understanding Composting Complexity
Understanding composting from a scientifieggeective is complex. The complexity
arises from a vast range of mianoganisms existing in a heterogeneous substrate, which
exists as a-phase system (gas, solid, liquid). However, research tends to fall into only
two areas, each with its own leveladmplexity. Miller(1992)described these areas as:
1 Autecological where the research is conoed with individual populations of
microorganisms, for exampléCarpenteBoggs, Kennedy, & Reganold, 1998;
Golueke, 1992; Herrmann & Shann, 1997; Insam, Amor, Renner, & Crepaz,
1996; Nakasaki, Sasaki, Shoda, & Kitdn, 1985; Tiquia, Wan, & Tam, 2002)
1 Synecologicalwhere the investigation is at the ecosystem level and includes
the interactions between populations and their environifier, 1996).
The synecologial approach fosters understanding between physical factors and
the composting rate. e.g. FAS, C/N rgtitaug, 1986; Jeris & Regan, 1973b;
McKinley, Vestal, & Eralp, 1985; van Ginkel, van Haneghem, & Raats, 2002)

See Waksman & Hutching&l 937)for a good early perspective on some of the
microbial interactions and antagonisms.

Autecological approaches study microbial complettirough their descriptive models
such as Monod kinetig¢laag, Wouwer, & Remy, 2005; Huang, Wang, & Jih, 2000; Y.
Liang, Leonard, Feddes, & McGill, 2004; LiwarsB&ukojc, Bizukojc, & Ledakowicz,
2001; Richard, alker, & Gossett, 2006; Stombaugh & Nokes, 1986)nhibition
kinetics(Haag et al., 2005; Millner, Powers, Enkiri, & Burge, 1987; Vavilin & Lokshina,
1996)

By contrast, aynecological approackiould understad composting complexity from a

mi crobial ecology approach, where the dbecol
consideration. It is known that proliferation of microbes at fixed points in space occurs as

a result of diffusion being a major mechanism for @otransfer in a heterogeneous

microbial ecosysterWimpenny et al., 1984) Evidence of this uneven distribution of

biomass was detected in composting pieket sludge cake by Nakasaki et(4P87)

where the inner core microbial counts were 1 order of magnitude less tharegider

counts for both mesophilic and thermophilic bacteria. Considering that it is the biomass
activity that determines most of the composting time course, then understanding these

di stributions is one way of gastingcommexitynsi ght

With diffusion playing a major role at the microbial level, and diffusion being firmly
embedded in the laws of physics, a synecological approach using the laws of physics at the

appropriate scale (as suggested in the introductionjdresderable potential for
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composting understanding Including interactions between the physical and the

biological aspectef composting. Some of the laws of physics, in particular the-gas

liquid transfer rate of oxygen, GQCand ammonia were considdrat the micrescale by

(SoleMauri et al., 2007) However, they left the question of the effects of diffusion

within a particle to a | aparéictesizesevassupposedtof t he
be small aough so that inner concentration or temperature gradients could be neglectedd

(SoleMauri et al., 2007, p. 3279)

Much of the composting research which could be considered synecological however, tends
to consider nly macroscale factorg¢Jeris & Regan, 1973a, 1973) part because
experimental techniques capable of detecting rrécade factors have only recently

become availale. While these studies indicated clear optimums, repeat studies using
different substrates often gave different results, so while being useful knowledge they were
clearly not a complete explanation. A synecological approach would consider the effect
onthe experimental results of all miesgale and macrscale parameters and their
interactions. For example, the moisture content studydrys & Regan, 1973pYnder a
synecological approach shdudlso consider the moisture effect on particle size proposed

by Hamelers & Richar{2001) and the consequences of this changing particle size on the
surface ara effects noted by Nakasaki et@987) These secondary impacts occur at

the particle scale and smaller, implying thatlerstanding impacts at smaller scales in
composting is important, and that such moisture content trials are unable to fully

understand these secondary impacts.

Similar comments can be made about the oxygenation effect reported in the composting
literature (BeckFriis, Smars, Jonsson, Eklind, & Kirchmann, 2003; Michel & Reddy,
1998; Richard et al., 2006; Steger, Eklind, Olsson, & Sundh, 2008)th a synecological
approach the observed effects of low oxygen lesrlgicreasing the odour production,
noted by Beckriis et al.,(2003) Michel & Reddy,(1998) Vandergheynst, Cogan,

Defelice, Gosset, & Walke(1998) may be attributed in part, to secondary effects of
lowered oxygen levels, such as changing(jétis & Regan, 1973c; Veeken, Kalyuzhnyi,
Scharff, & Hamelers, 2000pr reduced oxygen penetration depth changing the balance
between odour production in the anaerobic ¢Bexk-Friis et al., 2003; Veeken et al.,

2000) and scrubbing of those odours in the aerobic surface. Indeed a full synecological
understanding at the micsrale could possibly explain the 25% increase in composting

rate that Miller(1992)observed with a doubling of the ventilation rate. This effect was
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noteddespite interstitial oxygen concentrations being maintained above 18%. Miller
attributed the effect to improved diffusion by increasing turbulence. However, the effect
of air velocity on the thickness of the boundary layer and the consequent trarsfat isf

well studied(Janna, 19883and the similarity between heat transfer and diffusion mass
transfer is well established. Indeed, this similarity was the basis on which Fick proposed
his orignal laws of diffusionPatzek, 2001) It follows that the ventilation effect noted

by Miller (1992) should have a good theoretical basis in science, and incorporating this

science into composting would improve compost understanding.

Temperature is also widely sied in composting and some of these studies invite
consideration of wider issues. For example, MacGregor €981)found that odour
increased withricreasing temperature, for which several explanations are possible such as
reduced oxidation of the odorous compounds in the aerobic zones, and changes in the
vapour pressure leading to higher release rates (Miller, 1996). These explanations would
be teshble if the science were applied at the appropriate scale. In particular, the solubility
of gases in water generally decreases with increasing temperature, while diffusion

coefficients increase with increasing temperature (Haug, 1993).

The widely studid aspects of composting discussed above seem to be pointing to a level
of complexity that is not being accessed by current reseaildiis shows that there &
need for composting models that either:
1 embracaheknownlaws of physics that affeespects bthe composting time
courseat the physical level; or

1 usea metaframework that accounts for these identifigbhg/sicaleffects and
incorporate microbial models.

With diffusion being a known determinant of microbial proliferat@nhe micrescale
(Wimpenny et al., 1984}hen diffusion laws would be important physical laws to integrate

into compost science.

2.3 Oxygen as Electron Acceptor
A full synecologi@l approach to composting would only occur when microbial complexity

existed within the constraints of the laws of physics, i.e. autecology exists within
synecol ogy. A microbebs electron acceptor

extracted froma particular substrai&ervizi & Bogan, 1963)and with oxygen yielding
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the most growthenergyDassonvi | | e, Re,itisthe dominadt elé¢teoh | a s ,
acceptor in aerobic composting.

Considering that oxygen must diffuse from the pores into the particles, it follows that as
oxygen is both, 1) subjected to the laws of physics and 2)jar mleterminant of microbial
activity, then oxygen distribution can provide a suitable vehicle for linking the

autecological with the synecological.

Therefore the application of diffusion laws to the oxygen distribution apattirle scales

IS not ony consistent with the importance of aeration, but also the scale at which microbes
exist. Oxygen distribution is a convenient linkage between the microbial world, the laws
of physics, and the reality of aghase compost pile where-illed porosity suplies the

aeration need.

However, solving diffusion laws (especially in the presence of consumption) is difficult
(Crank, 1957; Martinez, Marquina, & Donat, 1984}l requires mathematical
compromisegHamelers, 2001)

2.4 Modelling the Micro-Scale
With the observation by Wimpenny et @1984)that the system may be disturbed by

measuring it, in conjunction with the selfident assumption that syarticle \ariation is

likely to change over time and space, points to the need for a modelling approach, rather
than an experimental approach to understanding variation at these scales; that is, using the
reactiondiffusion equations noted by Wimpenny et al..

Diff usion laws have been used to model aspects of substance movement under

concentration gradients inso{lsCur r i e, 1961; Gli ki & Stnpn
1961; Greenwood & Berry, 1962; Smith, 1980, 1997; Smith & Arah, 1986; van Bavel,

1951, 1952; Wilshusen, Hettiaratchi, Visscher, & S&ioit, 2004; Zausig et al., 1993)

biofilms (dela Rosa & Yu, 2005; Harremoés, 1978; Horn & Hempel, 1995; Kindaichi,

Kawano, Ito, Satoh, & Okabe, 2006; Pérez, Picioreanu, & Loosdrecht, 2005; Xavier,

Picioreanu, & Loosedrecht, 2004; Zhang et al., 19@4the muedwater interfae (Bouldin,

1968; Li & Bishop, 2004; Ponnamperuma, 19#)d in biologyBritton, 1986).

However, models of the mictecale concentrations of substances in composting have not
been so widely developed. A multitude of diffusion gradients exist in composting from
the cellular scale, arising from localised concentration differefBréton, 1986; Juniper,
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1990) up to the movement of odorous substances, @ oxygen at the pile scale
(Callebaut, Gabriels, Minjauw, & Boodt, 1982; Nielson, Rogers, & Gee, 1984; van Ginkel
et al., 2002) Fortunately, scale analysis shows that gradients which have no significant
effect on the outcome can be ignored and this will agpipany gradients that exist at the

micro-scale scale in composting.

Aeration in compost is an example of where the significance of scale has been missed in
compost research. Even i f diffusionds con
acknowlelged, it is often only diffusion through the compost hgterticleporeswhich is
discussedFinger et al., 1976; Incropera & DeWitt, 1985; Miller, 1992; Miller, Harper, &
Macauley, 1989; Nakasaki et al., 1987; Nexl & Berthelsen, 2002; Park, Yun, & Park,

2001; van Ginkel et al., 2002) This focus may be because at the time when Finger et al.
(1976)did their studies, the understandj wa s dinheahe bidgcléemical reactions

occur in an aqueous environment, the oxygen must diffuse into the aqueous layer around

the substrate and perhaps even diffuse into the pores of the substrate beforedt reacts

(Finger et al., 1976, p. 1195) This focus on the particle surface continued with Nakasaki

et al.(1987)who found the difference in the G@volution rate of two particle sizes to

closely match the surface area of the particles. They did not link the surface area effect
directly to oxygen penetratiahi st ance, preferring the only e>
composting reaction proceeds primarily on the outer surfaceo (Nakasaki et al., 1987, p.

46).

Haug (1993) did a simplified analysis of the oxygen penetratitmnathin wall of compost

(a particle with planar geometry), and used it to estimate the time required to satisfy the
stoichiometric oxgen demand. Hamele(993; 2001)s the only compost researcher to

have attempted to model the impact of diffusion on the composting time course (discussed
below). Tsengetal(l]995)used Hamel er s6 oxygen penetrat.i
mycelial mould was far removed from the oxygenated zone, indicating fungal activity in

the absence of oxygen. He concluded that much of the padidiaiced insufficient

oxygen to support aerobic metabolism.

With the evidence of Hamelers (1993) that oxygen penetration depths into a composting
particle are only of the order of mmbés, the
surface would seemeasonable. To assume however, that this state continues throughout

the particlebs composting time course, or t

oxygen penetration will not give useful insights, needs to be questioned.
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25Hamel erso6 Contribution
Hamelers (1993) applied to a composting particle, the diffusional processes modelled in

the mudwater interface by Harremo&s978) Hamel ersdéd particle wa
matrix of insoluble particles, inert matter and wdtked pores. All activity was

assumed to occur in the water phase. Hydrolysis and fermentggictions in the

anaerobic core generated soluble substrates which then diffused to the aerobic surface of
the particle and were composted, this actinudng fithe development of other

gradients as of biomass and substred@centratio (Hamelers, 1993, p. 39) The rate

of conversion of the polymeric substrate to monomeric substrate (insoluble to soluble), was
modelled using a Monod pe function while aerobic composting was modelled using
biomass concentrations and the well known biomass yield per unit of substrate consumed.
This framework resulted in five differential equations and one equality relationship which
needed to be solvedimerically(Hamelers, 1993) In his subsequent theglsamelers,

2001)he took a mathematical approach to the model which included: identifiability
analysis, and aanalytical approximateolutionfor a single particle. Later chapser

extended the model to several particle sizes, calledistrdouted OUR model A later
co-authored papgiHamelers & Richard, 200Bxtended the approach, first developed for

his distributed OUR modgby using matric potential to determine particle size as

influenced by moisture content.

Hamel ersd6 work contains the inherent assump
volumetric oxygen uptake rate is constant througltioel aerobic zone. With this

assumption the surface flux approach used by Hamelers is valid as any oxygen passing

through the surface of the particle will be equally as likely to be consumed in any part of

the aerobic zone. However, if this assumptsnat true then a different diffusion law
solution is needed. Such a sol 0Gli oEskias &a
Stnpni ews ktiqg ilMB&bgti gate the oxygen profile
numerical model allowed for both different oxygen uptake rates and different diffusion

coefficients in any number of horizontal layers.

Also implicitinHa me |l er s6 work i s recognition of the
complex systems. In order to solve the equations for a variable particle size, Hamelers
needed to make mathematical compromises by
this resilted in a 0.7 to 2.1%Hamelers, 2001, p. 144pmpromise inlte accuracy of the

solution. This raises the question as to what compromised accuracy would be needed to
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solve the equations for variable temperature, such as the change from ambient
temperatures to the thermophilic temperature range met in large seglestmg, or the
diurnal/seasonal variation in temperatures experienced by a smaller compost pile.
Changing temperature, and its effect on the rate constant, is surely a significant parameter

to be incorporated into composting models.

Overparameterizabn is a common result of this modelling approéidhag et al., 2005;
Hamelers, 2001 Hameekrs needed to uséentifiable combined parametetis overcome
the identifiability problem(Hamelers, 2004)

In assuming that composting occurred in the aerobic part of the particle and that substrate
diffused from the core of the particle, Halers has also assumed that the limit of oxygen
penetration is constant as this is implicit in his assumption of constant oxygen uptake rate.
When this assumption is relaxed it is readily apparent that the diffusion law solution
becomes one ofmoving bandary problemwhere the oxygen penetration depth is
continuously increasing. The moving boundary problem has been solved for diffusion
laws (Crank & Gupta, 1972and the same mathematical solution also applies to heat
transfer intoa phasechange materidlCrank, 1957)and in biologyBritton, 1986)where

it is called a travelling wave, but not yet applied to composting.

Ha me |l er 2@1)wdrk WhBe,being a major step forward in compost understanding
falls short of a full synecological approach as the assumptions implicit in the diffusion law
solutions that are used are not all valid. In particular:
1 Oxygen uptake rate (VOR) is natrestant as assumed for most diffusion law
solutions. VOR changes:

0 overtime;

o with distance from the particle surface;

o with temperature.

1 A moving boundary solution is required.

In addition, a full synecological solution would give analytical space tooiieir

complexity, in particular:

1 the existence of alternative electron acceptors;

1 spatial heterogeneity of the biomass in response to the substrate and electron
acceptor distributions.
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Chapter 3

3 THEORY

The need for synecological approaches in which microbial interactions with their
environment become explicit can be filled, in part, by applying diffusion laws to the
dominant electron acceptor. A framework for understanding this complexity is needed
anddiffusion law solutions based on oxygen distribution are a good start to this

framework.

For a composting particle, organic maigeconverted to biomass or humus, or undergoes a
change of state (evolving mainly®, CG). In the process, oxygen is consed by the
microbial biomass resulting in a concentration gradient between the interstitial air and the
inside of the particle. The process is known as composting and the organic matter is said
to be degraded. Over time the amount of organic matteeases, resulting in lower
composting rates, lower volumetric oxygen consumption rates and greater oxygen
penetration depths. Thus, if a composting particle is sufficiently large so that oxygen is
initially unable to reach the core of the particle therr dwee, as the outer layers degrade,
oxygen will penetrate further into the particleventually reaching the core. If

significant time is required before oxygen reaches the core of the particle, then the
concentration of the organic matter in the oldagers will differ significantly from the
concentration of the organic matter in the inner layers; spatial variation will arise. The

theoretical basis for determining this variation is presented here.
This chapter is in 6 parts:

1) The thermodynamic perspeat of microbial kinetics and its applicability to
composting is discussed in sect®i

2) The limits of diffusion law solutions as they can be applied to composting are
discussed in sectich2

3) The characteristics of microbial kinetics, in particular that oxygen is not the only
electron acceptor, which further constrains the application of diffusion laws, is
discussed in sectidh 3.

4) The logic of the emergence of shtrariation in substrate concentrations at-sub
particle scales is argued in section 3.4.

5) A novel analysis framework (calledicro-environment analysisr MEA) which
links the limits of diffusion law solutions, microbial kinetic characteristics and the
spdial variation in substrate concentration is proposed in section 3.5.

6) The mathematical framework of mieemvironment analysis is presented in section
3.6.
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3.1 THERMODYNAMIC PERSPECTIVE

Chemical equations represent the relationship between the reactanteduraspof a

chemical reaction at the molecular level. When based on moles, the same equations can
determine the relative masses of the respective reactants and products. Free energy
considerations and the laws of thermodynamics mean that the molarétasissiship of
chemical equations can be linked to the energy lost from the reacfldrs energy

appears as heat (sensible and latent heat) and is the difference between thegfyee ene

st at &) efthe gadtants and products

For any equation then, there is a deterministic relationship between the amount of reactant
used, product produced and the heat released as a result of that reaction. For example,
glucose oxidised to C{and H,O can be writtenas G1 i (Es ki & S tEQuptioni e ws K i
31

Equation 3-1

C.H,,0, +60, =6CO, + 6H,0 + 2883k J(total energy

If this reaction goes through the Krebs cycle in a cell, then of this 2883 kJ (total energy)
somel270 kJ is utilised in forming 38 mol of ATP. Glucose is the basic building block
of cellulose so a significant portion of a composting substrate would have the
stoichiometry ofEquation 3-1. However, proteins and fats in padiigr would differ from

glucose in their stoichiometry and energy released.

Some insights may be gained by formulating the equation with one of the products being
an assumed formula for microb@oleMauri et al., 207). Haug(1993)p.326, using an
assumed formula for cells £§8-0,N), gave the growth of microrganisms on glucose as
(Equation 3-2):

Equation 3-2

3C,H,,0, +110, +H* +NQ; - C.H,O,N +13CO, +15H,0

Such an equation may have application during the growth phase of composting as there
will be a net gain in biomass. However, most of composting will occur in the decline
phase where the amoiuof biomass is likely to decrease. In this case, dead biomass

becomes substrate and the energy contained in the cells is released.

Applying chemical equations to microbial growth has a long history of attempting to

determine appropriate equations facrabial growth processgBattley, 1987; Mayberry,
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Prochazka, & Payne, 1967; Payne, 197(Ylaking this task easier Kessis law of
constant heat summation whi ch proposed that Otskeqalnet he
to the algebraic sum of the heats of any in
Application of Hessdés Law to complex microb
intermediate products can be ignored. Hence the 38 mole of ATP formed whemolen

of glucose is oxidised to G@nd HO will release its energy when a phosphate is removed

and it reduces to ADPthat is, it is used for microbial metabolism.

Indeed, Battley1987)extended the work of Tamiya, 1928 (discussed at some length in
Battley, 1987), and concluded that microbial growth (anabolism) is enthalpy neutral,
energy is neither absorbed nor released, and that catabolism (the oxidation ofestdbstrat
CO, and HO) supplies the energy needed for the task of rearranging the chemical
components of the cell. From this perspectigeation 3-1, in which glucose is oxidised

to CO, and HO, and which ignores the intermediateghuicts such as ATP, is a good

measure of composting. As traditional measurements of composting, volatile solids (VS),
oxygen consumption etc, make no distinction between oxidation of biomass or oxidation of
substrate, then ignoring the energy stored amiaiss from a thermodynamic perspective is

comparable to these other composting measures.

The stoichiometric relationship between substrate and oxygen consumgiipiation 3-1

means that 1 mole of glucose (180 g) consumes 6 (©8%g) of oxygen and yields 2883

kJ. Or for each gram of glucose consumed, 16.01 kJ of heat is released, or its reciprocal:
for each kJ of heat released 0.06659%,gs@onsumed. From this stoichiometric

relationship all the traditional rate measureteel'S or oxygen consumption, or €O
production, can be related to a calorimetric measurement of heat loss. While different
substrates (protein, carbohydrates, fats) have different stoichiometric and enthalpy
relationships, in reality little difference wial be noted as most compost substrates would

contain similar proportions of all the substances.

Rate constants in composting are traditionally noted on Allzsis. In detail this is
VS(consumedVS oty day’.  Due to the stoichiometric relatisinip between solids

consumed and energy produced, a thermodynamically equivalent rate constant would be
MJreteasedMJI rotanday™.  Or in a more useful format, based on 86400 seconds in a day
and a watt being 1 sthen k (day)  %/868aD *k (W MJ?) =11.574* k (W MJ™).
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3.2 DIFFUSION LAWS
Addf Fick in 1855 proposed his two landevelopedbp nal ogy t oysksofur i er 0s

the flow of heat; see Patz€k001)f or a r epeat of Fickoés experi
par t oMedidaliPbgic§1856). Later Maxwell based the laws on kinetic theory
(Patzek, 2001) Fick developed two laws:

1 First law of diffusioni where the flux (J) of a diffusing species equals the
chemical diffusivity (D) times the concentration gradiet®@/dX :
j=-ps ¢
dx
1 Second law of diffusioil when mass balance laws combine with his first law to
give:
E = D3 IJZC
Mt X

Application of the second law to the situation where the saheéis oxygen with a
concentration 0€oy, is either generated or cameed by the substrate {Gesults in the
general formulatioproposed bypanckwert1950) with subscripts specific to oxygen as

the diffusing solute

Equation 3-3

Mt HX

Wherer o, = Volumetric uptake/generatiaateof the solute (oxygen) by the substrate
Moving boundary solutions have been deri¢€dank, 1957; Crank & Gupta, 1972nd
both steadystate and nosteady stateadutions toEquation 3-3 have arisen for a wide range

of disciplines and with a range of geometries:

1 Planar geometryBouldin, 1968; Danckwerts, 1950; Harremoé&s, 1978; Incropera
& DeWitt, 1985; Pérez et al., 2005; van Bavel, 19%4dyier et al., 2004)

Cylindrical geometry(Levenspiel, 1972)

Spherical geometryBeccari, Pinto, Ramado®&, Tomei, 1992; Currie, 1961,
Greenwood & Berry, 1962; Pérez et al., 2005; Smith, 1980; van Bavel,.1952)

T
T

This thesis is about spatial variation at-galsticle scales and the framework for
understanding this. To more clearly elucidate the physiaaldwork, the simplest

diffusion solutions have been chosen. Thus:

1 Steadystate solutions are chosen over 1st@ady state with the inaccuracy
minimised by adjusting the time interval to a short enough period.
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1 The simpler nordiffusible substrate solutiorese chosen over those for diffusible
substrate, to help clarify the physical framework. The framework proposed here,
micro-environment analysis, is conceptually the same whether the substrate is
diffusible or nondiffusible. Therefore micr@nvironmentnalysis could serve as
a framework for comparing diffusible with nafffusible solutions, or both
solutions with experimental data.

3.2.1 Critique of Diffusion Law Solutions
For application to compostingyo issues arise frorthe use of solutions to diffusidaws

1) solutions ardased on oxygen ceamgiion;
2) theassumption ofsteadystate conditions, dC/dt =0These are dealt with below in
their respective sections.

3.2.1.1 Solutions are Based on Oxygen Consumption
For 1) above wo classes o$olution todiffusion lawsare commonly derived:

1) First-order kineticsThe sol ut eds ( 0 X Yrg)enrthe substratessu mp t i «
based on firsbrder kinetics of the oxygen concentrat{@ay) i.e. lo2 = Koz X Coz
(Bouldin, 19@® (model 1); Danckwerts, 1950; Harremoés, 1978; Incropera &
DeWitt, 1985; Levenspiel, 1972)

2) Zero-order kinetics Here b2 = ko2 (Bouldin, 1968 (model II); Cuie, 1961;
Gl i BGski & Stnpniewski, 1985; Greenwood &
Bavel, 1951; Xavier et al., 2004)

To determine which of the two solutions apply to composting we turn to the insights from
Monod kineticswhich adjusts kinetic ras for substrate concentrationf oxygen is

taken as a substrate, in the manndHaimelers, 2001; Kindaichi et al., 2006)e Monod
equation would be in thi®rm of Equation 3-4:

Equation 3-4

Here: Koz = half rate constant (the concentration at which the rate is 50% of maximum).

It can be seeftom Equation 3-4 that if Co, >> Ko, (€.9.Co» at free air oxygen
concentrationsihen the kinetics reduces to zero ordgs € ko), while if Koz >> Co, then

the kineticsapproachefirst-order(roz = ko2 X Co/Kop).

The shape ofquation 3-4 with Ko, = 3.5 x 10 g O, L™ can be seen iRgure 3-1.
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Figure 3-11 The adjustment factor due to Monod kinetics Equation 3-4; Ko, = 3.5 x 10° g O, L ™).

It would seem fronfrigure 3-1 that both solutions are valid but at different spaces in the
composting kinetic. Zerorder solutions would apply in the outer parts of the aerobic
part of composting particles where the oxygen levaeshayh, while firstorder solutions

would apply near the oxygen penetration limit.

Zero-order solutions produce the oxygen concentration profikegofe 3-3 (Section3.3.1

P.32) and in general, microelectrode measurements verify this profile. The
measurements of Li & Bishdj2004) in activated sludge floc, Kindaichi et £006)and
Zhang,Fu, & Bishop(1994)in biofilms, generally show, for higher oxygen concentrations,

a profile consistent withigure 3-3. It should be noted for these measurements, that
oxygen concentrations often drop-300 % i n t obuesideth® Mofilm. min this
spacediffusional processes are occurring without much consumption. However flocs and
biofilms in low dissolved oxygen concentrations often show more strongly concave
profiles at low oxygen concentrations than indicatediyre 3-3. This is however where

first-order solutions would be expected to apply.

Microelectrode measurements of oxygen concentration profiles in soil aggregates have
been madéPetersen, Nielsen, & Henriksen, 1993; SexstRawsbech, Parkin, & Tiedje,
1985; Zausig et al., 1993) They show considerable variation, but in general support the

trend inFigure 3-3.

Pet er s e(h993ptofileaid dérived from a mixed saihanuresilica gel layer 16 mm

thick and they plot a series of 5 measurements over a 21 day period. Over this period
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oxygen penetration increased from 0.25 mm (day 1) to 2 mm (day 21). When compared
with the 31 10 mm depths measured by Sexstone €1885)in wet aggregates without
manure amendment, the effect of increased oxygen uptake rate, from the highly degradable

manure, on oxygen penetration depth becomes apparent.

There are good theoretical angpoerimental reasons to assume that zeder solutions to
diffusion laws can be used over much of the oxygen penetration depth. Moreover, the
experimental evidence to support the need to useofidgr solutions to diffusion laws at
low oxygen concentrains is not strong, as at least a portion of the observed data at low
oxygen concentrations is explained by zerder kinetics, so it is not clear where zero

order should give way to firgirder. Consider the following two points:

1) Atthe oxygen concentrian levels at which zerorder solutions should give
way to firstorder solutions is where alternative electron acceptors would begin
to be utilised, and consequently oxygen concentration would be a poor indicator
of the composting time course.

2) Firstordea (and also Monod kinetic) solutions have no oxygen penetration
limit, as oxygen concentrations would always remain finite, albeit very low.
These solutions therefore could not so easily use finite volume methods as

proposed in this thesis.

It then follows that the use of a zeawder diffusion law solution in conjunction with its
oxygen penetration depth (and acknowledging the error that occurs in a small part of the
aerobic composting space) fits well with the requirements of finite volume methods of

andysis.

3.2.1.2 Use of Oxygen Flux
It is the flux of oxygen through the particle surface (the analytical boundary referred to in

section 3.4), which determines the composting rate of the particle. The stoichiometric
relationship between oxygen consumption andtsatesconsumption, ensures the aerobic
composting rate is determined by the oxygen consumption rate and, as all oxygen must
come through the surface of a patrticle, its flux at the surface. However, it has been

argued above that at high oxygen concentnatisuch as would occur at the surface of a
particle, zereorder oxygen kinetics are an appropriate diffusion law solution. It follows

that the flux of oxygen as determined by zerder kinetic solutions will adequately

explain the composting rate ofthear t i cl e, even i1 f it doesnoét
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of oxygen throughout the particle (see Bouldi@68)model I, for an equation

determining oxygen flux using zeayder diffusion law solutions).

Indeed, the flux multiplied by the particteirface area would determine the aerobic
composting rate of the particle and, if compared with the maximum possible composting
rate, that is if all the particle volume were aerobic, could determine the aerobic proportion

of the particle. This is the apgach taken by Hamelers (2001).

However, zereorder diffusion law solutions are derived assuming the volumetric oxygen
uptake rate (VOR) is uniform. This can only occur if the substrate concentrations
throughout the particle are also uniform. While thasyrbe the case at the start of
composting, it will be argued in secti@m.1that spatial variation in substrate

concentration will arise due to the delay in oxygen reaching the core of a composting
particle. It follows thathe assumption of constant VOR over the entire particle,

necessary to use the oxygen flux as a determinant of aerobic composting rate, is valid only
for alimited period of time at the start of composting.

If the flux remains dependent only on the sueflyer of the particlethe space that was
oxygenated in the first time intervathen the changing VOR over time in this space can

be accommodated with a sufficiently short time interval (discussed below). However,
over time t he Oentgringgcenmpost wittoansigrificantly higher Y@R than

at the surface, and the validity of the mathematical solution to these conditions would need
to be verified. This spatial variation in VOR can not be controlled and if its effect
exceeds the acceptallimits of the mathematical derivation, then a new derivation would

be needed. It is the assumption that the oxygen flux formulation is based on that limits its

application, so either it can be used within these limits, or a new formulation is needed.

From a scale perspective, this shows the inherent limits that the particle scale, and its
implicit assumption of uniformity throughout the particle, has on our understanding of
composting. The flux method remains computationally simple and hence usefel if

does not need high precision understanding, but it could never be precise as a method.

The different diffusion law solutions therefore can serve different functions in compost
understanding:
1 Zero-order solutions can estimate composting rate and edat#emination of an
oxygen penetration depth.

1 Firstorder solutions determine the spatial distribution of oxygen at lower oxygen
concentrations (near the oxygen penetration limit).
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3.2.1.3 Assumption of Steady-State Conditions dC/dt = 0.
The mathematics of stegdtate conditionaremuch easier than non steashate(compare

models 1 & Il with models Il & IV & V in Bouldin(1968), andthere isevidence that
simple modelling can give useful insigtfteevenspiel, 1972Pérez et al., 2005) The

conditions under which gassumptiorof steadystateis valid need to be explored.

It is widely acknowledged thathere sufficient oxygen is presengmposting kineticare

best modelled using substrate concentration adimaiteng (Hamelers, 2001; Haug, 1993;
Huang et al., 2000; Mohee et al., 1998; Murwira & Kirchmann, 1993; Nakasaki & Ohtaki,
2002; Pressel & Bidlingmaier, 1981; Whang & Meenaghan, 1980his means that the

rate eqation for composting is in the form:

Is= ksX Cs.

Where:rs = substrate consumption rate.
Cs = substrate concentration;
ks = rate constant for the particular substrate.

There is a stoichiometric relationship betweenaémbiccomposting rates and oxygen
consumption ratepp meaning thatgcould be used in lieu ofs if the molar relationship

(h) is determined and; adjusted accordingly.

Assuming the substrate is ndiffusible then its concentration will decrease over time as
substrateeonsumed by composting will not be replenished. Moreover, this situation is
also expected with a diffusible substrate if there is no replenishment from outside the
particle. Even though it follows that and by its stoichiometric relationshify) will
decrease over timd,the change ind: is sufficiently smalthe assumption of steadyate
conditionsis possible. This allowmsseof the simple mathematical solutionshere
substrate based composting kinetics can be used iromdeo diffusion lawsolutions

where po=rs*ha ¢ o n st a necessary cdntitorsge exploredurther in section
3.4

Threeforms of non steadgtate conditions can be identified as arising from the

composting dynamic:

1) Substrate is degradexver time, reducingxygenconsumption rates within the
particle (inEquation 3-1 ro2 iS not constant).

2) Variation in interstitial oxygen levefsom intermittent aeration events

3) Diurnal (and climatic) temperature changes aifecthe solubility and dfusivity
of oxygen and the rate constant.

25



To fully understand composting by modelling all these non stetatg conditions would

be a very complex task. An alternative approach is to assume-steéelgonditions and
determine the time interval forhich acceptable accuracy is achieved: in effect to solve the
diffusion equation through a numerical method. This could be applied to all three non

steadystate conditions.

Considering only the non steadtate conditions arising from substrate degradation
Danckwertg1950)arguedtha the variationarising from substrate degradatioould be

ignored if asufficient conditiorwasmet. Thissufficient conditiorbeing:ksx Csx t << 1.

Alternatively,the degradation occurring over the intended time interval could be
determined from @mposting kinetics. Forexamplea fast fradon rate constant of 10 W
MJ™* (1*10° s1), would degrad@% of the substta over a 33ninute periodleading toa
2% reductionin thecomposting ratel) steadystate conditions would be a reasonable

assumptn for this time interval

Note that the variation in oxygen concentration along the length of glgrenspiel,
1972) while producing micrescaledifferences in terms of oxygen concentration down the

pore, would still approach steadtate conditions.

Thus, he assumption of steadyate conditions, while naiccuratecan be made sufficient
with an appropriately shoanalysistime interval Thelength of this interval varies
depending on the rate constant applyimabie 3-1), meaning that mathematically the
formulations would apply equally to aerobic processabanaerobic, if the electron

acceptor experienced a cont@ation gradient and diffused.

Table 3-1 T Estimated interval giving a 2% reduction (E/E, = 0.98) in the composting rate using

Equation 3-13and 1 order of magnitudebetween the rate constant of each fraction (k 10; k.= 1; k=
0.1 W MJ?.

Fraction Approximate Interval Time (hours)
oxygen penetration deptl giving a 2% reduction in
(cm) substrate concentration
Fast 0.1 0.5
Slow 0.2 5
Humification 0.5 50

Similar calculations could be done for each of the sources of variation.
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These consideratiormmve tobe made within the context:of

1 The variability inherent in determining mieemvironments of a finite size,
discussed as part of defining migavironmensize in sectior3.5.

1 Errors involved in determination of particle size, mipaarosity, and diffusion rates
that are likely to differ from pure watesr can only be determined with an
experimental setip containing its ownreors and assumptions

3214 60xygen Penistancedt i on D

Determining an oxygen penetration distance is problematic witkofidgr diffusion law
solutions, as oxygen levels would never reach zero mathematinalyglition to not being
valid at high oxygeroncentrations see sectiol.2.1.1

By contrast, zermrder solutions contain a zero oxygen level point and this can be
determined b¥quation 3-5 (Crank &Gu p t a , 1972; GliE&ki & Stnpn

Harremoés, 1978)

Equation 3-5
3 3
, = |22 D°Coy cm
VOR
Where:VOR= Volumetric oxygen consumption rate mg(0,) cm®s?
Co2 = Oxygen concentration mg(Ozl) cmi®

D = Diffusion coefficient cnt’ s

2 = Constant of integration for planar geometry (Note: For spherical geometry
the constant = 6; them =r.= the radius of the maximum sized

particle that could be fully aerobic).

z = Oxygen penetration distance (at steastgte) cm

Unless fully aerobic, the observed composting rate of any particle will be a combination of
the anaerobic composting rate and the aerobic composting rate, with the proportion of each
determining whether the ofxwved rate were closer to fully aerobic or fully anaerobic. It
follows thata full particle analytical solutionsing onlyzercorder kinetics would require

a solution thatletermined the proportion of the particle which was within the-asder

oxygen netration distance.

3.2.2 Applying Diffusion Theory to Composting
Surface fluxbased measurements (see discussion in s&Rah 3, being simple, have

value in estimating aerobic proportion, but their assumption of constant & QRckly
invalidated as oxygen penetrates into the particle. This means they are not suitable for

high precision analysis.
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By contrast, a spatially based analysis framework, constructed around the oxygen
penetration depth, should enable the spatiahtian in VOR to be kept within acceptable
limits to allow zereorder diffusion laws and steadyate conditions to be assumed.er@&
orderdiffusion law solutions allow determination of an oxygen penetration distance and
therefore can be used in a spayiflased analysis framework. Zesoder solutions also

apply tomuch of theaerobic compostingolume €igure 3-1).

A spacebased analysis framework using zerder diffusion law solutions is necessary to

relate diffusion lawsa the analytical unit of a particle.

The error that develops over time from reducing oxygen consumption as substrate is
degraded, can be accommodated by determining the oxygen uptake rate (VOR) for each
micro-environment at each time interval. The eth@n would remain within the limits

set in considering the analysis interval (developed further in se&hn

In addition, the diffusion equations for planar geometry are easier to solve than those based
on spherical geoetry. To achieve this simplification the onion rings need to be assumed

to be sheets. Consider the following factors:

1 Oxygen penetration distances (only a few mm) that are only a small proportion of a
typical compost particle radius.

1 With many micreenvronments, oxygen penetration distance for each new micro
environment will become very small, therefore determination of a spherical shell
volume will be dominated by particle geometry effects which impact mostly on the
surface dimensions of a mieemvironment, rather than its thickness.

1 Particle geometry effects (sectiBrb.1) which mean that the errors arising from
determining oxygen penetration distance using-peder oxygen diffusion
solutions (sectio.5.2), occur at the inner boundary of a mi@ovironment and
consequently have a proportionately less effect on the aerobic volume proportion.
Consider the effect on determination of the volume of a truncated wedge shaped
object in which tle location of the truncated part varies about the apex of the
wedge.

Hence using a planar geometry (assuming a flat surface) to determine oxygen penetration
distance and assuming that this would apply over all particle sizes, is realistic. This
greatly smplifies computations for a composting pile with a range of particle sizes, with
little loss of precision. Determination of mieemvironment volumes can be based on
spherical geometry where oxygen penetration distance can be assumed to be a linear

propation of particle radius.
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3.3 MESHING MICROBIAL KINETIC THEORY WITH
DIFFUSION THEORY

From a microbial perspective, a substrate with a higher freeyenesyt a° eaablésq@G

faster growth ratéServizi & Bogan, 1963) Oxidising a substrate with oxygen yields the

most energy and consequently the highest growth rates. 1 mole of glucose using oxygen as
an electron acceptor will produce 38 mol of AT#ile in the absence of oxygen, alcohol

and CQ are produced yielding only 2 mol of ATPGI| i EBs ki & St nlpthe ews ki
absence of oxygen, other electron acceptors are ut{{denl Burton, & Chang, 1997,

Dassonville et al., 2004; Mayberry et al., 19&iJl growth proceeds, albeit at a slower

pace.

It is the need to model the microbial process which has given rise to the concept of a rate
constant. This is based on a phenomenological law of a mass of microbial activity, not an
actual mi cr obi al °fsthe wsefutmicobigidrasnetér)s tFromthe oG
microbial perspective, some microbes would utilize oxygen as it becomes available, while
their neighbours continued with other electron accejfitargiverse range of electron

acceptors could be utilised at any one time in the conmgosiosaic. The measured rate
constant would tend towards reflecting the rate of the dominant electron acceptor, but
would remain affected by all the others. However, oxygen exhibits strong concentration
gradients in a composting particle and, whengmem sufficient concentration, is a

dominant electron acceptor.

A second form of variability exists in the microbial world. This arises from the difficulty
in utilizing the available substrates. Substrates able to be absorbed directly by cells, for
example, soluble sugars and cellular contents from dead 1oigamisms, will result in

higher growth rates, and higher composting rates, than high molecular weight substrates,
for example cellulose, which must be broken down by cellulosomes before bkeirig bb
utilised by cells. See Atkey & Wodd983)for an electron micrograph study of the burst
of microbial activity when a cell wall is breached and mierganisms invade theell

contents. Some substrates, especially lignin can only be broken down by specific micro
organismgTuomela, Hatakka, Raiskila, Vikman, & Itavaara, 2001; Tuomela, Vikman,
Hatakka, & Itavaara, 2000)

Kaiser(1996)incorporated this variability (his first trophic level) by allocating each

substrate to its component microflora and modelled it as a microbial ecosystem. These
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substrates, and their associated microflora, in his model aredheerted via upper

trophic level micreorganisms into humus.

Within the framework proposed in this thesis, the phenomenological rate constants

associated with this variability, are placed on two axes, a substrate axis and an electron
acceptor axisT@able 3-2) . Within this framework the Ohu
fraction, that is the part of the composting time course not explainable by the fast or slow

fractions.

Table 3-271 Possible phenomenological rate constants from three substrates and three electron

acceptors.
SUBSTRATE
FAST SLOW HUMIFICATION
(Soluble) (Insoluble)

Electron Oxygen Koz Koxs) Koz
acceptor )

(Redox Nitrate kNi(f) kNi(s) kNi(h)
Potentia) Anaerobic kan(f) kan(s) kand’l)

The non steadgtate condition arising from the change in oxygen concentrations as
substrate is degraded, can be accommodated within ss&stdydiffusion law solutions by
limiting analysis to an appropriately short timéerval (discussed above in section

3.2.1.3. This accommodation can be extended to multiple substrates as utilisation of the
different substrates is not sequential. In general, utilisation of the slow fraction continues
while the fast fraction is still present, however, the utilisation of some substrates has been
shown to be inhibited by the presence of otlildierag et al., 2005; Lemus, Lau, Branion, &
Lo, 2004; Vavilin & Lokshina, 198). The fast fraction is degraded faster than the slow
fraction over time, it follows therefore that there will be a gradual transition from
composting being dominated by a fast fraction substrate to being dominated by a more
refractory substrate. Thggadual transition can be accommodated in the stsiady
conditions of diffusion law solutions because over any particular period of analysis it can

be considered to be constant.

Indeed, the parameter needed for diffusion law solutions is volumetgenxptake rate

(roz Oof Equation 3-3). How this is determined is of no consequence. Considerable
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computational complexity can exist in determining oxygen uptake rate without impacting
on the diffusion law solutions. Differeatibstrates and their attendant different rate

constants are only one form of the possible computational complexity.

In a similar manner, the many phases identified in microbial kin@tiesdeking, 1967)

can bereduced to two for application in micemvironment analysisigure 3-2):

1 A growth phase, attributed to the composting rate increasing as the biomass builds
up.

1 A decline phase, where substrate limits the composting rate (th®sbing rate
declines as substrate is degraded).

Decline

——

Composting rate
[

Growth

|
J

Figure 3-2 - A typical composting profile, under assumed conditions

Time

However, the transition from one electron acceptor to another is not so easily
accomnodated in diffusion law solutions. While two different rate constants can be
accommodated within steadyate conditions if the transition from one to the other is

gradual and they both consume oxygen, the relationship would only apphete a

electron aceptor if it did not significantly impact on the composting rate, as the oxygen
based electron acceptor would need to continue to dominate the composting rate, however
low its concentration may get. This is clearly not the case becauseygen based

electron acceptors do occur, and while they may not contribute much to the composting

rate, they can make their presence known in other ways: e.g. odour, low pH.

For example, nitrate as an electron acceptor generates 19 mole ATPgotese

(Dassonville et al., 2004yhile oxygen as an electron acceptor generates 38 ATP'mole
(Gl i EBski & St nNitrate aswarsekectron adc8pBBwWould be expected to
compost at 50% of the rate of oxygen as an electron acceptor, if the appropriate microbes
were not limiting the rate and the concentrations were the same. Howevéectiene
acceptor relationship is more complex than this. For example, there is suppression of

nitrification at high oxygen concentrations because heterotrophs outcompete the autotrophs
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for the available oxyge(Zhang et al., 1994) By contrast, the denitrifiers which can

utilise nitrates as an electron acceptor, do not begin activity until very low oxygen levels

(Cho et al., 1997) As many of the microrganisms capable of utilising these different

electron acgetors will need to grow when the environmental conditions become suitable,

it becomes apparent that the electron acceptor transitions will be impacted by many more

factors than oxygen concentration.

3.3.1 The Anaerobic i Aerobic Transition

The effect of time othe oxygen concentration profile of the fast fraction in compost can

be seen irfFigure 3-3.

period. The compost between these two depths undergoes a transition in rate constant

from anaerobic to aerobic.

The two rate constants are sequential.

Under these assumed conditions (k = 10 W-MEJ= 0.002 MJ ci

%) the oxygen penetration depth increases from 0.018 cm to 0.020 cthe@éehour

Figure 3-3 shows that the position of the second graph relatitbe first is a function of the

time interval.
would see them diverge.

over time; it has a velocityrigure 3-4).
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A very short interval would cause them to merge; yet a longer time interval

Figure 3-37 Oxygen concentration profiles with a 6hour separation, assuming only the fast fraction is

composting. Dat a using Bouldino6s

(196 85¥0.000Med®. | |

wi t h
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In addition, it was argued in SectiBrR.1.4that with a fast rate constant of 10 WJ

some 2% of the substrate is degraded in 30 minutes. Considering that-a micro

environment is formed using parameter statdbeendof the interval, and that these are

taken to represent t he -érwirormmerd,thendhe shbrtetthee st a
interval the better the parameter states at the end of the interval will represent the average
state; and the les@riation in substrate concentration that will occur between the outer and

inner boundaries. It follows that the shorter the interval the better the model output will
represent the actual time course. The effect on calculated oxygen vel®uiiydrs-4 is

a result of this effect.

0.0088

0.0087

0.0086

0.0085

0.0084

Oxygen penetration Velocity (cm/day)

0.0083

OO0 e T
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340

Interval (Minutes)

Figure 3-47 The influence of length of analysis interval on determination of the oxygen penetration
velocity (cm/day) ofFigure 3-3.  The 0.0087 cm/day velocity at the 6 hour interval ifigure 3-3.
reduces to 0.00825 c¢cm/day as the interval Y 0.

The steady movement of the oxygen front has been measured at thesozderio leaf
composting Strom, Morris, & Finstein, 1980and at the micrscale using
microelectrodes in a sefhanure system over a 21 day peripéersen et al., 1993 Figure
5c).

3.3.2 Aerobic Composting Start-time
It is aerobic composting which is being modelled in this thesis. It was shown in the

previous section that, over time, the oxygen front moves into previously anaerobic parts of
a particle. Forthe case of oxygen penetrating into previously anaerobic/anoxic compost,
the rate constant changes frégRaerobic/anoxidO Kaerobic  The kinetic model requires the rate
constant to beonstant therefore there are two sequential kinetic functions avghart

time t(0) for each rate constafk). Oxygen reaching new substrate causes the transition
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from anaerobic/anoxic to aerobic, therefore this transition determinesisiat(O) of the
aerobic composting kinetiand the end of the anaerobic contpaskinetic.

As this transition occurs within the maesoale time frame of the composting pile, it is

only the outer layer of the particle for which hige starttime = micro-environment staft

time; for all other micreenvironmentspile starttimeoccurs beforemicro-environment
starttime It is the dynamics of oxygen penetration, which determines thdistarbf

aerobic composting in all but the outer layer of a composting particle. On the other hand
it is the micrescale (microbial) kinetic aiierobic degradation which determines oxygen
penetratiordistanceandt(0)aerobicy  t(0)(aerobic)iS @ function of its location in a

composting particle. As such each miemvironment index (m) will have a unique start

time to aerobic compostirg,

This linkage between the dynamics of oxygen penetration, the microbial kinetic, and the
start time of aerobic composting is the essence of reisvronment analysis and is

further explored in sectioB.5.

3.4 THE ANALYTICAL BOUNDARY and the opile
time
The analytical boundary defined here is the surface of a particle; this being a coherent

piece of compost whose pores are largely water filled.

There are pragmatic reasons for considering a particle as an analytical bamdary

follows:

1 Bulking material is likely to have very different parameters and hence compost
very differently from the substrate. Defining a particle as an analytical boundary
enables a bulking material particle to be analysed separately from a substrate
paticle.

Size can be conveniently determined by sieve analysis.

Mass balances and particle size distribution analysis can be carried out on each

component before mixing and on the mixture.

1 Most of the FAS exists outside of particles, meaning the gas tidrsystem in a
composting pile can be considered as a system separate from, but intimately
associated with, particle kinetics.

1 A sphere is a convenient analysis geometry and adjustments can be made for non
sphericity if necessarfGreenwood & Berry, 1962)

1 Preparation of thearnpost pile is a convenient point from which to determine the
pile start time(discussed in sectidh 3.2).

= =4
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The concept of a particle from the perspective of m&reironment analysis can be

defined as that volume of compaedgtich has a diffusion coefficient substantially different

from the pore spaces which constitute the oxygen supply lines into the compost pile. A

pile is a mixture of particles, some of which may differ in composition and composting

time course. From aigro-environment perspective, the particles can retain their

analytical integrity even when mixed. Oxygen concentration in the air surrounding the
particle is |ikely to be a function of the
becomes thankage between the particle analysis scale and pile analysis scale. Extension

of the analytical principles of micrenvironment analysis to pile scales requires the

additional consideration that the oxygen concentration surrounding the particle is

determned by diffusion into the pile (through porés)e. its location.

3.4.1 The Emergence of Spatial Variability in a Composting
Particle
With an oxygen penetration into a compostin

(Hamelers, 1993; Haug, 1993) conjunction with the slow movement of the oxygen front
into a composting particle implicit in secti@B.1(approximately 58 0 e m/ day ), t he
considerable time will in general be required before oxygen reaches the core of a particle.

While there is evidence that thermophilic anaerobic rate constants can IfRiblgdrd et

al., 2006) this effect seems to be confined to the thermophilic range. If anaerobic rate
constants were high at ambieemperatures then the drop in the composting rate due to

ice clogging the exit air pipe, noted in the trial data in this thesis (Chapter 6), would not
have been so dramatic. In addition, there would be no preserved shipwrecks and those
unfortunate indiiduals who have dug into an old pit toilet (including the author) would

have had a more pleasant experience. In the absence of more convincing data, and with
the evidence ofWalker & Harrison, 196Q)he aerobigate constani this thesiss taken

to betwo orders of magnitude faster than the anaerobic rate constant, so for the same time
period the amount of degradation in the aerobic part (surface) of the composting particle
will be greater than the anaerolpiart (core) of the particle (see sectif). The greater

the time before the oxygen front (anaerdbaerobic transition ofigure3-2) reaches any
particular compagboth in a particle and in a pilehe greater will be the difference in the
state of degradation of the two parts of the compost. The relative amount of degradation

with two different rate constants which have been composting over the same time period
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can be seen ifigure 3-5. There is a mathematical relationship between their relative
degradation rates, Equatior28.
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[— k=10 W/MJ (fast fraction) — = k=0.1 W/MJ (anaerobic) |

Figure 3-571 The relative degradation rates of an aerolu fast fraction and the same fraction with an

anaerobic rate constant assumed to be two orders of magnitude less than the aerobic rate constant.

While the fast fraction is typically less than 1/3 of the total volatile solids in composting
(see Chapter 6and hence the bulk of the volatile solids is not degraded this fast, it is the
fast fraction which dominates the observed composting rate (and the oxygen penetration
depth) in the first few days. Therefore any spatial variability effect arising frofaghe

fraction is significant for the observed composting time course.

3.4.2 Other Reasons for Identifying Spatial Variability
In addition to the mathematical problems of meshing two sequential rate constants, one of

which is not using oxygen, with zeorder dffusion law solutions, there are practical
advantages inansidering e differing composting processas having a spatial

dimensionwhen applied to the analytical unit. In particular:

1 Anaerobic conditions generate obnoxious oddwace knowing theraerobic
proportion is a useful design parameter that does not need to be known to high
precision.

1 Making the spatial dimension explicit, moves the computations outside of the
modelling mathematics, enabling visualisations of the interactions betwekn, an
dynamic within, different spaces at the mis@ale dimensions in the composting
kinetics. Each space can be treated as an ecological entity and a range of
computational activities carried out with little impact on its neighbetos
example the micrscale calculations of Harremo@9©78) where pH changes
could be pedicted from the stoichiometry of th@oxicsite.
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1 Temperature effects (diurnal, seasonal and weather related) are a fact of life for a
compost pile and impact on the rate constant (VOR) of diffusion law solutions.
The analytical solutons¢f Danckwerts, 1950; GIli GGki &
Hamelers, 2001pequire a constant, or near constant VOR which would never be
achieved in the real world. There is a case therefore to step back from the full
solution and usa spacébased analysis tool with an analysis interval that allows
adjustment for these temperature effects on the rate constant at each interval.

With these advantages in making spatial variability explicit, there is value inzesing

order kineticgo determire a zero oxygen concentration poiatd accepting the error that
would arise in that space close to the oxygen penetration limit wherenokinetics

does not apply. This space close to the oxygen penetration limit can be termed a fuzzy
boundary, which is developed in secti8rb.2. This fuzzy boundary has a place in
composting space at the oxygen penetration limit, but is not able to be made explicit with
the zereorder formulation.

Using a zereorder kineticformulation of diffusion theory to determine an oxygen
penetration limit allows determination of the spatial elements that exist within the
composting dynamic that arise from this limited oxygen penetration. This is the

analytical gap which is filled bgnicro-environment analysis.

Micro-environment analysisasseveras i mi | ar i ti es to tihe dunr eac
di ffusi on t hr ouaofheveaspib(1972)(grigimally proposed by Yagi &
Kunni, 1955). However, in Levenspields model, ash

to the unreacted core and hence differs fundamentally from a composting particle.
Composting particle diffusion coefficientsarige little over time as they are dominated by
diffusion in water, and composting also has several rate constants which do not fit well

with the unreacted core model.

Moreover, the delay in oxygen reaching inner parts of a composting particle, excludes the
possibility that a single kinetic stetfime can be used in modelling the composting time

course; particularly with large particle sizes and high rate constants.
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3.5 DEFINING A MICRO-ENVIRONMENT

A micro-environment is a volume aierobiccompost whose sta variablesin

particular the state of degradatigriall within defined limits.

With continuously increasing oxygen penetration distance, defining a finite sized micro
environment means that the outer boundary of the reicvaronment will contain sligly
more degraded substrate than the inner boundary. A-mmiconment of finite size will
contain a determinablangeof states. This means that mig@nvironment size can be
set by determining the range of states permitted. A similar range otauoleegtates has

been previously discussed with respect to stestate conditions (Sectidh2.]).

As aerobic compostingtart-timeis a major contributor to this variation in states, then time
becomes a useful tool for detenimg micro-environment thickness, and hence the amount
of variation contained in the micenvironment. The discrete form of a micro
environment, (one having a finite volume in composting stptee), can be seenAigure

3-6.

Oxygen from neighbouring
Depth micro-environment (E.1(t))

Oxygenconsumed CMi ; .
— . ' u : icro-environment state
Micro-environment state : Substrate oxidised f Em(t+ti)

Em(t'ti) Em(t)

Oxygen available for neighbouring
v micro-environment (F+1(t))

Time
=

Figure 3-6 1 Micro -environment statespace with a finite time interval. Where m denotes the micre

environment index and { is the time step.

Using a time interval to define a finite thickness otraienvironment, requires a
mathematical relationship between time and memgironment thickness. The axes in

Figure 3-6 reveal this linkage:
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1) Time(horizontal axis). Microbial kinetics, in conjunction watart-time of
aerolic compostingand therate constantdeterminethe substrate (state variable)
remaining at time.

2) Spacgvertical axis). A new micr@nvironment can only exist in space not
occupied by other micrenvironments and must be adjacent to the previously
formed micro-environment. Therefore the outer boundary (from the particle
perspective) of a new micenvironment is fixed at the inner boundary of its
immediate neighbour; which has a point in composting space determined by
diffusion laws.

3) Thethicknesof the micreenvironment is then the distance that oxygen can
penetrate with an oxygen concentration inthemecnovi r onment 6s out e
attime {+ t) 1 i.e. theresidual oxygen from all other micrenvironments
diffusing inwards at timet ¢ tj). In effect, the inner boundary is the point in
space where oxygen concentration = 0O at titret).

4) Spaceandtimear e | inked in that it is a pointo
the start-time of aerobic compostingnd by definition the point inrhe that the
micro-environment comes into existence, with microbial kinetics and diffusion
laws being essential factors in the linkage. With a finite time intestat:time
of aerobic compostinghould strictly be taken as ti/2 i.e an average of ¢hstates
in the micreenvironment; however, the simplstarttime of aerobic composting
=t, would produce little error (see steashate discussion secti@2.1.3where the
interval is determined by the need to assume stetatly conditions. The
variation in substrate concentration between the inner and outer boundaries is the
same as the variation tolerated in the stestdie assumptions).

Using a time interval to determine new mi@ovironments means that if there s n
residual oxygen to form a new mieemvironment, such as can occur during the growth
phase, then the mictenvironment thickness (z) = 0. In that case, the re@ondronment
will exist in time, in the sense that an interval of time has passed andthdreft a new
micro-environment will form, but not in space; as with a zero thickness it can have no

volume.

Understanding the complexity of composting atspatial level and using simple

microbial kinetics, as proposed in this thesis, differs fromratbmposting models in that
they usually attempt to explain the complexity of composting fronmileeobial level by
using sophisticated microbial kinetics (Monod kinetics, Micisadienten equation etc)

but ignore spatial variatiofCrohn & Valenzuelé&olano, 2003; J. T. Gilmour & Gilmour,
1980; Haag et al., 2005; Huang et al., 2000; Kaiser, 1996; Keener, Marugg, Hansen, &
Hoitink, 1993; Mason & Milke, 2005; Mohee et al., 1998; Ndegwa et al., 2000; Nielsen &
Berthelen, 2002; Stombaugh & Nokes, 1996; Trefry & Franzmann, 2003)le Mauri

et. al.(2007)extended a sophisticated microbial kinetics to include mass transfers between
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the gas and the liquid phases, but have nog¢xteinded their model to include spatial

variation.

Accommodating the heterogeneity that occurs within the analytical boundary in
composting space is a difficult modelling issue as embedding it within the mathematical
framework results in a large compubaial requirement (Hamelers, 2001). However, the
mathematical constraints of diffusion law solutions, in conjunction with the microbial
kinetic modelling forms (in particular, different electron acceptor rate constants), points to
a formulation in which diferent rate constants can exist in their respective composting
spaces. A solution framework which is space based, such as this one, is logically

consistent, mathematically simple and potentially insightful.

Micro-environments need zeayder oxygen dffision solutions for identification of their
inner boundary, and this needs to be done at intervals to limit the variation that arises as the
oxygen front moves towards the centre of the particle. Once defined;ennronments
exist only in compostingpace. Therefore the zepoder assumption needs to exist only

at that fleeting moment in composting spéicge when a new analysis interval ticks over.
That moment only occurs when a human imposed modelling constraint interprets the
natural world.  Athis point the fuzzy boundary disappears (collapses to a surface) and
this surface becomes the inner boundary of the new raitvdonment.  The anaerobic
clock time stops and the aerobic clock time begins; diffusion law meets microbial kinetics
within an analytical boundary. However, once a mienavironment is defined the zero
order constraint can be relaxed and those parts of the fuzzy boundary that exist within

micro-environment space can be made explicit with an appropriate kinetic formulation.

Micro-e nvi ronments are an anal ytical 6spaceb6,
the physics of the dynamic itself. When formed they have high coherence and can act as

a mathematical unit embracing as it does volumes of compost in the same state of
degradation. The advantage of a stgpace based analytical tool is that itheerfections

in the mathematical solution used to form the men@ironment (which are unable to be
avoided) also only exist for that fleeting moment in time. What is lefilddby the act

of forming a micreenvironment is a boundary whose location may not be precise but

which contains a set of parameters known to high precision. It is the high precision set of
parameters which give a high precision output using high precisogiels rather than the

precise location of the inner boundary.
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Micro-environmentnalysis differs from other modelsinthah e anal yt i c al
defined by the kinetics armqermitmultiple rate constants to exist in two different forms:

1 Substratebased rate constantsWhere any factor that impacts on the rate
constant such as pH, toxicity and microbial inhibitions, affects the single-micro
environment parameterplumetric oxygen uptake raf¢gOR). These factors are
in a sense, external to mieemvironment analysis, yet intimately involved.

1 Electron acceptor based rate constanthich are located in separate micro
environment spaces. The boundary between these separatemicomments
occurs athephysical limit of oxygen penetration basauzercorder solutions to
diffusion laws. The different electron acceptors then occueither side of this
boundaryjn adjoining composting spateone in a micreenvironment, the other
outside micreenvironment space

3.5.1 Particle Geometry Effects
Theparticle geometry effects noted in sect®B.2with respect to the inner boundary (and

further discussed in secti@5.2 apply to all micreenvironments. At the micro
environment level, Zin Figure 3-7 contains proportionately more volume thanzz more
volume than zetc. These effects overlay the spatial variation in substrate concentration
that arises from the interactions between microbial kinetics and limitggen penetration.
One consequence of particle geometry is that larger particles behave differently from
smaller particles. For larger particles, the inner mereironments (zzz ) will

contain proportionately more volume than smaller particlesyimg the delay in aerobic
composting staftime (from the oxygen penetration dynamic) to have a greater impact on

composting kinetics. The effects also apply to the fuzzy boundary (s8chi@n

Figure 3-7 - Diagrammatic
representation of the nature of
oxygen penetration into a
composting particle and the
development of micre

environments.

The importance of limited oxygen penetration depths on reaction kinetics has been
identified in biological floc{Beccari et al., 19923nd in biofiims(Pérez et al., 2005)

Indeed Pérez et al., 2005 conclud€dis means that the simple @a@rder solution for
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biofilm modeling has a wider application than might be inferred from the traditional

wastewater coefficien{®érez et al., 2005, p. 1322)

3.5.2 The Fuzzy Boundary
There is no doubt that the oxygen penetration limit is not as sharp as implied {oydsaro

diffusion law solutions, and this fuzziness is confirmed by microelectrode measurements
(discussed aboviesection3.2.1.). The fuzzy boundary is where the oxygen penetration
limit using zereorder kinetics begins toifaas a predictive model. It is where a transition
between one electron acceptor and another is occurring. The assumption that Monod
kinetics (or firstorder oxygen kinetics as found in diffusion law solutions) is the best
predictive model for this aseneeds to be compared to the prediction ability arising from
considering the change in the dominant rate constant.

At | east two approaches are possible: the
concentration at which anoxic metabolism appdssed on RQ changing strongly in
favour of CQ(RQ >>1),( Gl i Bs ki & St AThis poiatwan ba deterrhifed 5 )

by experimentation.

Alternatively, vewing the electron acceptors as substrates and assuming the microbes
would utilise the electron acceptor with the highest redox potentialugiegHarremas
(1978)relationship(Equation 3-6) would allow determination of the oxygen concentration
Ca in Equation 3-6, at which oxygen became a limiting substnatiativeto nitrates or any

other electron a@ptor- Cg in Equation 3-6.

Equation 3-6

Ca< &3 Ce

SB
Below this concentratigriew insights would accrue from further consideration of oxygen
effects, but substantiaisights arise from nitrification stoichiometfidarremoés1978)
There may also biasights from considering interactions between the two electron
acceptors and their productsi-or example HoltatHartwig, Dorsch, & Bakkei2000)
determined the halfate constant (K) for p reduction in soilsat8. ¢ M (*Molom™ 1 0
%. Compared with the K = 3.4 x T0ol. m* for oxygen(Hamelers, 2001then the
concentration ratio, oxygen#® =0.85. That is if the oxygen concentration is less than

0.85 x Gi2othen NO could be expected to be the dominant electron acceptor. For a
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discussion of the full denitrification process using MielisMenten kinetics and different
electron affinity characteristics see Cho et(@097)

Viewing the composting dynamic as a spatial arrangement defined by the dominant
electron acceptdras the poterdl to be simple and insightfulhe complexity of the
relevant interactions in each space becomes visible to the researthes:

1 Aerobic space - substrate limiting

1 Transition space - oxygen limiting, other electron acceptors utilised.

1 Anaerobic space - oxygen and nitratelectron acceptors limiting, low redox
potential-odour.

A micro-environment is defined by the time that oxygen first reaches it, based en zero

order diffusion law solutions. While the inner boundary will be withmfuzzy layer,

the definition means thatforamieeon vi r on ment , bot h anoxic (or

anaerobic conditions are considered-pistorytoamicree nvi r onment 6 s e x i
They are both excluded from the formal analysis, although dcgvity may have an
impactonthemicr@ nvi r onment 6s substrate starting

contribution is included.

Zero-order solutions of diffusion laws are only needed to define a relcvoonment
(section3.5). Once defined, micrenvironments exist only in composting space, and

other analytical frameworks can be used. For example, anoxic/anaerobic states can be
investigated with firsorder diffusion law solutions, using the migeavironment spatial
framework. Indeed, these other analytical frameworks are not constrained to micro
environment space, they can extend to anaerobic space. However, should excess spatial
variability arise within the anaerobic zone and diffusion of the electron acceptos begi

play a role, then a suitable framework may be needed for full understanding.

Considering the transitignhe fuzzy boundarybetween anaerobic and aerobic as a spatial
element enables other insights to be considered. For example, the oxygen front
composed oé steadily rising oxygen concentratjasintimately linked witha microbial
response to thi@Pérez et al., 2005) While the nature of this respons®y be an

intriguing theoretical questigit also has a definite, and constantly changing, location in
compostingspace. Some wok on spatial responses of miesoganisms to this sort of
dynamic has been done for biofilnfRittmann et al., 2004)
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The proportion of a composting particle which may be in this transition space gives further
insights into the benefits of considering it as a significaatofr.

The definition of the haifate constant (K;) means that at the point where oxygen levels

equal Koz the composting rate will be 50% of maximum. Uskgvi er et al . 6s
Koz 0f 3.5 x 10° g O, L%, the proportion of the linear distance dfaloxygen penetration

that is affected by more than 50% can be determined by using therderdormulation

of oxygen penetration depth to determine the oxygen penetrationlii|guation 3-5) and

Equation 4-6 to determine the depth at which oxygen concentrations KThe difference

between the two depths is the amount of the radial distance that is affected by > 50%
reduction in composting rate. For example, a 0.5 cm particle with k = 4 WaMUE =

0.002 MJ crit, some 19.7% of thiotal aerobic distanckas a composting rate less than

50% of the maximum level.

However, he need to know this boundary with precision is further lessened when the
location is seen within the over&éiheticsof a @mposting particle. The impact is a
proportion of a proportion i.e while only9.7®% of the total oxygen penetration depth is
within this fuzzy boundary, this boundary is in turn located at the innermost boundary of

the aerobic portion of the particle. ofn particle geometry it can be shown that:

Equation 3-7

_ ((rparticle_ r0)3 X+ r0)3 - ro3
F x = 3 3
(r - 15)

particle

Wh e r g=voluime proportion of the fuzzy bounddwry) in the aerobic part
of a particle with radiusricle

Iariicle= particle radius.
ro = anaerobic boundary radius.

X = proportion of the aerobutistancewith a composting rate50% of
maximum= 0.197.
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Figure 3-8 - The effect of particle geometry on the proportion of the aerobic zone in the fuzzy layer

(composting rate < 50% of maximum- Equation 3-7).

Note th&

1) Figure 3-8 assumes that tHezzy boundary exists on the aerobic side of the
anaerobic/aerobic boundary)(r Different proportions would arise if it occurred
on the anaerobic side of the boundary.

2) The proportion of the aerabdistancen the fuzzy layer (x) is 0.197 and this value
is approached only when the anaerobic radius ~ particle radius. As the particle
becomed ul |y aerobic (i.e. anaerobic radius
the aerobic volume in the fuzgyer tends tok i.e. 0.008 Note: the value of x
(the proportion of the aerobic distance that is in the fuzzy layer) remains at 0.197.
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3.6 THE MODEL

The mechanisms by which anaerobic portions become aerobicemeir@nments and the

mathematial frameworks necessary can be seearigure 3-9.

Pile composting rate

Aerobic Anaerobic
x(eern 1x(een
A H
h 4 Gain Loss:

Substrate
|]|]|::> oxidised
in time (t)

y

Anaeo b i ¢

Aerobic transition

A
Reduced oxygen

consumption
<

Surplus oxygen

Figure 3-91 Diagram showing the mechanisms involved in the formation of a new micrenvironment

inatime interval (t}). Wher e: ¢ e pemvironmemti cr o

3.6.1 Mathematical Derivation
In the same manner thduet pile composting ratean be determined as the sum of the

composting rate of each contributing particle, the composting rate of each particle (Part)

will be a sum of the composting rate of eacimtributing micreenvironment (it
Equation 3-8
=« M=N -
QPart(r) (t) = a m:l(Qm (t)) W Cm3
Where: n = total number of aerobic migenvironments = t/and n must satfy the
. == M=nN . . . -
expressiong _(z,) ¢r. Thatis nincreases with each time

increment until oxygen reaches the core of the particle, when n remains
constant with each time increment.

m = integer index of a micrkenvironment

t = time since th@ile began composting (days)
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Each micreenvironmenwill be only a proportion of the total volume will have a
volumetric proportion{ m¢) as well as a composting rate of each fracfigh By
definition, a micreenvironment does not exist untiis aerobic, thereforEquation 3-8 can

be written for the aerobic contribution as:

Equation 3-9

m=n

Qparry (1) = a m:l(F i) > [Qmry (1) + Quygy (1) + Qg (1)---.1) W cmi®

Wheref = fast fraction
s= slow fraction
h = humification fraction

If incorporating anaerobic/anoxic degradation, then the volume proportion of the anaerobic

component could be determinegig(re 3-9) as t x ( ).

Use ofa substrate basduist-order kinetics can be achievedht composting rate is based

on a temperature dependent rate congkghéind energy remainins):
Equation 3-10

Qs(t) =ks3 Eg(t)® NBg(t) W cm?*

Where: S= substrate fraction (fagj, slow(s), humification(h)é )

Es(t) = energy remaining in fraction (S) at time (t).

NB = adjustment for rate limiting biomass.
Equation 3-9 with Q determined Y Equation 3-10is the mathematical expression of micro
environment analysis. It differs from firetder kinetics in incorporating the volume

proportion of each micrenvironmen{ty,).

Micro-environmentnalysis incorporates a spatial based analysis withirofickr
kinetics. It reduces to firgirder kinetics Equation 3-10) if a composting particle is fully

aerobic from the start of compostingf m=1; G,= 1).

Equation 3-9 can be extended to as many substrates as necessary, however by the time that
slower decomposing substrates begin to contribute significantly to the composting rate, the
fast fraction, and much of théoss fraction, will be degraded and the composting rate so

low that little of the core of particles will be anaerobic; little net benefit would accrue from

the increased computation requirement.
The two variables iEquation 3-9 and Equation 3-10 are affected by different aspects of the
composting dynamic
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T Eis substrate specific (fast fraction
constant and the length of time the rate constant has been opétranefpre, it
incorporates the delay in stdime of aerobic composting).

1 Gnis affected by oxygen penetration depth and particle size.

The statdenergy densityE) of a micreenvironment which has been anaerobic for a
period of time can be determindm two sequential kinetic functions. For each
function the state can be determined at any {tijpassuming constant temperature and

ignoring the growth phase parameter:

Equation 3-11
E.(t) = E.(0)3 MJ cm?®

Wheret = time elapsed from 0.
S= substrate fraction

For anaerobic compostinthis can be written as:
Equation 3-12
ES(an) (t) = ES (0)3 e(_ Kartar) MJ Cm3
If anaerobic compostingrecedes aerobic composting, then the amount of substrate at the
startpoint of aerobic composting is the state ateahdof anaerobic composting. The

time of the anaerobic/aerobic transition for any mienvironment (m) ist)*, therefore at

the tramitionty, = t= ti*m andEquation3-12 can be rewritten as:

Equation 3-13
E.s (transition) = E, ¢ (0)3 e ™ MJ cmi®
If Equation 3-13is the sibstrate concentration #0)aerobic @nd aerobic composting time(ts
- ti*m), then the state at any time in the aerobic phase is:

Equation 3-14

Ens (1) = Ey g (transition) 3 e e tts*m) MJ cmi®

SubstituteEquation 3-13 into Equation 3-14 to determine the state at a known time period

(t*m) of anaerobic composting followed by aerobic composting:

Equation 3-15
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Em(s) (t) - Em(s) (O) 3 e(' kanti m) 3 e(' kaer(t' 5 m)) MJ Cm3

Where: t> t*m

Equation3-15 could be inserted intBquation 3-10 for a complete understanding involving

both aerobic and anaerobic/anoxic degradation. How®€A is an analysis of the
aerobic part of a composting particle. From this analysis perspective, the anaerobic
contribution appears only as a reduction in the starting substrate concentration for the
particular micreenvironment. As the anaerobic cabttion is an exponent of time
multiplied by rate constant, then either a short anaerobic composting time or a small
anaerobic rate constant will mean this contribution is small, and little error would occur if

the anaerobic contribution were ignored. emEquation3-15reduces to:

Equation 3-16

Em(S) (t) = Em(S) (0) 3 e(' kaer(t' tim)) M\] Crn-3

3.7 IMPLICATIONS OF THE THEORETICAL
PERSPECTIVE

Microbial kinetics exhibit 4 phases: lppase, growth phase, stationary phase, decline
phasgHoran, 1991; Luedeking, 1967) These phases are generally acknowledged as
applying to composting. However, these microbial phases must exist within the meta
theory framework of MEA, for which it has been argued in se@i8ithat only two

phases are needed, a growth phase and a decline phase.

Within the micreenvironment framework the dynamic between the formation of new
micro-environments and the degradation of existing mamironments provides new

insights into the nature of the phases observed in composting.

1 Lag phasé particle fully aerobic asomposting has not yet begun (subject only to
the time required for oxygen to diffuse into the centre of the patrticle); the
composting dynamic is very largely determined by microbial kinetics.

1 Growth phasé where the observed composting rate is net okamed composting
from the rising biomass and decline in the aerobic proportion.

1 Less than fully aerobic particlewhere observed composting rate is net of
increased composting from new migenvironments and decreased composting in
old microenvironmens.

1 Fully aerobic particlé where net composting declines due to decreased
composting in old micr@nvironments and no new mieemvironments form.

! Micro-environments begin to form at timgit(see Chapter 4) arttlis formation is complete by timg.t
If the average of the start time is used then anaerobic gimerm-0.5)*t,.
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In addition, considering oxygen penetration as a velocity rather than a depth raises the
intriguing quesbn as to the nature of the growth phase parameter as the oxygen front
moves into previously anaerobic substrate. For slow velocities, the natural spread of the
aerobic biomass is likely to mean that a growth phase parameter is only needed for the
initial biomass build up, however, for faster velocities the natural spread of the biomass
may be insufficient and a growth phase parameter may be required for later micro

environments.

The fuzzy boundary, while not being mathematically included in réororonment

analysis, can still be accommodated. When a reordronment is defined, its location

is within this fuzzy bounary. Therefore, as oxygen concentration builds in the newly
defined micreenvironment, the amount of fuzzy boundary adjustment to the composting
rate needed would decrease over time. This accommodation is limited to oxygen impacts
that occur within the cdundary defined by zerorder kinetics. Low oxygen levels

occurring in the anaerobic zone could not be adjusted for in this framework.
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Chapter 4

4 APPLICATION OF THE THEORY

4.1 Micro-Environment Calculations
Micro-environments are defined sequentially as oxygen penetrates the particle.- Micro

environment calculations exist in thrdenensional composting space and must embrace
the multidimensional aspects of microbial ecosystenience while the diffusion law
solutions of Chapter 3 only require the single parameter VOR, composting kinetics require
several parameters to determine VOR. Some parameters-@niironment starting

parameters) will be set when the mieavironment omes into existence, in particular:

1 Start time for aerobic composting,)t

T Es(tm).

1 Micro-environmenthicknesyzy).

T Micro.envi ronment volkume proportion (0
While other parameters need calculation at each interval

Energy remaining in each fractiontime micreenvironment (g (t)).
Composting rate of the micrenvironment (Q).

Oxygen consumption within the miecenvironment (VOR).
Residual oxygen at the inner boundary (i}, and

= =4 4 A

Determination of new micrenvironment starting parametersy,(a m, and f,).
For any Osliced through the composting ti me

sum of all micreenvironments over all particle sizes as depictesigure 4-1.

Parti_cle If2
Figure 4-1i Spacetime- Radlus’/ 0 .
particle size-substrate - 2 4
relationships between m= o Qe Qo
different micro - m=2 Qn Qc
environments. Where the m=3 Qs
aerobic composting rates m=4 Qanaeroni Qa
Qa>Qs>Qc> Qp. v

Micro-environments contributing to

measured composting rate atéim
3t.  Where the texture gradient
represents fractions in the compost|

Oxygen Penetration Depth
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The computational task is to determine the state of the paesmeteach micro
environment at each time interval in order to determine:
1 Themicreenvi ronment 6s composting rate, and
composting rate
1 Themicreenvi ronment 6s oxygen consumption ra

coneentration at the innermost boundary of the innermost r@nkeronment to be
determined so the thickness of the new m&mngironment can be calculated.

4.1.1 The Space-time Analytical Framework
In each time interval, the aerobic front advances further intpattele, creating a new

micro-environment. Let;be the time increment, and m the integer form of a micro
environment in the sense that ins the first micreenvironment and m¥the nth micre
environment. Thus at the end of period n, the latest raeicironment formed is

represented by the space intervall[ n]? in Figure 42. As n increments by 1 at each
interval,andamic)r@ nvi ronment 6s t hickness is deter mi
limit, then n tracks the oxyggenetration distance at any timethe laws of physics

determine this track.

Figure 4-2 - Discretising time into units, with to ti=t; tha =N Time
a corresponding discretisation of the space
dimension, representing the stepvise m=1
advance of the Oaerobic fronto]inta a
. . . . i Aerobic i
composting particle along dimension m (m s :
. . m=n-1
will be a linear depth for a slabshaped Micro-environment n
. . . m=n
particle with planar geometry, or inwards
. . . i Anaerobic
along the radius r for a spherical particle). Spacs ER— :

By contrast, m mmains with its micreenvironment it has a location in the particle and
encompasses its resident mienganisms. As n increments with the oxygen penetration
distance while m is fixed, it is only at the formation of a mienwvironment that m = n.

Atal ot her times 10 m O n. -timEWwheianmervaent i n
ticks over and the fuzzy boundary collapses to a surface (discussed in Chapter 3) is also the
moment in time when m = n and this only occurs at a certain place in the particle

determined by the interaction of diffusion law and microbial kinetics (the oxygen

2 It is assumed that composting is initiated atehdof the time interval in which theicro-environment is
created, though to a better approximation it should be initiated atithgoint of that interval.
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penetration distance). In addition, n by definition exists from the start time of pile

composting until oxygen reaches the core of the patrticle.

From a microbial perspecty the formation of a new micienvironment occurs at the
transition from anaerobic to aerobic. It is the aerobic compostanttime of the new

micro-environment.

As m = n at this point, its temporary labehiand the time of its formation is beter (n

1)*t; and n*f. However, it is only for this time interval that m = n, as at the next interval

n increments by 1 and m and n must part company. But the legacy of that brief moment
in time remains and m retains the imprint of that moment, gathaebiogt itself a certain
volume of compost in a certain state with a time of formation in compostingsptate

determined as mit

Different time courses in composting history are represented by m and nparsole

scales. The micrenvironment indexn, is associated with a fixed volume of compost

and tracks the time course of the microbial kinetics. By contrast, n tracks the oxygen
penetration distance, it brings new mieavironments into existence. The stepped line

in Figure 4-2 is the path traced by n over time (although it is only visible in a 2 dimensional
portrayal of the composting process), it is the ever changing boundary in composting space
between anaerobic and aerobic. As a tool, n defines aerobic compaastinignst and
micro-environment volume. The trace left behind by the path of n through composting
statespace is embodied in its partner m which forms the basis on which all subsequent

calculations exist.

4.1.2 Time
In Chapter 3 the need for an aerobic compgsdiart time for each micrenvironment was

raised and the point made that this time is of necessity different from the pile start time for
all except the first micr@nvironment (m=1). The mathematical relationships between

these are established here.
Time, in a composting context is best viewed from two irdkated perspectives:

1 Pile perspectivéabsolute time) where clock time begins at some identifiable
point (t)) and progresses by a known interval at each s)ep towever, t0) can
not be degrmined with high precision as it takes time to prepare the compost and
start the trial. Therefore, as the analysis interval occurs at the end of the time
interval then t(0) is taken as occurring at the end of the first interval i.e. §(0) =t
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This mayneed to be reassessed iftgreater than a few hours. Absolute time
affects all parts of the pile equally.

1 Micro-environment perspectifeomposting timej which is intimately linked to
the rate constant, most significantly linked to the presenabsance of oxygen,
and theperiodof time that the rate constant has been operating.eay. te:
Because of composting timedbds association
differ throughout the pile, although all mieemvironments with the satime
label will be affected equallyFigure4-1. For any rate constant, composting time
progresses according to clock time, but its starting pgidifters from that of its
neighbours.

A change in rate cotent from anaerobic to aerobic will cause the compost time of the

anaerobic rate constant to stop, while the compost time of the aerobic rate constant begins

at 0. While §, stops progressing at timg, tits impact, that is the amount of degradation
thatoccurs in the time periogditwith rate constantJd, remains as part of the miero
environment s history. mllihke absoluta tene b i ¢/ aer o
composting time as above.

nin Section.1.1is the incremeralised component of time, it increases by 1 at each
interval. Therefore the relationship between n and clock time is t =umtil oxygen
reaches the core of a particle, when n stops incrementing and no morenvcomments

will form.

When oxygen aives into a previously anaerobic part of a composting particle then m =n
(Section4.1.)), therefore this time is t = n*: m*t;.  As the micreenvironment comes

into existence at this point then the start time of the réorgronment i$ m*t; which is

by definition the start time aferobiccomposting. As a new micenvironment forms in
each interval, then an equally wide range of aerobic composting start times, and
conseqguently composting time courses, will exist inctiraposting particle. Micro
environment analysis is about tracking the time courses of each of these micro

environments.

If we define the start time of aerobic composting,&s in*t; then the time course of

composting can be described with two functieaparated at timig,.

1. Anaerobicdegradation (with rate constang)kchanging at time.{to:
2. Aerobicdegradation (with rate constantkfor a period of timeye,

% As micro-environments arise at the end of the time interval, tvéstlg speaking the outer part of a miero
environment will have been composting for a timeriger than this time, as it would have received oxygen
soon after the previs micreenvironment formed. Only the inner part of the mienvironment would be
accurately represented by this formulation.
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Where: the elapsed time ahaerobiccomposting tan = tm = M*;
the elapsed time aferobiccomposting taer= t-tm = t- M*t;
and t=Ttnt ter

4.1.3 The Volumetric Oxygen Consumption Rate (VOR)
The composting rate (£) for each substrate ($pr unit volume of a micrenvironment

can bedeterminedrom first order kinetic§Equaton 3-10), and is reformulated here for

each micreenvironment as

Equation 4-1
_ -3
Qs (1) =Ks® Eqy) ()2 NB) (1) W emsolid (m)
Whereks = thermodynamiaate constant of substrat8) W MJ '1(3
Em(s(t) = concentration of substrat8)in micreenv (n) at time (t) MJ(s) CM ~(solid (m)
NBs)(t) = Adjustment for biomass being raffeniting at the start of
composting of substrateYSNB O 1 Xm X'lmax

To convert Qs) [W cmi®] of Equation 4-1 to VOR [Mg o, cm®s?], the oxygen consumption
rate per watt is needed.

Haug(1993, p. 111)used electrons transferred when oxygeidiegs a substrate to

determine that 3.2Kcal are released for each gram of COD (Chemical Oxygen Demand).

He quoted Zanoni & Mueller who determined experimentally that &8l g CODare

released. By contrast, Criddle et@991)used microcalorimetry to determine the

energy release from respiring corn shoots at 556 gJ2Zmol Q@ (kJ/mol Q). Lefebvre

etal. (20000 used Vanodét Reit & Tklanolp@ whilesKkaiged 99 1) v
(1996)used 1400BJ/kg Q.

Using the experimental data and converting to the same units: Zanoni & Mueller yielded
1594kJ/ g Q; Criddle etal. (1991) 1718/ g Q. Lefebvre et al., (2000) 14K)/g Q;

Kaiser (1996) 14.86J/JgGand from stoichiometry of glucos
St npnil88y)gikeil6.01kI/g Q. Considering that Zanoni Bueller used various

sewage sludges while Criddle et al. (1991) used respiring corn shoots, the similarity

between these two figures suggests the wide applicability of the amount of energy released

per gram of oxygen. For this work the sewage sludge &i8tkJ/ g Qwill be used.
1gY 15.94 kJ

Divide by seconds and modify units:

190, /s- 1594kW Or: 1mgO,/sY 15.94 W
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That is:

1 watt requires 0.0627 mg@*

Therefore to convewatts to VOR

Qums) [W cmi®] * 0.0627 [mg Q(s.W)'] = VOR mgO, cmi’s?
Equation 4-1 can be formulated on a volumetric oxygen uptake rate basis as:

Equation 4-2
VOR, (1) = 8 (ks ® Enyg ()3 NBs(1))? 0.0627 mgO, cm®s?

It then becomes suitable for usesiuation 4-7 & Equation 4-9.  Limited oxygen
penetration depths mostly occur early in
fraction dominates composting. However, considering both fast and slow fractions (as in
Equation 4-2), then summing the VOR of these two contributing fractions determines the

VOR of micro-environment (m).

4.1.4 Incorporating the Growth Stage
Using the normalised growth phase paramet&eation 5.5.4 and a separate growth

phase parameter for eafthction raises a question as to whether the function should apply
to the growth phase parameter of each m@reironment. If the function is applied to
each micreenvironment, then the growth phase parameter would be offset from its

neighbour by;ti.e. the delay in aerobic start time of adjacent menvironments.

Alternatively, it could apply only to the first micenvironment, and subsequent micro
environments use the growth phase parameter from this one, on the assumption that the
rate of peneation of oxygen into the particle is low enough that the natural spread of
biomass will be sufficient to eliminate the need for a growth phase in these later micro

environments.

Until experimental evidence proves otherwise, the spread of biomass wsbilraed to be
sufficient to not need a separate growth phase parameter for subsequent micro

environments.

The growth phase parameter in effect changes the rate constant, therefore any point where
the rate constant occurs in calculations will need adjudtfoethe growth phase

parameter, thus:
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1 Equation 4-2, where the VOR, and consequently the thickness of new micro
environments, is impacted.

1 Equation 4-5, where the change in state (E) of the mienvirorment over the time
interval is affected by the composting rate and consequently the growth phase
parameter.

1 Equation 3-10 (reformulated above asyuation 4-1), when the composting rate of the
micro-environment is determined.

4.1.5 Energy Density E(0) & E(t)
The energy density at the start of composkg@) of each fractior{S)in the particle can

be determined from the volatile solif}sS)content, the proportion of théSin each

fraction and the energy cantt of volatile solids:

Equation 4-3
V. 0)3 sa _
E (O) - Sotal( ) EVS S MJ Cmssolid
S V
particles

Where:vV&‘R,tm = volatile solids as determined lgh analysis g

U, = massproportion of VS that is fraction (S

Evs = enegy content of VS (21.4Jg 1 Haug (1993) MJ g*

For each micreenvironment with a start time of aerobic composting,@rtd with the
degradation due to anaerobic activity ignored, thgration 4-3 could be formulated for

eachmicro-environment as:

Equation 4-4

Vaotal (O) 3 EVS 3 aS
\%

Enns () = MJ cni®soig

particles

For any micreenvironment m for which t tthen the fraction will be degradeder each

time intervalaccording to firsbrdermicrobial kinetics:

Equation 4-5
Eq(t) = Es(t- )3 e "% MJ eMi°soicm)
WhereDd Maltiplier to adjustthethermodynamic rate constant into a time based
constant =(3600*hrs)/£G= 0.0864if time is 1 day MJ.second 3.

t; = intervaltime Days
Note 1) At t=t,i.e.thefirst aerobicinterval, E{t) reduces to EO0)

2) Note 2 could be chosen for the analysis time interval i.e 0.0036 for interval of 1

hour; 0.0018 for 30 minute interval.
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Equation 4-5 is formulated for micreenvironment analysis where the degradation over the
interval period; is determined, as distinct from a formulation base&@) and total
elapsed composting timg,. The above formulain allows adjustment of the rate

constant at each interval enabling it to interface with an external temperature data set.

4.1.6 Oxygen Concentration at the Inner Boundary
The widely used equation determining oxygen concentration within a space where zero

orde diffusion law applies is formulated for micemvironments below (note the same

equation is used in heat transfer problems where heat is lost at a constant rate):

Equation 4-6
VOR) [, .. i=m .. i=m
C.0=C,0+ 2R (5 72) - 25 72)° 2) )
2D mg 0, cm
Where:Cy(t) = Oxygen concentrin at the particle surface. mg O, cm’®
Cn(t) = Oxygen concentration at miecemvironmentin) 6 s i nner
boundaryat time(t) mg O, cm’®
z = Thicknesof micro-environmeni{m) cm
z = Oxygen penetrabin depth Equation 4-9). cm

However, the zerorder diffusion law (an@quation 4-6) requires a constant VOR, yet the
definition of a micreenvironment is that the VOR will vary between mienavirorments.

This variation is beyond the limits of the above formulation.

Stnpni ews ki derived a mul {Gl atEeki m&d8t npor e
1985)which gives insights into the effect of changing VOR. Their equation,

reformulated here with micrenvironment notation, for determining oxygen concentration

at the inner boundary of a mieemvironment, assuming the oxygemncentration in the

microenvi ronment 6s outer boundary is known, i
Equation 4-7

28 " (VOR()7,2,)- VOR, ()2}
2D

m

Ch(t) =Cny (1) - mg O, cm?

Where: n = Total number of micenvironments.

By rearranging and comparimguation 4-7 with Equation 4-6, it can be seen thafOR(t)z of
Equation 4-6 compares withg :"m (VOR(t)zz,) ofEquation4-7. Of particular interest in
this comparison is th&guation 4-6 limits the analysis boundary to the oxygen penetration
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limit (z;) while the analysis boundary Bfuation 4-7 contains no apparent methodology
which limits n to the a@bic part only. IVORis the oxygen consumption rate in the
layers between m and n, i.e. the oxygen consumption of rarorsonmentgo theinside
of micro-environment m, and if n were the centre of the particle, then at least some of these

layers willbe beyond the oxygen penetration depth (z

Figure 4-37 The effect of changing (n) on

Sthipni ewski 0s multilayeT\ model . Fast
fraction rate constant only with a layer \\

0.006

thicknessz, of 0.001 cm; where & :::Zm

0.004

= depth as determined byEquation 4-9.

Oxygen Concentration g/L

Notes: 1) The VOR of each layer is the same  ° o

T including the n+1 layer. 2) The n curve

0.000

doeS not neatly meet the axis as the thickness 0 0.004 0.008 0.012 0.016 0.02 0.024 0.028 0.032 0.036

Depth (cm)

of the layers g, = z, = 0.001 cm), does not
exactly match the oxygen penetration depth (0.03023 cm).
Knowing the oxygen penetration limit is important fajuation 4-7 as shown irFigure 4-3
where n is determined by Zthe oxygen penetration limit). Clearly n is a significant
issue for use afquation 4-7, because precise determination is not possible without knowing
Cm-1), Yet knowing Gn.1) is dependent on knowing @nd n). Two approachesea
possible to achieve a high precision solution:
T If nin Equation 4-7 were a continually increasing number over time (being the

number of micreenvironments in existence at time (t)), thjoation 4-7 would
mesh well with the logic requirements of migovironment analysis. The

function § :z;NOR(t)zi) being the oxygen consumption in that part of the

compost beyond micrenvironment m, but within the aerobic zdnevhere n =
number of micreervironments at timeti.e.n=t#t

1 However, entering VOR as 0, if it is beyond the oxygen penetration depth, also
achieves the boundary requirements of the analytical solution even if n is the centre
of the particle. This raises the possibility th&fl@nod style kinetics around the
VOR would reduce it to a sufficiently low value to make the solution valid while
retaining n as being the centre of the particle.

Thus, the need to know oxygen penetration depth as a parameter before being able to
reliably determine oxygen concentrationatamiera vi r onment 6 s i nner bo

substantiallymore complicated by the development of spatial variation within the aerobic
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zone. Determining oxygen penetration depth with anything other than a constant VOR
would seem to need a numerical solution. ichd-environmentnalysis fills this need
because, by definition, the inner boundary of a new recrov i r o natémett. [z
Therefore the most precise determination gfi€€achieved at that instant in time\{then

a new micreenvironment forms, and will again become precise after an elapsed time of t
With the circular arguments noted above, an iterative procedure will still be needed for a
high precision solution. That is, oxygen concentration atthéaundary is dependent on
knowing the thickness of the n th mieeavironment (i.e.ijzvhere i=n in Equation-%),

while the thickness of the n th mieemvironment is determined by knowing the oxygen

concentration at the-f boundary (Equation-@).

4.1.6.1 Accommodating the Fuzzy Boundary
The fuzzy boundarydiscussed in Section 3.5.€an be accommodated lEguation 310

by incorporating the Monodquation. As the effect is a function of oxygen concentration
and acts on the rate constant, then its effect vasresaich micreenvironment. Equation

4-8 is Equation 3-10 with the Monod equation fitted. It uses the oxygen concentration at
the outer boundary of the micrenvironment (inner boundary of-tr). Note, ay aerobic
composting thabccurs beyond micrenvironment rithe innermost micr@nvironment)
would not be counted iBquation 4-8, but as oxygen concentrations at this point would be

very low the error is likely to be small.

Equation 4-8
Q.o () =kg3 & Coumy G E. o (t)3 NB(t) W cm?
m(s) gKoz +Coom 1 2 "

4.1.7 Oxygen Movement from Pores to the Particle (C(0))
In Equation 4-9 below, the concentration of oxygen in the outer part offittsé micro-

environmentetwithin the particle iSmportant when applying diffusion lavis oxygen
movement into a particle. This concentration will differ from the pore oxygen level

which in turn will be less than fresr oxygen concentration.

For oxygen to be able to be used by micrganisms within an agqueous environment, it

must cross from the atmosphere to the substralhis interfacas known as thgasfilm

* Aerobic composting could occur beyond miewvironment n if n is initially determined without Monod
adjustment. In this caghe VORinmicre nvi ronment 6s significantly affect
would consume less oxygen than expected with the residual then diffusing further into the particle, beyond n.

6C



resistancéFinn, 1967) or liquid-gas transfe(SoleMauri et al., 2007) A particular
consideration is whether the particle should be treated as dominantlyiwataich case

the oxygen concentration in water can bedetei ned by Henryoés | aw,
mg cm® @ 16C 1 Polprasert, 196); this stance would be supported by those who argue
that a particle is surrounded by a thin layer of wétamelers, 2001) On the other hand,

if water is embedded within the particnd not free on the surfadbe possibility that

partly airfilled micro-porosity may exist and substantjaihange the assumed parameters
mustbe considered.

Resistances have a surface area component, hence withpoiosity the resistance must
lie where it actually occursvhich is the edge of a micqmore not filled with water.

Accurate computations need to be based on the edge of tihelsie agcropores which

may be substantially different from the edge of the particle. With an indeterminate
mosaic of micrescale pores the computational difficulties would confound any predictive
model. A manageable compromise is needed. Fortunatblstasitial insights are

possible by assuming a certain oxygen concentration at the analytical boundary that can, if

necessary, include the effect of migrores by adjusting the magnitude of thiusion
coefficient at this boundary.For a good summaryf the mathematics of micyporosity
in soils see G98FHs ki & Stnpni ewski

If the effects of micrepores could be relati tothemacrs c al e 6particl ed
the parameters needed for modelling purposes would be well grounded. The two
modelling parameters that are likely to be impacted by rporosity are oxygen
concentration in the outer edge of the outer ca@rvironment, anthediffusion

coefficient.

The oxygen concentration in the outer edge of m&raronment #1, could be lower or

hi gher than pr e ddwerifthelsolibyity iHsbstraie & $esslthanvpure
wateri higher if the outerdge is a mosaic of afilled micro-pores and water saturated
substrate. In the absence of experimental data, the oxygen concentratigng@ssumed
to be 0.009ng cm® (Polprasert, 1996) This is slightly below the saturation coefficient in
pure water at 16C in equilibrium with free air oxygen concentration. Typically the pore
oxygen concentration willéless than freair concentrations so microbes growing in the

edge of micreenvironment #1 would be immersed mevenlower concentratioof

oxygen however, the range of factors discussed above would expose any other estimate to

substantial criticism.
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4.1.8 Diffusion Coefficient (D).
The dffusion coefficientfor gases diffusingnto particlesis known to vary considerably.

Smith(1980)noted the range afasdiffusion coefficients measured in soil particles to

range from 1*1G cn?s™ for dry aggregates to 1*1cn? s for saturated aggregates,

While Nakasaki et a[1987) found the effective diffusivity of composting sewage sludge
cakes to reach a maximum of 4 x*1éhv s* at 55% moisture content.A correlation

between moisture content and diffusion coefficient is understandable from the perspective
of developingair-filled micro-porosity as moisture content falledeed Nakasaki et al

found the diffusivity to be proportional to (porosfi§n their sludge cake In this

respect, lte size of pore that is water filled for any nmore content can be determined

(Baker, VanderGheynst, & Walker, 1999; Bloom & Richard., 2002; Flood, Koon,

Trumbull, & Brewer, 1987; Hamelers, 2001; Richard, 2081} adjustments for FAS have
beenpropose(Ball & Smith, 2001; GIli ki & Stnpniew
Millington, 1959; Nielson et al., 1984; Penman, 1940; Rappoldt, 1993; Smith, 1980; van
Ginkel et al., 2002; Webb & Pruess, 2003)

4.1.9 New Micro-Environment Thickness
The thickness of a nemiicro-environment is determined wittyuation 4-9 using the

oxygen concentration of the inner boundary of the previously formed #@iiiconment
(determined b¥quation 4-7 above when a new interval t&lover). The starting energy
density value used E4ty,) [ Es(0) T i.e the concentration of fraction (S) at the start of
composting, assuming anaerobic degradation is negligible.

As micro-environment thickness is fixed for the life of the miemvironment, then, of

Equation 4-9 can be renamed,zi.e the thickness of micrenvironment m.

Equation 4-9
23 D3C
z = |[——2 =7 cm
VORO)
Where: z = Oxygen penetration limit using planar geometry cm
VOR(0) = Volumetric oxygen consumption ratéquation4-2 with
an energyensityE40) & NB (t)) mg O cms?
Co2 = Oxygen concentratioat the previousmicbe nvi r onment 6s
inner boundaryC,.1)) mg O, cm’®
D = Diffusion coefficient cn’s?

2 =Constant of integration for planar geometry
Note: at this place, that is, the oxygen penetration limit, m=n
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4.1.10 Micro-Environment Volume
The volume of each micrenvironment m, () can be determined from knowledge of its

thickness (g) and particle radius (r). The micreenvironments will have a definable
relationship to each other in that each new memmgironment will exist to the inside of all

previous ones, in the manner of the layers of an onfajure 4-4.

The volume of each micrenvironment can be determined by subtracting the volume of
the inner sphere (the lower boundaryigure 4-4) from the volume of the outer sphere (the

next outer boundary iRigure 4-4).

Figure 4-47 The relationship between micre

environments and particle radius.

For particles of radius r:

Equation 4-10

_ e i=me1

routel(m) =r- aizl (Z|) cm
e i=mM

r =r-a. (%) cm

inne(m) —

The volumes of the spheres are:

e i=mM- 3
Voutel(m) :islp(r - a.i=1 1(Z|)) Cm3

Vinnetm = %p(l’ - aj(z. ))3 cm’

The volume of micreenvironment (m) in a particle of radius (r) is the difference beatwee

the two:

Equation 4-11
= RE" 3 TRE
Voo =203 - A7 @f - (- a7 @)f g -

The portion of theparticlethat is in this micreenvironment is:

Equation 4-12
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v, _F-arel-farefs
V

3 3
= 3 () CM™(m)/CM™(part)
partr) r

Equation 4-12 can be used in Equation 3.9 to determine the composting rate (Q) of particle

size (r) that is, Q)

4.1.11 Scaling Up to the Pile
For a pile with a range of particle sizes, the proportionpleain each particle size

interval (average of sieve siie& sieve size?) can be determined by sieving and weight
proportioning, if one assumes that particle density is the same over all particle sizes.

While there may be some value in consideringcttraposting rate of each particle size, of

most interest to compost researchers is the net effect of the contribution of all the particle
sizes to the observed compost rate. A par
aerobic proportion (a functioof its size), and the proportion of the pile solids which are

this size. The observed pile composting rate per unit volume of particles therefore is the

sum of each particle composting rate and its mass prop@xii@fion 4-13.

Equation 4-13
— A 3
QPartavg =a r (Qpart(r) 3 ar) W/cm (par)

Where{} = mass ratio of particle sizer.

For these calculations, it is assumed that for a pile at optimum maaditurater is integral
with the ®lids, resulting in particles composed of solids + water (i.e. little or no air).
Internal water causes the particle to swell, effectively diluting the solids and reducing the
volumetric oxygen consumption rate, but increasing diffusion distances. fuither

assumed that the particle remains as a structural unit when dried, and hence can be

determined by sieving.
Thus on a volume basis:
Equation 4-14

V. =V +V cm’

pile — Vair part

It can be shown tha/,; = FAS*Vie andEquation 4-14 can be rearranged as:
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Equation 4-15

Vpart :Vpile3 (1_ FAS) CmS

Equation 4-15 can be used iAquation 4-3 to determine the energy density of the substrate
fraction, or it can be rearranged and combined ®&itlation 4-13 to determine the

volumetric composting rate of tipgle:
Equation 4-16

Qpile = Qpartav93 (1_ FAS) w Cm-3(Pile)

Equation 4-16 could be used in micrenvironment analysis with oxygen concentrations in
air, and an appropriately adjusted diffusion coefficient, that is diffusi@xygen imair
with FAS adjustmenallowing for tortuosity of the pores, to determine miervironment

development within a composting pile.

Inter-particle variation arising from the components of the mixture (BM and substrate)

overlays the micregenvironment variation which exists at sphrticle scales. The

observed pile composting rate will be an average of all this variation. It follows that if a
fractionds distribution favours one or othe
the fracton is significant to micreenvironment analysis. For most purposes only two
components will exist: bulking material (BM) and substrate. Because the fast fraction
dominates oxygen penetration depth, its location has the most impact on micro

environment dvelopment and hence modelling of the composting time course.

For solid substrates the mixing ratio R can be determined by:
Equation 4-17

— Wsub g g-l
(\Nsub +WBM )

If an experimentally determined fraction were knowié only in one component of the
compost mixture then the particle volumeeqtation 4-15 can be determined as: {M* R)

if the fraction is in the substrate, and,{¥ (1-R)) if in the bulking material. The energy
content & a particle when divided by the volume of particles containing this energy results
in a form suitable for use in micenvironment analysi€uation 4-3). The energy

density of the fast fraction directly impacts on the oxygemegration depth and the

composting time course of the particle.
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For solid substrates, each component will retain its original form so a mass balance
approach, where the proportion of the pile wet weight attributable to the substrate is

determined by theveight of each componertiquation 4-17, is valid.

However, semsolid substrates, such as manures and sludge, where the substrate may have
a range of associations with the BM (from complete intermixing, through surface ¢oating
to separate particles) will need a correspondingly wide range of computational solutions

(discussed below).

41.11.1 Assigning Particle-Size Distributions for Mixtures
For a sembolid substrate, such as faeces, where the substrate is well mixed with the

bulking material then, from a micrenvironment analysis perspective, it needs to be
known how the substrate is mixed with the BM assihiestrate needs to be attributed to

its particular particle size distribution (PSD).

With such mixtures it is not known whtine substrate PSD is until it is mixed with the

BM, and any particle size fraction is likely to be a mixture of BM and substrate.
Assuming the mass fraction proportions of the bulking material PSD can be determined
before mixingand the mixture PSD d&imined after mixing, and that the initial particle
size mass fractions of the BM and the mixture are known, then the proportion of each
particle size (r) in the mixture that is substrate as against bulking material can be
determined by a mass balance aggh where the mass ratio of substrate in the size range
rtor+pr 1 s determined by:

Equation 4-18

_ (Wmix3 amix(r) - WBM 8 aBM(r))
PIEEIN) (Waix = Wew )

a 3R gg*

WhereW,,x = Wet weight of the mixture g

Wpgm = Wet weight of the bulking material g

Unixq = Mass fraction of the dry mix passy si eve si
retained by sieve size (r) -

Usmy = Mass fraction of dry BM passing sieve size (p+ ) b u't
retained by the sieve (r) -

R = ratio substrate : total wet weigfR converts the substrate based size
proportioninto a pile based size proportion).

ze (r + r)

Equation4-18Cc an al so be uys@ngbytusing (kR)indieu ofiRn e U
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4.1.12 Volatile Solids Basis
Compost research has traditionally based its analysis on volatile solids conteat. T

effect afegtrlaedabbne® fraction (taken to be [
equilibrium masgKeener et al.1993)or biodegradable volatile solidBVS) (Haug,

1993) . Both of these formulations +mply tha
degradabl ed fr act i o higniw, dawevdr, isdegmradab{@uontefaetr e v e r 6
al.,2000) t herefore it wild.l not Ostedthab, so a mo

acknowledges this fact.

In reassessing the role of VS as a basis for analysis, other considerations must be made.
In particular, compost differs from soils in that the ash component forms an integral
(essential) role in the structure of orgamatteri in the nature of macro and micro

nutrients. In addition, Battle§t 995)found for E. Coli., that when ash content is
determined it is %% overestimated due to the weight of oxygen present in theuasioth

present when the ash minerals were a structural component of the cell.

The energy driving composting is contained in the VS carbon rather than the ash (although
metals can serve as useful electron acceptors in(Baitsonville et al., ZK) and aquifers
(Chapelle, Haack, Adriaens, Henry, & Bradley, 1996)Thus ash does not release energy

in the canposting process, yet is integrally associated with the VS.

Considering that micrenvironment analysis is based on the density of a fraction in a
substrate then high precision would require consideration of whether including or
excluding ash from the aryais significantly changes the energy density in the above

equations. For now the following are considered.

1 In micro-environment analysis, nestegadable VS are viewed as a fraction wath
| ow rate const a#qwtegr Bldath | iash,asiylficentag &mh o n
proportion of the solids mass, its low rate constant means its contribution to
composting is effectively not detectable.

1 The use of VS as the base upon which fraction proportions exist, will be continued
on the basis that carbon is the enaigyer of composting and this is more
accurately reflected in a VS measurement. To more accurately determine VS, the
elemental component of ash will be used i.e. adjusted for the mass of oxygen in a
furnaced sample.

Equation 4-19

ASQIementaI: 'A‘Shfurnace3 095 %
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Here the constant 0.95 adjusts for th@% overestimate of the ash weight identified by
Battley (1995).

4.2 Reassessing Factors Impacting Composting:
Implications of the Theory.
Oxygen penetration depth)(is one part (paicle geometry being the other) of

determining particle composting rateingdiffusion laws.

Four parameters are neededHquation 4-9, thedividendfactors(diffusion coefficientD
and oxygen concentratidy,) are firmly emledded in the laws of physics, while the
divisor (containingrate constantdkandsubstrate concentratiors)eare firmly embedded in
the microbial world and determined experimentally

Each of these parameters has an identifiable ingratite compostingrie course

4.2.1 Oxygen Concentration (Coy) and Diffusion Coefficient (D).
Both occur in the same location in the diffuseuationwhich determines oxygen

penetratiordepth Equation 4-9), sobothwould have a similar effect on theraposting
time course The net effect on oxygen penetrataepth(z) is the square root of the

change ireitherparameter (hence doubling the parameter would increase z by 1.414).

Because there is no effect on the rate constant, and consequentlyRhegiN/@bt change,
the net effect on theomposting ratés the same as the effect gnas the aerobic volume
is directly related to;z By contrast, the composting time course will be affected, as the
proportion of the particle being aerobically degraavill change and hence the amount of

the particle experiencing an offset in the time course will be correspondingly affected.

4.2.2 Rate Constant (k) and Energy Density (E)
Both these parameters occur in the diviscEqiation 4-9. Therefore, doubling either will

reduce oxygen penetration depth0.71 i.e. (1/2° of theoriginal value.

Of particular interest though is the net effect on the composting rate as, while the rate
constant may be doubled, the volume of the aerobiomp#ne particle is reducedby

0.71). The net effect on composting, from an overly simple perspective, can be estimated
by multiplying the increase in the rate constant by the decrease in the volurfk)i.e:
E(0.71V)=1.4 Kk EV This simplificationrwould have validity only if daily oxygen
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penetration depth (&< particle radiugr); as zapproaches radius, particle geometry
effects begin to dominate.

Thus a doubling of the rate constant (or energy density) will only inctieasegerall
compostingateby 1.4 beinga combination of increased kddecreased contributing

volume

This is further confirmed by the oxygen flux approach as used by Hamelers (2001), where
within the limits of constant oxygen uptake rate (discussed earlier), the flurmdetsrthe
aerobic composting rate of the entire particle. The equation determining the flux of

oxygen (dQ/dt) into a unit area of particle surface is (Bouldin 1968):

Equation 4-20

dd—? = /23 C(0)® VOR® D cm’ O cm?s™

In Equation 4-20 doubling the rate constant doubles the VOR and increases the flux, and

hence the composting rate, by only 1.4.

What is less obvious is therte depends effect of increased k (or E) and cegaently a
reduced oxygen penetration depth on composting over time. This effect will arise
because the increased rate constant will degrade the outeranigronments more

quickly allowing oxygen to penetrate further.

4.2.3 The Effect of Micro-Environments on Determination of the
Rate Constant
One of the implications of micrenvironment development is that a rate constant

determined experimentally with anything other than fully aerobic particles will result in a
value less than thteue rate constant. A ntlematical relationship between tinee rate

constant andpparentrate can be determined.

For a single substrate, the rate constntgn be determined from experimental data if the
composting rat€Q) at two times (1 & 2) and the energy relea@eg ,) are known gee

Chapter 5 Equation 5.4 and 5.5) In its simplest form, with only a single fraction
contributing to the composting rate and no growth phase parameter, the equations can be

merged into:
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Equation 4-21

1- Q,
k:E( o) W MI*

releasedl- 2)

However, with micreenvironment developmern is explained byquation 3-9.
Therefore, insertingquation 3-9 into Equation 4-21, (with approprigée subscripts and

considering only the fast fraction) and cancelling k as appropriate gives:

Equation 4-22

3 = 3 a f(tz))a
_ kf(true) a. m= 1( *E (tl)) % a (F OE, (tl))g
kf (apparent — E
releasedl- 2) W MJ‘l
Where: kiwuey = t he rate comandBEant applying to

kiapparenyy= the rate constant as it appears from the data curve.

The energy releasdg] | v gan be put in the form:

Equation 4-23

Ereleasedl— 2) = a. 2:((Em(t1) - Ern(tz)) *F m)

SubstituteEquation 4-23 into Equation 4-22 and divide byksuue) to determine the ratio ofk;
(apparent] K (true) -
Equation 4-24
a '”””( 2% Ei(t,))8
ATIF .0 E W) F- e S
TFLBEM)S 1

kf(apparer)t - C

kf (true) a ::([ Em(tl) - Em(tz)] *F m) MU|t

However, within a micreenvironment framework changing the rate constant will also
change the aerobic volunmeguation 4-24 makes no adjustment for this change in volume.
A good estimate of the net result can be made byrasguhe volume changes are directly

correlated to the oxygen penetration depih (zBecause k occurs in the divisor of the

equation used to determine oxygen penetration, then an estimate of the net effect of the

change iraerobic volumean be made witBquation 4-25 (discussed in Sectich?2.2):
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Equation 4-25

Mult,,,, = Mult3 Ji
Mult

WhereMult = Multiplier as determined from model data cuReciprocal ofEquation 4-24)

=1 (kf(apparenlrfkf(true) )
Mult,o = Multiplier adjusted for the change in aerobic volume.

The nature of the relationship betwée@pparenyandks (rue) iS NOt immediately obvious
from Equation 4-24 adjusted witlEquation 4-25. However, particle size is needed to
dete mi nyand bence will be a determinant of the relationship, as also is energy density.

4.3 EXTENSIONS OF THE THEORETICAL PERSPECTIVE.

Equation 315 shows that for compost at constant temperature, the contribution of
anaerobic or aerobic composting to tatagradation can be reduced to a fractigh’}.
Indeed, if Equation-32 is rearranged and the same degradakgt)(E<(0)) is assumed
for aerobic or anaerobic degradation, then:

In(&) =- kantan =- kaertaer
E(0)

It follows that the same amount of degradation would occur withe tatio which is the

inverse of the rate constant ratio:

Equation 4-26

Therefore if the rate constants for anaerobic breakdown are 2 orders of magnitude less than
aerobic constani®Valker & Harrison, 196Q)the time(t) required for the same degree of
breakdown increases by two orders of magnitude, e.g. 1 day of aerobic composting will

give a similar degree of degradation to 100 days of anaerobic composting.

Indeed, slow fraction rate constants are typically 1 order of magnitude less than fast
fraction rate constan{sange of 1.8 11.7 in NamKoong & Hwang, 199Mence 1 day of

fast fraction composting would have the same proportionate degree of degradation as 10
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E.(10
E(0) -

days of slow fraction degradation, thatf:f‘,% = It also follows that there is a link

bet ween aalfflife and the rasenconstant of the fraction.

Alternatively, Equation 3.12 can be rearranged to determine the relative remaining
substrate concentrations depending on time and rate constant (if one assumes that starting

energy Eo) is the same):
Equation 4-27
E(S)(aer) ®) _ @ Kaetaer
3 ka an

Egan®) e
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Chapter 5

5 EXPERIMENTAL

Because the spatial variation being described by ranmronment analysis impacts on
the composting time course, the significance of any experimental signal detected must be

interpreted within the micrenvironment context.

With its roots in diffusion levs, micreenvironment analysis requires knowledge of oxygen
uptake rate, a function of the composting rate. Composting rate, via its analytical
framework of composting kinetics, on the other hand is firmly embedded in the microbial
world and links the miobial/ substrate aspects to the composting rate. The
experimentally measured composting rate is therefore a mosaic of the microbial/ substrate
world and the physics of the distribution of oxygen atgaitiicle scales. Determining

the parameters: fraci concentration and the rate constant, from experimental data is
necessary for modelling composting kinetics. Yet the linkage between the kinetics of
these two parameters and limited oxygen distribution arising from this kinetic, means that
it is only for fully aerobic particles that reliable determination of these parameters can be
made without adjusting for spatial variability arising from miertvironment

development. Extracting this information is the task of this chapter.

An additional considerain from the experimental perspective is the need for bulking
material in composing. This introduces iRparticle variation with implications for the

entire analysis.

5.1 Calorimetry

The stoichiometric relationship between heat output and the more tradtonposting
rate measurements determines the relationship between heat output and the other measures.

Detecting the heat output is the task of calorimeters.

Since their first use with microbes in 1856, many different calorimeters have beédn used
see Batey (1987) for a good summary of their history. The most common calorimeter is
themicrocalorimeter. These utilize small sample size and have a similarly small heat
output. Indeed, Luong & Voleskt983)pointed out that microcalorimetry refers to the

small heat flow being detected rather than the sample size.
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Microcalorimetry has been used to study the addition of glucose to soil (Barja & Nufiez,
1999) and the relationship between oxygen consumption, carbon dioxide evolution and

metabolic heat rate in corn shoots (Criddle et al., 1991).

Larger calorimeters have been used, for example Rubner in 1902 measured the respiration
rate of a dog (Quoteid Battley, 1987).

With high precision calorimeters, fluctuations in ambient temperature are detected along
with the signal being measured and this led to a number of innovative techniques to
moderate this effect: water baths, housing in cellars, andtgplawnclosure thermostat to
smooth out the heat flow from the heating element in the water bath (Quoted in Battley,
1987, p 235). A different approach to this environmental variation was taken by Calvert
who accepted a small amount of variation and camspted for it by determining the
temperature changes ircampensatingalorimeter in the same housing (Battley, 1987, p
237).

5.1.1 Applying Calorimetric Technigues to Compost
Applying calorimetry to compost samples requires consideration of the nathee of t

substrate and what one needs to know. Mareironment analysis requires knowledge

of fraction proportions and their rate constants. Thus a sufficiently long time frame for

the fractions to express is needed, while a constant compost temperatusdhateate
constants determined from the data can be attributed to a known temperature. Luong and

Vol eskydés (1983) continuous calorimetry mee

Composting is about biological oxidation of energy dense substrates into-hkenus
substancegjuring which considerable heat is released. A balance between sample size

and instrument precision can be considered as a strategy to optimise data extracted from

the compost. In particular, a manageable temperature difference during high rate

compostimg is required yet with a clear signal from the minimum temperature difference
during the maturation phase. With the aut
temperature difference was limited by the compost set temperature and the cool room
minimum (around10 °C). The cool room minimum arose from both the compressor

limits in the refrigeration plant and from the moist air in the compost exit air pipes

freezing, preventing aeration at seéro temperatures.

From a thermodynamic perspective, determiriiagt loss is nodestructive, continuous

and relatively easy.
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5.2 Reactor Design

To contain sufficient sample to give a useful temperature difference while minimising the
temperature rise across the compost, in addition to minimising the effect of hdedrtoss

the ends of the reactor, a 400 mm long 105mm (ID) PVC pipe held the compost sample
(Figure 5-1) . Mat hematically the reactor design
Five reactors were operated horizontally so air cbelfbrced through a minimum depth

of compost.

The reactor assembly was supported by a wooden box with circulating fan and resistors to
maintain a constant air temperature around the reactor ass@ptly%-2). This

circulaing air was forced through a fine stainless steel mesh which acted to spread the
airflow evenly along the reactor. A thermal mass of fine stones (diameter = 5 mm) was
tried over this mesh to even out temperature variations, but was removed when iteprevent
the reactor air from dropping fast enough during the growth phase. A 75 mm thick
polystyrene coverrgure 5-3) meant the reactor air temperature was largely isolated from
temperature changes in the cool room (defrost cyeofes door etc), and each could be

operated independently from its neighbours.

Surrounding the reactor was a 12 volt copper coil (diaeneter 0.2 mm, 0.54 ohms®)

running the length of the reacteigure 5-1. The energy fronthis coil could be

determined from knowledge of its resistance and the supply voltage. The supply voltage
was measured at the data logger and the voltage losses due to switches, plugs and cable
resistance were calcul at ©Odmstawwasassedtmf a O0sys
determine amps flowing through the circuit
coil power could be determined from knowledge of the coil resistance. The location of

the coil meant that heat lost through the polyurethasgation could come from only the
compost or this resistor coil. Heat from the compost was determined by difference. The
coil increased the experimental sensitivity to miscale changes in the composting rate as
steadystate conduction across the paigthane insulation could be maintained, with small

changes in composting rate being reflected in the energy supplied to the coil.

Air from a fish tank air pump (1400 éfmin) entered the compost through the bottom of
the lid. A fine stainless steel nfewas placed underneath the compost and ran the length
of the reactor forming a manifold, ensuring that input air was distributed the length of the

reactor.
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Figure 5-37 The reactor assembilies in their polystyrene covers. The data loggers, power supply and
control circuits were housed under the polystyrene cover at the base of the picture. Six reactors (one

of which was the diffusion reactor) were hoged in this cool room.
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Exit air vented from the top of the lid so the air was forced through less than 90 mm of
compost, minimising the effect of preferred flow paths. Diffusion from either the input
air manifold (below the stainless steel mesh) or thepace above the compost would
supplement oxygen supply to those parts of the compost not aerated during an aeration

event.

A Campbell CR10 data logger controlled the coll, reactor air temperature and air pump, in
addition to collecting the temperaturatd. Compost temperature was determined with a
platinum resistance thermometer (Pt100) located adjacent to the PVC reactor at the reactor
upper midpoint (Figure 5-4). The Pt100 was calibrated to zero in an ice/water slurry as

per the CR10 manual instructions. Conduction heat losses were determined by measuring
temperature difference across the 75 mm thick polyurethane foam insulation surrounding
the reactor (Sectioh.22.1andFigure 5-2) i the difference between compost temperature

and reactomir temperature. The temperature difference was measured with a-copper
constantan thermocouple, which had its reference junction adjacent to the Pt100 as
reference temperature. fasdard calibration was used for all thermocouples, but each

was checked that they read zero when both junctions were adjacent to each other.

The data loggers were located in the cool room to minimise temperature changes in the
Pt100 balance resistor. ®dogger and reactor power demands were supplied from a
12V power supply. The voltage was recorded by the logger at each 30 minute interval.
There was a slight variation in measured temperature that appeared to correlate to the
change in logger supplyolts (possibly acting through the control ports which were

switching the peripherals).

Five reactors with coils were used with two logger$he platinum resistance
thermometer was located in the middle of each reactor but adjacent to its outside. As
sud it would measure a slightly lower temperature than the edge of the compost (these

differences are calculated in Sectm2.2.1.2

To isolate the reactors from fluctuating ambient temperaturesgdlceors were housed in

a cool roomKigure 5-3).  In addition to the stable ambient temperatures, this allowed a

choice of smaller heater size for the reactor housing air, meaning less energy was supplied

f or each @mgnmnd&madothemreactor aistemperatures. The cool room
temperature was manually adjusted to opti mi
reactors were operated at constant compost temperature and the reactor air temperature was

adjusted to maintaithis.

77



S— e
(C/v g 75 mm Polystyrene

— == -rle -
Reactor Air Temperature ™

[_' i -~ 7 7 - ] 7
g - Polyurethane foam
/(} \ 4

Reackr Ay Temperatare

] Pt100 Sensor

~ A
\ p;

Pt100 Sensor [

—g | T
‘ }
|

500 —

oL |\ e S |
\ 1 ’ \\ //l lcater /\ \L Z C g g ?S‘} %/
= ‘ — g =
: o - >
e o g by \J{. L W P h{
7 [« e (4 J T d 7%7 o I
X Section Longitudinal Section

Figure 5471 Reactor sections. Showing sensor locations and reactor air circulation. The heaters
were electrical resistors located immediately above the fan.

A sixth reactor of slightly diérent design, but same dimensions, was used for the diffusion
trials. In this reactor a thermocouple array was used with 4 thermocouples around the
reactor (wired to measure the average temperature of all 4 locakigng: 5-5), and at 5

separate locations down the reactor. This array required its own data logger. All
thermocouples used the Pt100 as reference temperature, with the same location as in the 5
reactors abover{gure 5-4). The reactor waoperated vertically and the array was able to
detect the temperature O6bul ged as oxygen

not have a copper heating coil and was operated at a fixed reactor air temperature, the
compost temperature varied.

In another mode this reactor was operated adiabatically by maintaining the reactor air
temperature at compost temperature. In this mode heat output was determined by

calculating the thermal mass of the compost and the reactor and determining temperature
change over a time period of 30 minutes.
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Figure 5-57 The thermocouple array which was folded around thesixth reactor used for diffusion

trials. Reference temperature for all thermocouples was the Pt1@&nsor in the centre of the array.

The thermocouple array was also used over one of the coil reactors to determine the
temperature gradients along the reactor (and hence the validity of the Pt100 location in

Figure 5-4) T Discussed further in SectioB.2.3.1

5.2.1 Operation
The logger flags were used to control programme flow. For each reactor, one flag was

manually raised only during the compost growth phase. The second flag was used by the
logger toindicate whether the reactair set temperature needed to be adjusted

(downwards during the growth phasapwards during the decline phase). Three time
frequencies were used in the control routimebie 4.1).

The rate at whie the logger raised the reactor air temperature via heating resistors was
determined by a manually inputted O6incremen
meant the temperature could change by 12*increments per hour. An increment which

closely matchethe change in compost rate would minimise any-steady state

conditions and measure a more accurate signal. The magnitude of the increment

decreased from a maximum immediately after peak composting, and only required

infrequent altering after a coupléweeks of composting. A negative increment was

input during the growth phase.
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Table 4.1i Logger control routines

Time interval | DECLINE PHASE Additional/different actions
during the
Flag low GROWTH PHASE
Flag high
5 Second | - Measure Temperatures Same

- Switch coil on/off
- Switch reactoiir heater on/off

5 Minute - If air pump count <0; turn on air pump; calculate new delay. Halve air pump déay.
- Else take 1 off delay. Lower reactorair set
- Raisereactorair set temperature gecond flag high temperature if flag high.

30 Minute | - Data to final storage Seond flag raising is based
- Maintain coil contribution between 0.2 & 0.35 of totetts, on coil O6onbd
by raising/lowering second flag two stage response.

- Lower reactorair set temp if ravarming occurs in the compost.

On occasions the composting rate increased again some time after the growth phase. A
small amount of reheating could be accommodated by less energy being supplied to the
coil, but when the coil contribution became too small the risk of the compost overheating
increased. To prevent the compost overheating a control routine was activated when the
proportion of heat from the coil was less than 12 % (compost proportion > 0.88his In
mode, a small decrease in reactor air set temperature occurred each 30 minute interval

when this routine was triggered.

5.2.1.1 Instrumental Resolution
Platinum resistance temperature sedmsrs var

when connected to a CR10 logger with a resolution of 1 part in 7500 (of full scale range),
it can be determined that the resolution of a single measurement isl loyitee logger to
0.04°C (£ 0.02°C).

This resolution can be further enhanced by averaging a number of readings. The point at
which the resolution of the platinum sensors can be matched by the resolution of the logger
final data storage (5 digits fbigh resolution output, or 3 decimal places for reactors

whose set point is above 10), is 0.04/0.001 or an average of 40 readings.

Thermocouple resolution is also limited by the logger resolution. At the 2.5 mV range
the resolution is £ 0.33 uV. Cpprconstantan thermocouple calibration is 0.042 1@V.

® A boolean type software function which could be raised or lowered either manually or programmatically.
They are used to control programme flow.
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! giving a resolution of 0.33 + 42 = 0.008. Only 8 readings are needed for the sensor

resolution to match the logger resolution.

Variations in readings resulting from variation in the logger suypglts (caused, in part,
by the current needed for the control ports), were detectable. The actual resolution of the

final data would be less than the 0.0C€labsolute resolution that is possible.

5.2.1.2 Sensitivity
If the instrumental/ logger resolutionds001°C and the UA of the reactors is 0.11 W,C

then the minimum watts that can be detected is:
0.11x0.001 =+ 1.1 x 1w
=+0.396 J.ht
For a 3 litre reactor, the sensitivity is:
0.396/3 = 0.132 J.HrL™

This compares with the absolute sensiti t y of Luong and Vol eskybd
calorimeter of 0.042 J.Hifor a 10 cm sample: a sensitivity of 4.2 Jtht.™

By comparison, if the input air were 16 and 70% RH (enthalpy = 35 kJ/kg) and if 1.5 L

of this air (FAS = 50%; specific voine 0.84 mikg™) were humidified to 100% (enthalpy

= 45 kJ kg then 18 joules would be required, or 6 9fbr the 3 L reactor. With a
sensitivity of 0.132 J.ArL™ the energy needed for humidifying this air (registering as a
drop in the compostingate) would be detectable in 1.3 minutes. This effect was detected
in the compost (it required 1T6 minutes to manifest), and was used to determine

optimum aeration (Sectidn2.2.9.

At this level of absolute sensitivityhe time required for quasi steadtate heat flows to
manifest and the impossibility of such an exact stesdte, with heat output constantly

changing, would limit the actual sensitivity of the reactors.

5.2.1.3 Stabilisation Time
With high resolution tempenatte sensors the time taken for stabilisation of the reactor

increases. This arises from several sources:
1 As stabilisation conditions are reached, the proportion of the heat flow
going into storage decreases as a proportion of the total heat flow. The

stabilisation curve is asymptotic and very flat as the resolution scale is
approached.
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1 The logger control programme used the current reading of the Pt100 sensor
(which had aresolutionof 0.0€) t o control the heater
stabilisation temperate the switching of the power to the heater was in part
due to randomness due to the sensor reading. Statistically, at set
temperature the heaters would turn on 50% of the time (half of the readings
would register above set temperature while the otHéwtald register
below the set temperature), while it would only be + 0@2ither side of
set temperature that the heaters would be beyond the randomness and switch
reliably. For this reason the compost temperatures of trials were typically
0.02°C alove the set temperature, and it was often noted that the
temperature would drift upwards over a period of several days.

1 At trial startup the compost coil was run at 24 Volts to put 4 times more
energy into the compost than the usual 12 V. This amouyuvwér meant
the surface of the reactor reached operating temperature some hours before
the core of the compost pile reached operating temperature. Some of the
energy would be going into storage (as sensible heat). Adjusting for this
energy going into stage was not accounted for in reactor calculations.
This substantially reduced the reliability of the composting rate
measurements over the first few hours of the growth phase. Bringing the
compost mixture to operating temperature before loading inteettotors
would enable stabilisation temperature to be reached much faster and
improve the accuracy of the first few hours of data.

5.2.1.4 Logger Final Storage Frequency
A 30 minute final storage frequency was chosen and fitted the experimental purposes very

well (the two cold temperature trials used a 1 hour frequency). Factors considered in this
were:
1 Identifiability, that is sufficient measurements to be able to determine the
parameters. Fast fraction rate constants are largely degraded in a couple of

days. Thus if 40 measurements are required to identify a parameter, then a
frequency of less than 1 hour is needed.

Data file size (particularly with longer trials).

Clean signal the trends over time were clear but the variability between
measurements was minal.

A shorter final storage frequency could be used for specific tasks, such as:

1 Finer detail during the growth phase.

1 Studying the effect of an aeration event on the composting time course.
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5.2.2 Reactor Calculations

5.2.2.1 Estimating UA of Reactor Insulation

r1 =0.110/2 = 0.055 m 7

r2 =0.055+.075=.130 m

L=0.57m e

K polyurethane foar= 0.021 W (nPC)* L
The heat loss equation in cylinderoalinates give¢lanna, 1988)
R = Ln(:2

23 p3 k3L
From whence R= 11.437 cw
UA = 1/R, = 0.088 wect

Calibration with a small fan and electrical resistor placed in the reactor (the air was
circulated to avoid a thermal gradient developing in the reactor) indicat@dvalue of
0.11 W°C™. Accurate calibration for moist compost would require a known energy

source that:

M filled the reactor, to avoid air movement in the reactor;

1 was moist, to replicate the energy transferred to the reactor walls by
moisture condensan.

In addition, issues with structural characteristics of the reactor design (discussed below)
arose with respect to sensor location and stronger temperature gradients along the reactor
than were expected, which limited the absolute accuracy of reaetmsurements.

However, relative accuracy (comparing one measurement with another) would remain.

5.2.2.1.1 Heat Profile Through Compost.
Fourierds | aw of heat conduction can be sol

through a medium which is generating hgatropera & DeWitt, 1985; Janna, 1988) a
form to determine the maximum temperature at the centre of the cylindrical pile:
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A A

Where: qoo66= volumetric heat Wgndnerati on

r = cylinder radius m

k = thermal conductivity W mtect

T = temperature at the centre of the cylinder °C

T, = temperature of the wall °C
Thermal conductivityisinffuenced by compost moisture cont
has been investigated by Haug (1993) @saah Ginkel et al., 2002) Haugb6s corr el

a simple regression and hence easy to usergsess-1):
k =2.071+0.0348 g cal (hr.cm°C)*
To convert from cal (hr.crfiC)™* to W mi*.°C* multiply by (4.184 x 100/ 3600) = 0.1162

If the reactors are proding 1 watt (3 L)' compost = 333 Wh'®

d = 60% therefore k = 0. wgnK™
Diameter = 0.11 m
Then theeTedgecenre= 333 X .0552 {4 x 0.48) =0.52 °C

Table 5-17 Thermal conductivity as influenced by moisture content.

Moisture content % k (from Haugés eq.) W m K™
40 0.399

50 0.439

60 0.48

70 0.52

80 0.56

Water 0.65
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5.2.2.1.2 Delta T across Reactor Wall
The Pt100 sensor wéscated outside the reactor wall. It is therefore of interest to know

the temperature difference across the wall, relative to the measured temperature difference

across the insulation.

If one ignores heat losses through the ends of the reactors antkasall the conduction
heat loss is through the reactor walls, then the heat flow through the PVC reactor walls will
equal the heat flow through the surrounding insulation.

Qpvc = Qinsulation
From the conduction equation:
(UA &T)pyvc = (UA & )insulation

Rearranging tpocr ¢ &b éerirRn € oae®T

DTeyc — UAnsutation oc ot
DTinsuIation UADVC
For a 3 mm PVC wall withc = 0.14 W(m.K)"; U = 46.7 wm?K™
Therefore: Uwc=46.7 x 0.138 = 6.4 wect,
Surface area of the reactor tube (A) = 0.138 m?

UA insulation= 0.088 W °c?

Substituting values jsthitn0o t he equation for a
0.088 + 6.4= 0.014 °c°ct

Thus the &T from the inside of the reactor
1.4 % greater than tteel measwed across the insulation only. Note however, that

calibrating the reactor incorporated this difference. Multiplying the theoretical UA of the
insulation by 1.014 gives 0.089 %2, still less than the calibration value (0.11°@/"%).

5.2.2.2 Ventilation / Aeration
The calorimetric signal is maximised if ventilation losses are minimised. A minimum of

aeration would minimise ventilation losses. Four considerations were needed for filling

the aeration need:

85



1) Stoichiometric oxygen need. This is an absolute mimn of aeration.

However,

to maintain high oxygen concentrations in the interstitial air a more frequent

pumping cycle is needed.

2) The manner in which this air is added.

If the fish tandpaimps were operated

continuously they would supply more air th@quired and increase ventilation
heat loss, so pump control was necessary. dination of a pumpingeventwas
set so as to replace all the interstitial air i.e. FAS x volume of compost (in reality
the duration of a pumping event was the same forialstbased on a typical FAS).
Theinterval between pumping events was then set by the rate of oxygen

consumption (discussed below).

3) Adjusting theinterval throughout the trial was done with the logger, as the rate of

aeration varied throughout the conspog cycle.

heat | os s, t h
peri od. The

du

event
6onbd

Relative humidity of the cool room air was measured byamed dry bulb

thermocouples.

In order to determine ventilation
e number of 6onbd
ration of t he

S wer
event

4) Initial results from the reactor showed variation in compost temperature which was
related to the air pumping eveneig(re 5-6). A number of features arise from the
data which could be used to datéine pumping frequency:

i.  Adrop in heat production in the period after the pumping evene to

adiabatic cooling of the new air as it absorbs moisture from the compost.

ii.  Recovery of the composting rate to a peak in the subsequent hours.
iii.  Beyond the pealg decline in composting rate leading up to the next

pumping event (see the left hand sid€igiire 5-6).

iv.  Inthe latter part ofigure 5-6, the pumping delay was set to coincide with

the peak identifiedn (iii) above. The rise in composting rate indicates that

the previous rate was swiptimal.

Assuming 100% RH in the exit air, ventilation losses were in the order of 2% of conduction

losses.
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Figure 5-6 1 Using reactor heat output time course (hours) to etermine optimum aeration pumping

delay. 30 minute final storage frequency.
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5.2.2.2.1 Air Pump Control
With a pulsed air supply to the reactors, two considerations are required:

1 The volume of air per event.
1 The déday between events

5.2.2.2.1.1The volume of air per event i Air Pump timer setting.
To replace the air in the reactor with each event:

The volume of air in 3000m® compost= Vi = 3000*FAS cm’
Hence the pump 0,0:P0 = @BWO*FAS)-Pmiauze 6 = V
Where P = pump capacity cm®min™

5.2.2.2.1.2The delay between events

To determine the interval bet ween O6o0ondé even
1 watt requires @67 mgO,s*W™* or 4.02 x 10 g O, mint Wt

The density of oxygen @ I€ is 1.359 x 16 g cm?®

Therefore watt requires 2.958 ch©, min*W? or 14.2 cm® air min wt
Stoichiometricaeration requirement = 914.2 cm® mint

Ignoring ventilation losses, therefore all heat loss is from conduction and this can be
determined by the conduction equation,tienc an be repl aced by UAeg&T

Aeration required = UAaT* 14 cn®min?

To determine the delay between pumping events:

Eventsminuté’ = aeration required gvolume of air in compogt

= (UA&T *14.2) 6 (3000* FAS) eventsmift

The maximum interval be@en pumping events is the reciprocal of events mihute
Delaynax= ( 3000* FAS) & ( UA&eT * 1 4ninuejevent

As temperature difference can be easily determined by the logger there is only a need for a

control routine to enable the logger to turn onaligoump after the appropriate delay.

The variables in determining the delay above will be sufficiently standard to all reactors

(UA), or all compost (FAS), that it can be written as:
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Equation 5-1
C . .
Delay = o minutes event

Where: C is a constaatljusted from stoichiometric need by data, asdure 5-6.
&T can easily be determined by the | ogge

5.2.3 Flaws in the Design

5.2.3.1 Excess Heat Loss from Reactor Lids
An elevated temperature in the middle of the reactor was expected due to conduction losses

from the ends of the reactors. What was not anticipated wad¢ice afhe collar
around the reactor which held the rubber seal and bolts to retain thigdid %-1), having

such asignificant impacbnthe temperature profile along theactor(Figure 5-7).

The effect of the collar is most pronounced at the peak of composting, and diminishes as
composting proceeds. The data indicates that the effect extends to beyond the middle of
the reactor as the loweniddle sensor is at a higher temperathantthe middle sensor.

In addition, the location of the Pt100 sensor at the top of the re&igioe 6-4) was found

to be Iimiting. T hrigure 6-econdisteld ef four sehsersommd c o u p | e
the middle of the reactor wired to give an average of all locations. This sensor then
detected the dactual &8 compost temperature a
the sensor reading with the Pt100 reading showed how well the Pt100 eetindet

compost temperature at thentre of the reactor Typically the thermocouple array

measured compost temperature as being 10% higher than the Pt100 sensor at the top of the
reactor, indicating the inadequacy of the single sensor location as a enefasoimpost

temperature even for the centre of the reactor.

88



26

24

) PN
—

T

Temperature

Lid Upper_middle Middle Lower Middle Base
Sensor location

[~+—Day 1 —= Day 8 -+ Day 17|

Figure 5-771 Longitudinal temperature profiles along the reactor as influenced by the composting rate

where day 1= maximum composting rate. Qmpost set temperature = 20C. Data from a

thermocouple sensor array with 5 locations along the reactor and each location being an average of 4
positions around the reactor(Figure 5-5).

However, when compared with the averagéhefwhole array the Pt100 was found to
overestimatéhe average reactor temperature, but the amount of overestimation varied with

the composting time courseidure 5-8):

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

as % of delta T.
(5] =
I

Thermocouple array difference from PT100 sensor

-10

Figure 5-81 Averagereactor temperature (average of 20 sensor locations along and around the reactor
wall) expressed as thdifference from the Pt100 sensorand asa % of delta T across the insulation.

The overestimate of reactor temperature arose becausedtile wii the reactor was
significantly warmer than the upper part (lid end) of the reactor. Meaning the
underestimate of the temperature at the middle of the reactor by the Pt100 sensor
(discussed above), was more than compensated for by temperaturewchagstthe ends

of the reactors, the lid in particular. Noterigure 5-8 that the magnitude of the
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overestimate varies throughout the composting time course. This was most likely due to
the enthalpy driving force set up in tteactor, arising from the dew point temperature in

the centre of the reactor being higher than the &mdsulting in moisture being forced out

of the reactor air at the ends (the heat pipe effect). Higher composting rates have a
greater temperature f#frence across the insulation and any difference in the conductance
(such as higher heat loss from the ends) would result in lower temperatures at the ends of
the reactors (this was measuredigure 5-7), and consequently acceate this enthalpy

driving forcei more energy would be lost from the ends of the reactor than at the middle.
Higher moisture contents in compost at the ends of the reactors were found, and in many
cases this had detrimentally affected the compostingasa¢eidenced by secondary

particle formation made visible by an unchanged colour in many adjacent particles of dog

sausage at these locations (discussed in the results, Chapter 6).

The reactoarir heaters and thermocouple sensor could also havddisseed in better

positions to reduce the effects of changing cool room temperature, which were detectable if
changed too quickly. This effect was also noted with the addition of supplementary
insulation which had to be fitted from time to time. If the reabbusing air passed two

or three heating sources as it circulated then the temperature difference needed across each

heater, which must be the same as that lost from the reactor housing, would be less.

5.3 Experimental Rationale
There are two interconnectetements within the experimental context:

1 Themicro-environment contexthe spatial variation that arises at fabticle
scales from the laws of diffusion.

1 Experimental contexthich, on the one hand seeks to eliminate spatial variation to
detect a cleagxperimental signal, yet on the other seeks to predict this variation
whose theoretical basis is the subject of this thesis.

The supporting calculations for determination of mienwvironment volumes and
parameter states, necessary to apply the reisvwonment theory developed in Chapter 3,
are noted in sectiof.4.  Here the microbial context (growth phase, multiple fractions,
rate constants and oxygen concentration distribution), is formulated to interface with

micro-environment analysis.

In Section 4.2.3a theoretical prediction of mictenvironment analysis for the effect of
particle size on the composting time course was identified. The experimental procedures

to test this prediction are explained here.
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5.4 Experimental Trials
If a particle were fully aerobic there would be only one mengironment and spatial

variation would not arise. With oxygen penetration depths of only mm scale, most particles
will contain an anaerobic core. However, particle geometry effectssdied in Chapter
4 mean that even though small particles may have an anaerobic core, the volume

proportion of this core is small and the mieavironment effect is not strongly expressed.
The experimental strategy has three parts:

1) Particle size tria) where the effects of micrenvironment volumes and their
relationship to both their location within the particle and the particle radius can be
determined with micrenvironment analysis, and this prediction tested
experimentally.

2) Temperature trialswherethe temperature effect on the impact of changing rate
constants on VOR (and hence oxygen penetration depth) is tested experimentally.

3) Diffusioninto a composting pilevhere the composting time course was monitored
at various depths in the pile.

In both the particle size and diffusion trials the same substrate, cubical cut dog sausage,
was used. The temperature trials by contrast utilised pig faeces which necessitated some
extra considerations:

1 When mixed with the bulking material a range of particlessiesulted,

necessitating extension of mieemvironment analysis to accommodate the range
of particle sizes.

Consideration ofthemicrec al e di stri bution of the 06s.L
The effect of temperature on the growth phase as well astéheorastant.

5.4.1 Particle Size Trials
Dog s aus aBeef réeBandivegetalle was used as substrate

sharp knife into cubical particles. Five particle sizes were cut from the same sausage (0.8
cm,1lcm,1.5cm,2cm, 2.5 cm). The Herasizes were initially cut into double sized

slices and these were then halved at the appropriate stage (cutting a 1 cm slice off a
sausage caused variation that was substantially reduced by cutting a 2 cm slice which was
later cut in half). Forthe®. c¢cm si ze, a reactor | oad of 1

leading to a range of sizes but all < 1cm.

Old moist compost (particle size proportions noted in Tai8g $erved as both bulking
material and inoculation. Two replicates were done usingatime $rand of dog sausage

but likely to be different batches. Typically 700 grams of dog sausage were mixed with
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170 grams of old compost, a mixing ratio (R) of 0.81. -600 grams of mixture (1.1

litres) was added to each reactor. Early trials had fthmdhcreased moisture content at

the ends of the reactor (discussed above),
particles had caused some particles to merge (formation of secondary particles).
Consequently, the second particle size trial contaageid moist sawdust but maintained

the same ratio of sausage: old compost. The weight of dog sausage in each reactor was
similar in both trials, but due to the added sawdust the weight of mixture added to the

reactor was higher (750-dL.6 litres) andtte proportion of this that was sausage: (&g

was lowered to 0.6. The FAS also changed with the different particle sizes (igble 5

Trials were run for 40 days at a compost temperature 816 All reactors were started

and finished at the samente. Particle sizes were rotated around the reactors in
subsequent trials to eliminate reactor differences. Measurements of MC and ash of the
initial components and the mixed compost were done. From this, the volume of the dog

sausage within the reacteas determined.

Micro-environment analysis was done oneguivalent particle radiubeing the radius of
a spherical particle which would contain the samleime of compost as the cubical cut

particleTable 5-2.

Table 5-21 The equivalent spherical diameter and FAS of the cubical particles.

Cubicalcut size 0.8 1 1.5 2 2.5
(cm)

Equivalent 1 1.2 1.9 2.5 3.1

spherical

diameter (cm)

FAS % 61.3 59.2 60.0 52.3 52.2

5.4.2 Temperature Trials
Pig faeces were collected over a period of several days from pigs living in a paddock but

fed grain and food scraps.

All the faeces were mixed with old compost as bulking material. The mixture was
divided into 5 equal sized parts, from which the amoequired for each reactor was
measured and added to the reactor. The residue (~650 ml) was oven dritd {d024
hours), sieved and ash determined at 350 Free air space was 59.46 + 0.29%
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Ten particles (a range of sizes) where chosen for deametasurements. These particles
were held on small pieces of paper with double sided sellotape. A vernier scale was used
to measure two diameters (typically maximum and minimum) at a point marked with
white-out liquid paper and at each measurement #pepand particle were weighed.

The sample then was air dried until the next measurement. The final measurement was
done on an oven dried sample. The moisture content at each measurement could be
determined from the weight difference from the oven dmgle. Regression analysis
determined the relationship betwegetparticle diameter andry particle diameter, where
particle diameter was assumed to be the average of the two measurements. The
regression was then applied to the average sieve size{theetaining the sample and the
next larger size used) of the oven dried sample to determine the diametewef the

particle.
Sieve sizes were 16 mm, 8 mm, 4 mm, 2 mm,

The characteristics of the bulking material and mixture for pad 2rcan be seen in Table
5-3.

Table - 5-3 The % of oven dry sample retained for each sieve size (bulking material and each trial

temperature mixture) i pig faeces trial 2

Sieve Size (mm)

16 8 4 2 1 Dust

Bulking 0 0 19 32 23 26
material

T6 30 22 27 16 5 2

T9 31 22 25 15 5 2
T12 29 24 26 15 5 2
T16 38 19 21 15 5 2
T20 28 29 21 14 5 2
Trial 31 23 24 15 5 2
average

5.4.3 Diffusion into the Pile Trials
Three litres of the small particle size compost, compad®.8 cm dog sausage, old

compost plus extras to give a good porosity (the FAS was 51.3 %), were loaded into a
reactor with no mesh manifold. The reactor was stood on end and the restricted airflow
was supplied to the upper part of the reactor. Taetoe housing temperature was held

at 16°C and the compost temperature allowed to rise.
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The temperature 6bulged that formed as oxyg
monitored by an array of 5 thermocouples spaced evenly (each 70 mm aparthelown t

reactor (Sectioh.2). The temperature difference between each array and the average of

all arrays was used to determine the relative compostingirasgsdly composting parts

appeared as strongly positive, while anaarainid exhausted compost were strongly

negative.

5.5 Analysis

5.5.1 Determining Parameters from Experimental Data
The composting time course provides data at different points that can be used to assist in

determining different parametefSigure5-9).

Maximum composting rate.
(E;, aer)

- Fast fraction rate constank;
Yieldasy)

Transition point’
fast yield

Slow fraction rate constanis |

1=

Figure 5-971 Diagram showing apects of the composting time course that can aid determination of

parameters. Note: textured boxes refer to parameter whi ch i mpact primarily the
curve, while dotted boundaries indicate those parameters which are primarily positiondl they change

the position of thedata curve. The interconnectedness ahe parameters means that any

categorisation & above will be an incomplete explanation of the composting time course.

Development of statistical solutions for determining parameters would need to take the
characteristics noted mgure 5-9 into account. In @rticular, a veighting function based

on the composting time course will be needed for each of the parameter groups. For
example during the fast fraction growth phase, slow fraction parameters have a minor input

while fast fraction parameters are only indirectly inealy Conversely, later in the
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composting time course, during the slow fraction stage, the fast fragctanh phase
parameters have no input while the fast fraction parameters have a diminishing weighting

with time.

Manual fitting typically estimated éhfast fraction ra constant and fraction proportion
beforeestimating the growth phase parameters, and statistical solutions may need to follow
a similar approach. The mathematics used to estimate parameters to assist manual fitting

are described below.

5.5.1.1 Substrate Fractions
To determine the fraction proportion from experimental data consider two points on the

heat output curve:

1
Q(1)
2 Measured Watts
Q(2)
Qu(2) [t i _.-. Contributionto Watts from the
'''''''''' slow fraction
E(2) E(2)

Figure 5-107 Points on the heat output versus engly remaining over time schematic, usetbr

determining fast fraction rate constant and fraction proportion.

From athermodynami@erspectivefirst-order kineticddetermines the composting rate of

the fast fraction a®: = kf*Er. At point 1lin Figure 5-10, the composting rate is so

dominated by the fast fraction that the meastiest outputan be assumed to be only

from the fast fraction. By contragtoint 2 is likely to be influenced by a contrilartito

the composting rate from the slow fraction; and this contribution must be allowed for, thus
by rearranging the firsbrder kinetics equation, and assuming the rate constant must be

the same for both points
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Equation 5-2

QW _, - (Q©2-Qs(2)

Ef (1) f Ef (2) Wi MJ'l
The laws of thermodynamics mean that:

Equation 5-3
E(Z) = E(l) - Erelease@l— 2) MJ Cm3

While some contribution to tH&eeasegvould come from the slow fraction, littlerer

would accrue if this contribution were ignoredsiquation 5-3.

SubstituteEquation 5-3 into Equation 5-2 and rearrange to solve for the unknok(1):

Equation 5-4

Erelease
— - 2)
E @)= 1. Q@-o)

QW MJ cm®
In the first instance, the contribution to watts from the slow fraction will be largely
unknown. Three approaches can be taken to estimating it:
1) Keep Q@) early enough in theotnposting process to make any contribution from
the slow fraction negligible.

2) Estimate the slow fraction proportion for the composting mix and use the known
rate constants and growth phase parameters for the slow fraction to get an estimate

of Qy(2).
3) Use pproach 1) above to initially determig1). A plot of the subsequent
composting time course usigguation54wi | | reveal the O0shapec

fraction growth phase parameter curvig(1) in Equation 5-4 would remain
constant if not influenced by the slow fraction.

5.5.1.2 Rate Constants
The rate constant is a measure of the slope of the composting time course. For

composting at constant temperature the-irser kinetics equation gives:

Equation 5-5

K, = Qi w MJ*
E: @

Using data from composting experimerig}l) is determined b¥quation 5-4 and E(0) is

determined by:
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Equation 5-6
Ef (O) = Ef (1) + EreleaserﬂO— 1) MJ Crn-3

Final fitting of the curve to the data can be done manually as changing k alters the slope of
the curve while changingoEnoves the curves location on the y axis. Manual adjustment

is prefered as changing some parts of the fit may be best done by some parameters in
preference to others. For example towards the end of the fast fraction, the shape of the
composting time course may be best optimised by adjusting the slow fraction growth phase

parameter.

5.5.1.3 Determining Subsequent Rate Constants
The composting rate beyond the fast fraction will be a combination of two fractions: a

residual contribution from the fast fraction, in addition to the slow fraction. Any
significant contribution from thesather fractions must be allowed for in order to get an
accurate determination of the rate constants for subsequent fractions. It is assumed that:
1 The measured watts is a sum of fast and slow (or slow and humification)
outputs.
1 EreleasedS @ sum of fasand slow (or slow and humification) outputs.
At this stage, the fast fraction will contribute less to composting rate than the slow fraction,

SOFigure 5-10 can be rdormulated for this and subsequent stages &agure 5-11:

Q(1)
Q(L)siow

Q@) | E Measured Walts

O(2)eei " Residual fast Watts

Figure 5-117 Points on the heat output versus energy remaining schematic, usta determining slow

(and subsequentfraction rate congants and fraction proportions.

The fast fraction contribution teigure 5-11 can be determined from firstrder kinetics

using the rate constant frobquation 5-5 andEzas{0) from Equation 5-6.  In the same
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manner thakquation 5-4 was derived, it can be shown tliaf,, at location 1Figure 5-11
can be determined:

Equation 5-7

m

releasedl- 2) Ef(l- 2) MJ Cms

Q@-Q @

E =
£ Qw-Q ¢

From this the 6sl owd rate constant can be d
Equation 5-8

. _QW-Q,®)

. w MJ*t
E. @)

To determinestarting energy for thelow fraction (Es(0)), theE released from the fast

fraction must be allowed for:

Equation 5-9

Es (0) = Es (1) + (Erelease-ﬂO— 1) Ef(O— 1))

5.5.1.4 Growth Phase Parameter
At the start of composting, microbipbpulations limit the composting rate. The growth

of the biomass during this stage is often modelled by an equation such as used by Haug
(1993); P.154:

Equation 5-10

dX 3 dVSH
Xy, & dVSE
dt C t =
Where: X = conentration of microbes Mass/volume
VS = substrate concentration Mass/volume
Y m = growth yield coefficient Mass microbegrown'mass

substrateised
ke = Endogenous respiration rate constant ~ Day*
While this equation is frequently usetis also as frequently noted that biomass is difficult
to measure and the equation requires additional param¥étgr&f. A more pragmatic

formulation for use in micr@nvironment analysis is needed.

For high substrate concentration, Haug (1993) Rives:
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Equation 5-11

dvs
- T = X

dt Ko
Wherek,, is the maximum utilisation coefficient, or maximum rate of substrate utilisation
at high substrate concentration (mass substrate / mass midapes SubstituteEquation

5-11into Equation 5-10 and rearrange:

Equation 5-12

Koy X - kX
dt

In Equation 5-12 the rate constantg, andk. aretemperature dependent while the growth
yield constant,, is microbe and substrate dependent. They can all be combined into a

temperature dependent constant Bhtion 5-12 written as:

Equation 5-13
dX
- = X
dt Cr
Where:Cr = temperature dependent constantZR-Ke

For calculation purposes with a finite data interyaiduation 5-13 can be rearranged as:

Equation 5-14

X
X(O)=X(t- 1)+ S04 = Xt () Crt
Equation 5-14 applies to compost when microbe concentrations are limiting composting rate.
In this state, the growth rate of an individual miorganism is not constrained by shortage
of substrate and there are plentyaofilled habitats allowing growth rates for individual

microbes to approximate maximum.

There is however, a |linear correlation betw
consumed (¥) and the freeenergy available from the substrégervizi & Bogan, 1963)

It follows that each substrate is likely to express its own growth phase parameter.
However, the O6shapedéd of the function for su
assumed to be exponential for the entire growth phase (at the &rytheae will be

intense competition for available habitat from those marganisms that have been

utilizing the fast fraction). Exponential functions with an inhibition factor, as proposed
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by (Haag et al., 2005may be morepropriate for these stages. Alternatively it is

possible to formulate a logarithmic stage to the function during the upper stage of the

growth phase. Tremier et §005)found this part of the composting time course to be

the hardesttombel and considered it the &édbreak pha

easily degradable substrate is degraded during the growth phase.

From a pragmatic perspective, one only needs to know the degree to which biomass limits
composting (rather than thetaal quantity of biomass). Considering that the relationship
between biomass concentration (X) and composting rate is |i@aiti¢n 5-11), then a

fraction between 0 and 1 can be used to reflect relative biomass concentrbigmee if a

t erNBO O6i s i n EquatoesusonvbedeNB =0X/Xmax (Xmax being the concentration

at which biomass does not limit composting) it follows that if NB =1 then X,z &hd

biomass is not limiting the compostingga ThereforeEquation 5-14 can be formulated

using thegrowth phase parameter (NBpncept for each substrate as:

Equation 5-15
NBy(t) = NBs(0)® exp(C; 2 1)

Such a formulation hase¢htadded advantage that trewth phase parametat the start of
composting can be entered as a proportion of 1. Hence, poorly inoculated substrates
would have a low starting value fhiB (and would take longer to reach 1) than a fully
inoculated substta (such as manure) which would have a higig@and reach 1 much
faster. Normalisinghe growth phase parametéias the added advantage that the point in

the time course when biomass ceases to be limiting for composting can be easily identified.

Knowingthe time t that the growth phase ends, tN&(t) = 1 and the constant{&an be
determined by rearrangirgguation 5-15:

Equation 5-16

_ (i)
t

T

5.5.2 Lineweaver Burke plot
Plotting the reciprocal of the composting raté'{@gainst the reciprocal of the substrate

remaining (E") produces a more or less linear plot from which the constants have been
determined Agamuthu, Choong, Hasa& Praven, 2000; Barja & Nufiez, 1999; Whang &

Meenaghan, 1980) There is a question with the plot as to how multiple substrates, such
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as found in complex substrates, are expressed. The plot however has the possibility of
increased sensitivity in detisan of significant points in the composting cycle.

While assumed to be linear in Whang and Meenaghan (1980) and Agamuthu et.al. (2000),

the plot only approaches linear over the short term. Thdinearity of the plot becomes
apparent at the extremesaswher e compostY nly. rafT@eQpYod, i 6
exponential. While complex substrates mask this effect, in that as one substrate is

oxidised and approaches zero, another will become available, so the measured composting

rate rarely tends tcezo in the short term. However, first order kinetics mathematically

reduces the composting rate for a substrate fraction to very low levels. In particular, the

fast fraction is likely to produce very large reciprocals.

In addition, the plot requires strate concentration as a parameter. There are however,

three values that can be used in the plot:

1) E(0) as calculated iBquation5-6 applies to the particular fraction (and
would be a valid input if studying onbne of the fractions). However,
expression of growthephasesgparameteould quicklyo n 6 s
lead to large reciprocals on the substrate axis as substrate degradation
attributable to the next fraction would be counted against the first fraction
i.e. E(0) could be exceeded leading to negative reciprocals.

2) Add the substrate concentration of all the fractions, each determined by
Equation5-6. However, the E(0) (as determinedsquation5-6) is the
degradable part of the fraction. Adding E(0) of all three fractions would
not account for all the energy in the compost and large reciprocals would
arise towards the end of composting (as the degradable portion becomes
degraded).

3) Consistency would be achieved best by determinjng fEom total
VS*Energy content of VS.

Figure 5-121is a Lineweaver Burke plot of a typical composting time course with 3 fractions.
A number of features become apparent:
1 Sections AB and AC where the growth phase parameters for the fast
fraction (A-B) and the slow fraction (&) are being expressed.

1 Sedions GD and E, where the particular fraction is dominating
composting rate with little impact from its neighbouring fraction.

1 Sections BC and DE where the composting rate is transitional between
one fraction and the next.
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Figure 5-12 -Lineweaver Burke plot with three fractions. Data from faeces trial 1, 13C reactor.

The growth phase parameter section in all cases-8gfok fast fraction, AC for slow

fraction,-E for humification fractionis strongly expressed with a Lineweaver Burke plot
although the exact time when it expresses is not so obvious. While parts of the plot (such
as GD) could probably be used to determine constants, the equations described above
would do that adequately. h& value of the Lineweaver Burke plot being in identifying

the changever points between different substrates.

5.5.3 Effect of Time Interval on Model Predictions
The need for the validity of steadyate diffusion law solutions to determine the length of

the time interval was argued in Chapter 3. However, using a discrete time interval also
raises a question as to the effect of reducing the size of the increment on the model
predictions. Figure 5-13 shows the effect of changing the MEnodel analysis interval on

the 1.33 cm pig faeces modelled data.
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Figure 5-137 Four analysis intervals and their effect on the outpubf the MEA modelusing 1.33 cm

particle size of pig faeces at 2.

The divergence in the curves occurred most strongly at the peak of composting and this
occurred due to a difference in the calculated oxygen penetration depth. Presumably this
was because the model used substrate states at the end of the timehpmtEdinservals

giving a more accurate reflection of the actual time course of these states.
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Chapter 6

6 RESULTS

Three sets of experimental data are analysed here with botbrélestkinetics, i.e. without
adjusting for aerobic proportion, and miernvironment analysis.
1 Particle size trialsvhose impacts express entirely through the particle geometry
element of ngro-environment analysis noted in Chapter 4.
1 Temperature trialsvhere the observed composting time course is impacted by a

wide range of effects.
1 Diffusion into the pile

The patrticle size and diffusion trials used the same substrate (dog sausape), but t
temperature trials a different substrate (pig faeces). All used the same bulking material,

that is old compost.

All data analyses, including the MEA model, were carried out in a spreadsheet.

6.1 Particle Size Trials
In addition to the experimental data vinicro-environment modelled curves, this section

includes aspects of the theoretical perspective which needed scrutiny as a result of

applying the theory to the experimental data:

Rate constant multiplier.
Fitting the growth phase.
Modelling issues and #ir resolution, in particular:
o the gowth plase as a special case;
0 stabilisation of the modednd fitting the Monod function;
o determining the diffusion coefficient.
1 Explanation of the observed rewarming in terms of:
o diffusible substrate;
o oxygen flux insiglts into diffusible substrate;
0 other electron acceptor explanations.
Five particle sizes were made by cutting dog sausage into cubical particles, 0.8 cm, 1 cm,
1.5 c¢m, 2 Ccm, 2.5 ¢cm, (see Chapter 5).
cubical paticles with the mixing shovel; thus the maximum size would be 1 cm, but a

range of sizes below this maximum would dominate. The resulting size was not
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measured but is assumed to be 0.8 cm. The particle size used iremicanment

analysis was baseth @nequivalentparticle size, being the diameter of a sphere which
contained the same volume of substrate (see secti®hapter 5.4l The calculations

were based on the assumption that the dog sausage was the only active component of the
mixture i.e.the energy density was based on the volume of dog sausage rather than the

volume of pile solids.

The substrate based parameters (k, E, NB) were determined, in the first instance using
first-order kinetics. Then the parameters from the 0.8 cm partiédisiz course were
used in micreenvironment analysis and final fitting carried out by manually adjusting the

parametersigure 6-1.

Aerobic proportion

Day

Trial Data — — — Model with fitted curve

Aerobic proportion ‘

Figure 6-11 Measured versus modelled comgsting time course of the 0.8 cm cubical particle siZe

and time course of the aerobic proportion.

These same parameters were then used to model the effect of changing particle size. The
model output for each particle size was then compared with tieziergntal data. Figure
6-2 compares the 1 cm cubical particle size with the largest size (2.5 cm) Figtuiées-3

compares the two misgized particle sizes.

® An electrical fault in the reactor it@aused the drop in composting rate in the 1 cm particle redgguré
6-2). This same fault impacted the aeration routine in the 0.8cm patrticle reéigime(6-1), via the
loggers aeration prograning. The other reactors were unaffected.
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WIL (solid)

Day

1 cm cubical particle ——— Model with only size changed ----- 2.5 cm cubical particle — - —- Model with only size changed ‘

Figure 6-2 - Measured versus modelled composting time course of the cubical particles of size 1 cm and
2.5cm’ Model used the same parameters as determined for the 0.8 cm cubical particle sigeg(re

6-1). The micro-environment model was run with only particle size changed.

WIL (solid)

Day

‘— 1.5 cm cubical particle ———Model —---2 cm cubical particle - Model ‘

Figure 6-317 Measured versus modelled composting time course of the cubical particles of size 1.5 cm
and 2 cm. Model used the same @rameters as determined for the 0.8 cm cubical particle siz&igure

6-1). The micro-environment model was run with only particle size changed.

The renewed burst of composting that occurs between days 9 anth&4hree largest
particle sizes (1.5 cm, 2 cm, 2.5 cm), is not explained by reiswronment analysis
(Figure6-2 & Figure6-3). This is discussed further in Secti6rl.7, yet when

10¢€



parameters are determined by fiostler kinetics, then parametdesljusted for each of the
three fractionstan be made to fie.g. inFigure 6-4.  Of particular note here is that first
order kinetics contains the inherent assumption that the pastitibyi aerobic and all
parts contributéo the observed composting rate. This contrasts with reicvironment
analysis where only the proportion of {h&rticle that is aerobic enters the calculations.
Firstorder kinetics therefore, shoutdt be able to accurately model the data from a

particle with substantial parts of it being anaerobic.

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38
Day

Sum of fractions

Trial data — — — Fast fraction — - - — Slow fraction Humification fraction

Figure 6-4 1 Dog sausage, 2.5 cm cubical particle with firsbrder fractions fitted.

One can achieve a good fit to the observed data withdidsr kinetics Kigure 6-4) and the
slow fraction rate constant is comparable in magnituitte the k determined using micro
environment analysis. However, his fitting is achieved at the expanof the substrate
density (E)where E must be substantially higlier the slow fractiorio enable a fit with

first-order kinetics Table6-1).

Table 6-171 Dog sausage trial 2, with 2.5 cm particles and the fitted parameters for the two methods of

analysis
First-order kinetics Micro-environment
analysis
Fast fraction |kwmwmiYy |1.5 2.5
E (MJcn) | 5.9 *10° 4.8 *10°
Slow fraction | kwmJy) |[0.9 1
EMJcm®) | 14.9 *10° 3.2 *10°




It can be assumed that substrate density and rate constants would be a function of the
substrate and hence independent of particks siz it is for micreenvironment analysis.
Putting aside for the moment the unknown effect that a diffusible substrate solution would
have on the above micenvironment determination, it is hard to escape the conclusion
that a firstorder kinetics detenination, without adjusting for aerobic proportion is
insufficient for fully understanding compostiingeven though it may appear to fit

adequately.

It is only when we adjust for aerobic proportion using mengironment analysis (as in
Figure 6-2), that we realise the limits of firstrder kinetics in explaining composting in
larger sized particles, and the need to look for an alternative explanation. - Micro
environment analysis provides a framework by which alternative exagatan be

explored. This is discussed further in Sectah?7.

6.1.1 Rate Constant Multiplier
It was argued in Chapter 4 that a rate constant determined without adjusting for the

proportion of the particle that is aerobic via# underestimated. The modelled data

(Figure 6-1 Y Figure 6-3) are based on a single rate constant and energy density (E) for each
fraction. Therefore it is only aerobic proportion and the effects of reicuironment

devel opment which infl uenececotureseds| opké 066§
model |l ed time course is the Oapparent rate
(true rate const anft pee Chaptgr 4sectiondiPf3 r at e const a

The formulation in Chapter 4 proved difficult to usghe MEA spreadsheet and, as it is

not possible to be precise, as the multiplier changes depending on the location chosen on
the data curve, a simplified version was used. The equation for determining k, (Equation
4-21; Chapter 4) was used at two peioh the modelled curve immediately after the

growth phase ended; the slow fraction energy content was set to 0 for this determination.

Table 6-2 takes the firsbrder rate constants determined from the experimental data and the

multiplier determined from the micrenvironment modelled curve. When the two are

multiplied together the multiplier adjusted k should be the same across all particle sizes.
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Table 6-21 Fast fraction rate canstants k (W MJ™) determined with first-order kinetics (without
micro-environment adjustments). The multiplier was determined from micreenvironment analysis
on trial 2 data, immediately after the fast fractiongrowth phase parameterreached 1. Note theiag,

used in the model was 2.5 W M3 over all particle sizes for trial 2.

0.8m 1cm 1.5cm 2cm 2.5cm
k for particle | 2.5 2.5 1.5 1.8 1.5
size trial 2
Multiplier 1.32 1.40 1.58 1.67 1.72
(trial 2)
Mult * k 3.3 3.5 2.4 3 2.6
(trial 2)

If the concet of a rate constant multiplier were a complete explanation of thefaet
kinetic rate constants (and the calculation method is OK) then the bottom Tawle6-2
(Multiplier * k) should be constant. Thtise concept is only partially true as there

remains a small downward trend in the multiplied rate constant.

6.1.2 Fitting the Model Growth Phase to Actual Data
It was found necessary to revisit thi@wth phase parameteéetailed in Chapter 5. The

exponentiagrowth phase paramet@quation5.51.49 resul ts in a &époint
the modelled data and this shape consistently failed to explain the rounded peak of the
experimental data curv&igure6-5), even wien combined with aerobic proportion. It does
however, explain the first part of the growth phase.

Neither did equatiob.14adequately explain theibsequenfractions. For theeslower
fractiors, the shape of the growth phasmuld be determinebly difference é.g. wats
observedi WattStas).  An S shaped function watearlyindicatedfrom the data, of which

Equation 5.14 is only the first part of this S shape

A reassessment of the model used forgitwevth phasén compostings needegdfor which
anideal descriptor would have the following characteristics
1 begin wih a positive amount of biomass;

{1 have a negative curvature in the uppection of the growth phase parameter;
T apply to all fractions.



With Equation 5.1%xplaining the first part of thergwth phase and being well rooted in
theory, then a function which can take over freaquation 5.15or the later part of the
growth phase, would be ideal. wé sequential functionseem to be needed to expldie t

experimentatlata: oneexponentiglthe gherlogarithmic Eigure 6-5).

+ 0.95

T09

3085

T08

T075 5
o

T07

+ 0.65

T06

T 0.55

0.5

Figure 6-57 The 1cm dog sausage data with 2 theoretical perspectives on the fast fraction: Miero
environment analysis with only an exponentiagrowth phase parameter micro-environment analysis

with both exponential + logarithmic growth phase parametes.’

With two functions operating sequentially, then the end point of one function needs to be
the start point of the next functiotiney need to benathematically linked so both pass
through the same transition pointEquation 5.15s repeated below

Equation 6-1
NB(t) = NB(O)exp(C; ° 1)
By contrast, the upper section of gi@wth phase is explaindzy a function of the forfh
Equation 6-2
NB(t) = Ln(t)3 C,,
To link the two functionsfour parameters need to be determined from experimental data:

growth phase parametat time 0 NB(0)), growth plase parametet transition NByans),

time of transition t{ang), and time of maximurgrowth phase parameté,.,) i seeFigure

" Note 1/Changes in aerobic proportion do not explain the poor fit between the exponential function and

actual data in the later stages of the growth phasdayX to maxvith the exponential + logarithmgrowth

phase parametewas 6 days meaning that, for this example, the composting rate is beginning to decline even
though the 6modell edd microbial popul ation is conti |
8 A better form for this equation may be &xp( ) as this is often used tadel inhibition effects Morison

pers com. This form will be tried in future models.
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5-9 for the physical effect of each of these parametehs order forEquation 6-2 to pass
through the transition point, a teggcond Ot in

Equation 6-2 canbewritten as:

Equation 6-3
NB(t) = Ln(t - te.,)3 C,
Cin can be determined from knowing tiNB=1 at t = {2« At the transitionEquation 6-3
can be rearranged to determimng.

Equation 6-4

NB
tdelay trans Xp% e
¢

-I-COOz

In

The circularargument that arises fro@), being depend# on knowingfgelay is solved in
the Excelspreadsheet with the togtionsdcalculation section and ticking the iterations

box.

The constant iEquation 6-1 can be determined at thansition point by:

Equation 6-5

N ans
C - Ln( Nif(o) )

ttrans

CombiningEquation 6-1 with Equation 6-2 by using the transition point and determining
taelay dives a smooth transition whéByansis around 0.5 but becomes noticeably less

smooth above 0.6.

Competition between microrganisms for space could be one explanation for the apparent
constraint on exponential growthlf indeed the two equations aresttribing different

microbial conditions at the respective sectdthegrowth phase parametiren one

would expect the conditions to change from one to the other gradually rather than abruptly

asassumed in the above equations

A transition period Wich linearised the function between the two pointgqdit X) and
(trans+ X); Where x = transition days/2, smoeththe transition, but remained an

incomplete explanation.
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A growthcurve derived fronEquation 6-1 andEquation 6-2 could be used over all fractions
and accounted for the delay in the humification fraction (from a +ve biomass at time 0).

This derivation will be used in all future analysis.

6.1.2.1 Starting Biomass
The dog sausage compost reatipeak watts much later than thig faeces compost.

This difference appeared to be associated with the exponential portion of the growth phase
l.e. t<tans TWO aspects within the growth equations can help to explain this difference:
1) Starting growh phase parameter, which reflects the biomass at the start of
composting.
2) Crwhich reflects the biomass response to the substrate Y& Km - Ke).

Table 6-3 Growth phase constants determined from experimera data’

Dog 1 Dog 2 Dog 3 Dog 4 Faeces_ 1 Faeces_ 2

NBstart .004 .01 0.005 .004 0.2 0.1
Cr 2.45 2.558 2.0 2.58 3.66 2.01
Days to transition | 2 1 1.6 2.4 2 0.3 0.8
(trans- €nd of

exponential growth).

It is apparent iMable6-3 that the constant (§ changes little over all the trials,

particularly considering the time required for stabilisation of reactor temperatures would
have impacted most on the growth phase parameter determination of the faecesdand coul
account for the greater variation in the faeces constant. However, the starting biomass

(NBstar) is one order of magnitude higher in the faeces than the dog sausage.

A difference in starting biomass between the two substrates would be expected as dog
sausage is cooked and wrapped in plastic so the main source of biomass is the old compost
applied to the particle surface. Faeces, by contrast, have a rich biomass, albeit mainly
anaerobic from the gut, mixed throughout the substrate.

Therefore a highestarting biomass in the faeces than the dog sausage is proposed as the

reason the dog sausage took much longer to reach peak temperature than the faeces.

° Frozen moisture in the exit air pipes did not affect the growth phase, so this part of the data could be used
to determine growth phase parameters for most trials, iétlee later data were unusable in MEA. Particle
size had little effect on the yield parameters.
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6.1.3 Growth Phase Micro-Environment Analysis
In addition to the growth phase parameter discussed athevirmal structure of micro

environment analysis (developed in Chapter 4) was found wanting in understanding the
growth phase. During the growth phase, oxygen penetration distances are initially large, as
VOR is low until biomass builds up, and the diste decreases to a minimum when peak
watts are reached. The formal structures of ma&raronment analysis, that is:

acceptable variability in substrate concentrations within a reinkdronment, steady state
conditions of diffusion law, start time o&eobic composting, etc., have difficulty giving

meaningful results in this phase.

Figure 6-6 1 Dog sausage oxygen

0.5
penetration distanceover time, \

calculated with the MEA model 0.4 \

Minimum depth occurs at fast

fraci : . € 03

raction maximum composting rate

(day 2). The end of the growth 02 \

phase (fast & slow) is day 13. Up —

to this point, periods where z may 0.1 . . . . . . .
0 4 8 12 16 20 24 28

be negative (e.g. the flat section at
Day

day 8), caused problems with the

formal structures of micro-environment analysis

Two solutions were tried:

1) A large first micreenvironment (#1) with a variety of adjustments to stabilise the
model until the end of the growth phas&his strategy gave a poor representation
of the fast fraction growth phase.

2) Treat the growth phasertil the slow fraction NB =1) as a single miero
environment, with the oxygen penetration depth recalculated at each interval. This
has the added advantage that the nature of the time course of oxygen penetration
during this phase can be made explieigre 6-6). This solution was adopted.

With the second solution, computational considerations arising from the fact that micro
environments exist in time (meaning that several mé&eraronments exist in the growth
phase, yet onl{ exists in physical space), needs consideration at two points:
1 Correct input parameters for determination of z and VOR. In particular, z
determined from oxygen concentration at the surface of the particle (rather than the
inner boundary of the prewsly formed micreenvironment, as occurs in the

formal structure), and the energy density (E(t)) determination is delinked from the
time component of the micrenvironment label. That is, the formal structure
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(which says the statime of aerobic compostin= m f) does not apply in
determination of E(t) during the growth phase.

1 Smoothing the transition between the two forms of analysis. This was achieved by
dividing the oxygen penetration depth at the end of the growth phase evenly
between all of théimebased micreenvironments that existed at that point. Other
stabilisation issues arising at this point are discussed in Séctigh

The formal structures of micrenvironment analysis (a new mieeavironment forming in

composting space at each time interval) continue at all times beyond the growth phase.

6.1.4 Model Stabilisation
Use of the Stnpniewski formulation for dete

environment is very sensitive to boundary conditions (discuasgtdapter4 - section
4.1.6). With many micr@nvironments, each adjacent to each other, any recalculation of
z necessitated recalculation of its neighbo

Stabilisation of the model required some conscious actions:

1 The oxygen penetration depth at the end of the growth phase was portioned among
the time based micrenvironments existing up to that point (Sectioh.?2. This
portioning often did not give a realistic oxygen profile and it veaméfl necessary
to manually adjust this portioning so the oxygen concentration curve met the zero
axis. Over (or under) estimating at this point produced either an excessively large
micro-environment or a negative z in the first few mierovironments forrad after
the growth phase.

1 It was found necessary to disconnect the calculated z from the z used in micro
environment analysis. At this point, the mi@ovironment analysis z was
adjusted up or down by a small increment depending the value of theatedczl
The magnitude of this increment could be set manuallytamals found that very
small increment adjustments (1fhicron) gave a stable output but could take
several hundred iterations to reach this point. Larger incrementsn(itéon)
serveda useful purpose in quickly drawing the model to the approximate z; then a
smaller increment could stabilise the output. In addition, the downwards effect of
this increment was programmed to be less than the upwards movement to minimise
the occurrenceaf er o z 0 s .

1 Wild fluctuations in z from micreenvironment analysis were further constrained by
entering an upper limit for z. A lower limit could also be entered but this was
i nfrequently used as zer oendronmenbaftsthen o c c u
growth phase.

6.1.5 Incorporating the Monod Equation.
The Monod function was included as an option in the model for the determination of VOR

(this switch was 6ond for all the calcul ati
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However, instability arose in the model when the bibadjustment was based on the

Stnpni ews ki determination of oxygen concent
iterations when the oxygen concentration in already established-emenmnments

became zero (or negative) and the Monod adjustment becameéngeacting subsequent
determinations of oxygen concentrations. Breaking this logic trap was achieved by

stepping the oxygen concentration equally between all reicvironments, bounded by

the constraints of surface oxygen concentrations and zere axylgen penetration limit.

The resulting 6shape6é of the Monod function
concentration which closely represented the actual Monod function, without the instability

that arose from using actual oxygen concentration.

6.1.6 Determining the Oxygen Diffusion Coefficient
The composting time course provides a mechanism to estimate the diffusion coefficient.

From a micreenvironment perspective, the observed composting rate will be a
combination of k, E (or VOR), and aerobic propb i @id). Vhile the aerobic

proportion is a function of the diffusion coefficient, and the VOR (which changes
deterministically with time). Therefore, it is only a unique combination of all parameters
which predict the correct composting rate oweret Tracking the time course gives the

potential to refine determination of the parameters.

Figure 6-717 Modelled versus
measured composting rate for
1.33 cm pig faeces particles

with 2 diffusion coefficients. -
Note the lower diffusion 3
coefficient required more /
substrate (0.015 v 0.01 MJ cm os I
% for the model to fit the data '
curve X

15

0.0 A === e
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

Day

——0.0007cm2/s - --0.0003 cm2/s ----- Data

The lower diffusion coefficient ikigure6-7 gives a smaller oxygen penetratidepth
(0.265 cm) than the higher diffusion coefficient (0.457 cm). Consequently less of the
particle was aerobic at day 20 (0.893 v 0.999). These different dynamics lead to the

1% The drop in the data curve was caused by frozen water in the exit air pipe which prevented full aeration of
the reactor.
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observed effect ifigure6-7 where the model curve diverges noticeably from the data

curve towards the end of the composting per
These values are 1 order of magnitude higher than the diffusion coefficient for oxygen in

pure water at 16C of 1.88 x 10° cn’ s™.

6.1.7 Explanations of the Rewarming Phase
The larger particle sizes in the dog sausage trials (discussed in $ettiproduced a

rewarming part of the experimental time course that could not be explainedroy mi

environment analysis in its current form.
Two explanations for this rewarming need consideration:

7 Diffusible substrate.
1 Alternative electron acceptors.

6.1.7.1 Diffusion of Substrate
Alternative diffusion law solutions that may explain the rewarming settieigure 6-2
include the possibility that diffusion of the substrate from the centre of the particle to the

oxygenated surface is occurring.

For these trials, the energies released by the end of the 40 day composting period are
comparable for all particle sizes, suggesting that substrate in the anaerobic core is being
accessedrable 6-4). If this were not the case, then the energy released would have

closely matched the aerobic proportion.

Table 6-4 1 Measured tal energy released after a 40 day composting peripend modelled aerobic

proportion.
0.8cm 1cm 1.5cm 2cm 25cm

Dogsausagérial 1 6.9 7.2 6.0 6.3 55
MI LY

Dog sausagérial 2 6.8 7.0 6.1 6.7 6.3
MJ LY

Aerobic proportion @ | 0.96 0.9 0.7 0.6 0.5
30 days

However, the data iRigure 6-2 andFigure 6-3 would seem to imply that diffusion of
substrate would occur only after some dafysamposting (as solutions without that
di ffusion explain the early data so well).

contain an implicit delay in the substrate diffusion effect, as the enzymes necessary for
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solubilisation would need to be produdszefore sufficient solubilised substrate could
diffuse to the aerobic zone and be detected experimentally.

Additional supportor the diffusible substratargument would be the observation made at

the end of composting tlatdtbhe olfaregperf upamtgi
forming 6secondarydé particles (especially a
hi gher due to the temperature profile along
particles that prompted the addition efxglust to the second dog sausage trial to attempt to
maintain particle integrity throughout the composting period.

However, with a diffusible substrate the essence of mg@ordronment analysis would still
apply, that is limited, but gradually increasingygen diffusion distance in conjunction
with particle geometry effects. It is only the time course of E(t) which would differ with
a diffusible substrate, as oxidised substrate would be replenished by diffusion from the

core.

Micro-environment analysis primarily an organisational framework based around

diffusion laws and microbial kinetics. The composting sgane elements of micro
environment analysis have no particular affiliation to the stasatg, nordiffusible

substrate diffusion law solons used in this thesis. There is no reason why diffusion law
solutions that allow for a diffusible substrate could not be used in the-ememmnment
organisational structure. So long as a solution contains an oxygen penetration depth, or a
method ofdetermining an oxygen concentration below which aerobic composting can be
assumed to be zero, it would mesh with mienvironment derivations, as oxygen

penetration depth is necessary to determine rgoraronment thickness, z.

Micro-environment analys however, would not explain alternative electron acceptors that
do not need to diffuse (such as nitrates in the original substrdiejussed further in
Section6.1.7.3

6.1.7.2 Oxygen Flux Insights into the Diffusible Substrate Question
The surface flux of oxygen approach to determining composting rate (mentioned in

Chapter 3and used by Hamelers, 2001) can give insights into the substrate diffusion effect.
For a substrate with particles of a known size, for which the compoate@as been

measured, then the stoichiometric relationship between heat output and oxygen
consumption means that the measured composting rate can be used to determine an oxygen

consumption rate. Combining this with the known surface area: volume ttomines
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the surface flux of oxygen, assuming all the heat released is from use of oxygen as an
electron acceptor and that oxygen diffuses into the partizieation 6-6.

Equation 6-6
— VParticIe -2 <1
Flux =Q3 0.06277 —2™= mg & cm* s
Spﬁ’article
The flux can also be determined from knowledge of VOR, D, and(Bouldin, 1968):
Equation 6-7
Flux =,/23 D3 C,3 VOR mg O, cm*s*

0.00012

0.0001

0.00008

0.00006

mg 0, cm?s?

0.00004

0.00002 W

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36
Day

‘— Experimental (Equation 6-6) - — - Substrate flux (Equation 6-7) ----- Difference ‘

Figure 6-8 - Dog sausage trial 2, the 2.5 cm cubical particles composting rate expressed as a surface
oxygenflux, compared with the output of Equation 6-7, where VOR is determined by the MEA

model. !

If the VOR used irEquation 6-7 were based on firsirder kinetics then the time course of
the calculated flux can be taken as that flux which would occur if therenoati€usion

of substr#e into the aerobic zone.

It follows that the difference between the time course data from experiment (using oxygen
flux as determined biquation6-6 and the measured)(and the flux determined with

! Note: the oxygen diffusion cdiéient in Equation 6-7 needed to be changed to get the graph, using the
micro-environment model parameters, to approximate the data curve in the first stage of composting
(assuming substrate diffusion does not begin at this)stage
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Equation6-7 (using VOR based on firgirder kinetics), could be taken as an indication of
substrate which is diffusing into the aerobic z{figure6-8).

While the above flux basedhalysis has a known flaw in that only a single VOR can be
used inEquation 6-7, it does provide evidence of the diffusion of substrate from the core of
a composting particle into the aerated layer, as proposed by Hamelers (20@i90
provides another package of tools giving insights into the dynamics occurring in a
composting particle.

6.1.7.3 Other Electron Acceptors as Explanation of the Rewarming
That the additional heat is from electron acceptors other than oxygen must blem@thas

a possible (partial) explanation for the observed difference betweenamzironment
explanations and actual dataBruno Dog Sausageontains sodium nitrite (and potassium
sorbate) and this can be used as an electron acceptor by microbes el&€b&en

acceptors would release heat, and hence would be detected by the experimental apparatus.
As these electron acceptors would be distributed throughout the sausage they would not be
bound by diffusion laws, meaning that the whole particle wilkicute to the observed

composting rate. Micrenvironment analysis would not apply to these effects.

The delay in expression of the observed effect can also be explained by an alternative
electron acceptor, as microbes utilising this substrate wouldtodedld up in the core of

the particle before detectable heat is released from use of this electron acceptor.

Some explanation is required for the observations and either (or both) substrate diffusion
from the core of the particle, or (and) nitrite aadiidn could explain the disproportionate
release of energy with the larger particle sizes. The experimental setup was not able to

distinguish between these alternative explanations.

6.1.8 Oxygen Penetration Velocity
Beyond the growth phase, the continuous matfithe degradation of substrate results in

an oxygen penetration depth that is continuously increasignge6-6). It was shown in

Chapter 3hat this increasing depth could be viewed as a velocity.

For the dog sausage {g§ahe oxygen penetration velocity was 0.0046 cni'dayt 6 & m
day’). From an initial oxygen penetration depth of 0.2 cm (end of the growth phase),
then the time required for oxygen to penetrate the remaining distance to the core of the

particle used inhte trial can be estimatetaple 6-5):



Table 6-5 The approximate time for oxygen to reach the core of the particles used in the trial.

l(:(’zarl]:t)icle size 0.8cm 1cm 1.5cm 2.cm 2.5an
Days to reach | 43 65 120 170 230
centre

The velocities were measured over the 30 days of the modelling time (less the 13 days for
the growth phase) and the rate could not be seen to change over this time. As one can not
assume that this velocity walitontinue at the same rate as implietiabie 6-5, the above
estimations must be used with considerable caution. It also contains the assumption that
there is no substrate diffusion. Diffusion of substrate from the core phttiele would

reduce the velocity of oxygen penetration into a particle.

6.2 Temperature Trials
The temperature trials were set up to determine rate constants in the mesophilic/

psychrophilic temperature range in faeces. Data on psychrophilic compgstivigbly
absent from the composting literature, yet smaller compost heaps will experience these
temperatures often during temperate winters. These trials provide insights into the

application of micreenvironment analysis to real world situations, irtipatar:

1 Application to a mixture of different particle sizes.
1 Temperature impacts more parameters than the rate constant.
As temperature affects a numbepoa r amet er s in composting, a

with the particle size trials, is not possibleFor these trials, parameters were determined
by fitting the model curve to the data feaichreactor. These parameters were then
assessed as to how well they met accepted notions within composting understanding.
New aspects of the temperature efféett tbecome explicit with micrenvironment
development, are explored. In particular, the temperature effect on

the rate constant
the solubility of oxygen in water;
the diffusion coefficient;

= =2 =2 =

thegrowth phase parameter
The composting time course of thiest few days of the temperature trial data for the 6, 12,

& 20 °C reactors can be seenHigure6-9.
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Figure 6-9 - Faeces trial 2. Composting rates for three(6, 12, 20°C) of the 5 reactors*?

The faeces were well mixed with the bulking material, resulting in a range of particle sizes
in the compost. As there are substantial differences between the composting rate time
courses of bulking material and faedesaddition to the different time courses of different
sized particles, additional computations were required before 1@miconment analysis

could be applied to the mixture.

6.2.1 Attributing Particle Size Mass Proportions to Faeces
The faeces were well migewith the bulking material. Thus from a mieeavironment

analysis perspective it needed to be known how the faeces were mixed with the bulking

material as théaecesneeded to be attributed to a particular particle size.

It was only possible to deteme separately the mass fraction proportions of a) the bulking
material and b) the mixture. So the proportion of each particle size r in the mixture that
was faeces, as against bulking material, was determined by a mass balance approach

(Chapter 4 Equaton 4-18) where the mass fractions of faeces are determined by:

Equation 6-8
2@ e - Way 2 @ )
apile(faece%r) = (VVM ) - BM(r)) *R g gl
(VVMix - WBM)
WhereW\yix = wet weight of the mixture g
Wpgm = wet weight of the bulking material g

-

Wiery = mass fraction of the dry mix retained by the sieve (r)-
Usmy = mass fraction of dry BM retained by the sieve (r)

12 Notethe drop in the data curve in the 2D reactor was due to water freezing in the exit air pipe,
preventing aeration.
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R = ratio faeces : total wet weight (R converts the substrate based size
proportion into a pile based size proportion)

Equaton68C an b e us e dgug afthedméxedesamplie byaising-R) in lieu of

R. Note inTable6-6t h @i ofitthe mixed sample is less than that measured for the
unmixed BM. This isttributed to the change in particle size as faeces are added to the

BM patrticle surfaces (moving some patrticles to the next size category), and that new
particles may form composed of several smaller BM particles held together with faeces.
Note: thenegai ve values for the mass fraction of
BM fractions being absorbed into the faeces. The mass balance approach relies, to some
extent, on the BM particles retaining their integrity when mixed. The negative values

were retained in the analysis so that faeces + BM summed to 1.

Table 6-6 17 Mass fraction determination of faeces in the mixture by particle size.

Sieve size (mm)

16 8 4 2 1 Dust Sum

Dry radius(cm) | 0.8 06 0.3 0.15 0.08 0.03
Wet radiuscm) | 0.89 0.67 0.33 0.17 0.08 0.03
Usie (sieve) 0.31 0.23 0.24 0.15 0.05 0.02 1
Chw (sieve) 0 0 0.19 0.32 0.23 0.26 1

Uneces(EQ 6:8) 0.312 0.23 0.194 0.078 -0.003 -.04 0.771

Ckm (Eq 6_8) 0 0 0.044 0.072 0.053 0.059 |0.228
In Table 6-6:

i Dry radius = averagef sieve size & next largest.

i Wet radius igletermined by regression of particle vergaslius.

It is apparent fronTable6-6 that despite being mixed with small sized bulking material,

most of the faeces were rgtad in the larger particle sizes.
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6.2.2 Application to a Range of Particle Sizes
Each particle size will have a unique composting time course. A mixture with a range of

particle sizes will therefore be a mosaic of composting time courses, each corresponding to
a particular particle size. Using mieemvironment analysis to model these mixtures will
require determination of the composting time course of each particle size, then summing
the weighted time course of all the sizes. The contribution of each p®@tioned by

its mass fraction in the pile mixture.

Fitting the model to the experimental data presents particular problems as, in its current
configuration, the model computes for only 1 particle size, albeit it is very easy to compute
for a range bsizes once the model has stabilised to all the parameters. With the observed
composting rate being a weighted average of all particle sizes, it follows that fully aerobic
particle sizes will produce a time course above the data curve while largeleparitt

anaerobic cores will produce a time course below the data @igue 6-10).

WIL(solid)

0.0 H TP TP e
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

Day

‘7 -—-0.8 cm particle 1.33 cm particle ———1.8cm particle ----- Actual data all particle sizes ‘

Figure 6-107 Composting rates for tiree particle sizes from the pig faeces triaimodelled using MEA

with parameters determined from the 1.33 cm particle. The mass fraction of the faeces in the 1.8 cm

size was 0.312; 1.33 cm was 0.23; 0.8 cm was 0.194; the remainder was <0.8 cm in size and had a faeces
mass fraction of 0.0352 The remaining proportion 0.229 was BM.

With some time courses above and some below the data curve it follows that there will be
aneffective averagparticle size which will have a composting time course very close the
data curve. Using thisffective averagparticle sze would simplify determining the
parameters. A reasonable hypothesis is thagffieetive averagparticle size is likely to

arise from using the patrticle size with the highest mass ratio in the middle of the range of

sizes.

13 Note the drop in the data curve was due to water freezing in the exit air pipe, preventing aeration.
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The preferred alternativestimating parameters for each particle size and summing the
composting rate over all particle sizes, then readjusting the parameters as necessary, will

be left to a future model.

6.2.2.1 Change in Aerobic Proportion
The three patrticle sizes Rigure 6-10 will each exhibit a uniquaerobic proportiortime

course. Micreenvironment analysis computes these changes as part of its structure but
the changes can be made expligtiure 6-11.  Not surprisingly, theexobic proportion

changes considerably during the growth phase and the peak of the fast fraction composting
rate coincides with the minimum oxygen penetration depth. Smaller particle sizes will
have little anaerobic core and if their mass proportionffcant, will dominate the

observed composting rate. These physical facts complicate fitting the model predictions

to actual data where there is a mixture of particle sizes.

The time course of the particle aerobic proportion for 3 particle sizesecsgeh irFigure

6-11.

Figure 6-11-The time course of the

aerobic proportion for the 3

Aerobic proportion
o
2

o
>

particle sizes inFigure 6-10, from
the MEA model.

o
@

0.4 T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

Day

——0.8 cm diameter — — —1.33 cm diameter --- - - 1.8 cm diameter

This has implications for accurate determination of the fast fraction parameters with a

range of particle sizes.

6.2.3 Temperature Effect on the Composting Rate
A widely usedadjustmentor the effect of temperature on tbempostingateis the

Arrhenius egation. It is also generally assumed that this effect operates entirely through
the rate constant and that the rap@roximatelydoubles for each 2C change in
temperatur€Qio= 2). However, br composting, the relationship between the rate
constant ad temperature will be confounded by the formation of mamagironments

With an increased rate constant (higher temperature) oxygen penetratiomisaessg
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the composting rate in tlaerobicparts of a particle must be higher to explain the
observed esmposting rate than if the whole particle were aerobic. With this effect, it was
argued in Chapter 4 that with mieemvironment development a doubling of the rate

constant will increase the observed compostingbage 42 1 . e. 1. 41.

However, temperature also affects the solubility of oxygen in water and the diffusion
coefficient and both these parameters are used in determining oxygen penetration depth.
Micro-environment analysis allows the impact of all these tatpre effects on the
observed composting rate to be identified.

To assist our understanding of the combined effect of all the temperature affected
parameters on the composting rate, it 1is co
of temperatug, separate from the time course effects. That is, consider the effect on a
particlebs composting rate if the temperatu
i nstantaneousl!| yo. This approach means th
E can be igned. To further simplify the analysis we further assume:

1 There is only one micrenvironment and therefore that VOR is constant
throughout.

1 The temperature effect on the rate constant is indead@ @. With this
assumption we can add table 6-7, the Arrhenius adjustment for temperature based
on a reference temperature of Z0

1 Particle geometry effects are ignored.

Considering only the aspects affected by temperature, mearthi¢ rate equation Q =k E
UagerWi t h only temperature af fg adbEdsdunafferteddbynet er s
temperature. In addition, if particle geometry effects are ignored then it is only the depth

component (2  adwhidh is temperaire affected.
Thus if: Kk E UsgWdra hag nédlissthekilis kg, n d @

and we define Arrhenius_Q as the temperature adjusted composting rate, then the effect of

all the temperature impacted parameters can be determined from:

3 3
Arrhenius_Q a Arrhenius_k3 % W cm®
Arrhenius_k

The output oEquation 6-9 over the range of temperatures is then normalised to the rate at
20°C (i.e. Arrhenius X0)).

Equation 6-9
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The temperature effect dhe solubility of oxygen in water and the diffusion coefficient for
the temperatures used in this trial are notethime 6-7.  In general, the solubility of
oxygen in water decreases with temperature while the diffusion deaffiocreases with

temperature.

Table 6-7i Temperature affected parameters in the faeces tridf’

6°C 9°C 12°C 16°C 20°C
O, conemg cm® 0.0124 0.0115 0.0107 0.0098 0.0091
Diffusioncoeficienten?s* | 1 38E5 1.52E5 1.67E5 1.88E5 2.12E5
Arrhenius adjustment ofk | 0.38 0.47 0.58 0.76 1
(Qu=2; CA=0.069
Normalised z (cm) 1.53 1.4 1.3 1.12
Normalised Q  (Wcer) | 0.58 0.65 0.73 0.85 1
Car (of Normalised Q) .0398 .0401 .0405 .0417

With all these temperature adjustments it can be seen that for a composting particle which
is less than fully aerobic, an experimentally determingge@ect (row: Normalised_Q;
Table 6-7) will differ from the actual @ effect (row: Arhenius adjustment of Kable 6-7).

The Arrhenius exponent which would explain the temperature adjusted normalised Q in

Table 6-7 can be determined from:
Equation 6-10

_ Ln(NormalisedQ)
o (T - 20)

UsingEquation 6-10 on the normalised Q dataable 6-7 gives an Arrhenius exponentA{

of 0.04 or a @ of 1.49 (note the constant rises along the talalend result of the changes

in oxygen concentration and the diffusion coefficient) for the combined temperature
affected parameters, i.e. temperature effect on k, oxygen solubility, and the temperature
effect on the diffusion coefficient. Remember that thises even though the

temperature effect on the rate constantaisie 6-7 is in fact a Qo of 2, but it would appear

experimentally as a Qof 1.49 over this temperature range. The difference is due to the

14 The extension of the Anenius exponent tel0°C in explaining soil respiration has been achig\éulyd
& Taylor, 1994) An increase in the activation energy was needed with decreasing temperature. Itis
assumed that this effect will apply in composting, at least down to the temperstedes these trials.
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effect on the oxygepenetration depth of doublinggka c count i ng for a2 or
temperature effect) with the remainder (0.07) being due to the effect of temperature on the
solubility of oxygen in water and the diffusion coefficient. Note: using=1.069 gives

a Qoof 2.

As the initial energy ensity (E) of a composting material is not temperature dependent,

then Arrhenius_Q would be equivalent to the temperature effect on k.

However, the temperature effects on the composting rate noted above were derived by
ignoring the consequences of the temgpure affected parameters on the composting time
course. Full understanding of the temperature effect on the rate constant would need to
take account of the combined effects discussed above on the time course of substrate
concentration (E), and the abro proportion. As a particle becomes fully aerobic the
aerobic proportion approaches 1 and a meamgironment determined rate constant would
approach a firsbrder determined rate constant (see Se@i6rifor the mathematal

reasoning behind this statement). It becomes apparent then that particle geometry effects

will also arise as the aerobic proportion changes over the composting time course.

Figure 6-12 andFigure 6-13 show the experimentally determined rate constants for the pig
faeces in trial 2. Of particular note in these figures is that rate constants determined by
first-order kinetics assume the patrticle is fully aerobic, hémee is no adjustment for
aerobic proportion. Their magnitude differed little from rate constants determined by
micro-environment analysis. Considering that mierovironment analysis should have
adjusted for aerobic proportion (see Sectidhlfor a discussion of the rate constant
multiplier in the dog sausage trials), then the similarity of the two determinations could be
explained by the dominance of small particle sizes which were mostly aerobic. The
analysis was ingticiently sensitive to determine the constants with the precision needed to
0seed the difference. According to the ab
first-order rate constants should have been 1.49 while the-emsiiconment analysis rate
constants (which incorporates aerobic proportion) should have only incorporated the
temperature effect of solubility of oxygen in water and the temperature effect on the

diffusion coefficient and be closer to a;gof 2.

The experimental data supportbe notions discussed above only for the fast fraction.
For this fraction the rate constant was poorly explained by & @, but better explained
with a Qo= 1.49 (seeigure 6-12).
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Figure 6-1271 Fast fraction rate constants determined for pig faecem trial 2 as compared with an
Arrhenius adjustment (Q.o = 2) and an adjustment of 1.49. Rate constantgere determined with
both first-order kinetics and a micro-environment model run without adjusting for solubility in water

and diffusion coefficient®

By contrast, the slow fraction rate constants better fitted a temperature response wyith a Q
= 2 for all reactors except the 20 reactor Kigure 6-13).
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Figure 6-13 Slow fraction rate constants for pig faeces trial 2, as compared with an Arrhenius
adjustment (Qo = 2) and an adjustment of 1.49. Rate constantgere determined with both first-
order kinetics and a micro-environment model run without adjusting for solubility in water and

diffusion coefficient.

!> Note: Adjusting for oxygen concentration and temperature adjusted diffusion coefficient in the model
made little difference to the magnitude of the rate constant.
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A number of experimental observations would seem to need explanation from the above
results:
1 The inability of micreenvironment analysis to ti¥mine rate constants that differ
from first-order determinations.
1 A temperature effect on the fast fractiond® 1.49) which apparently differs from

the effect on the slow fraction (&= 2). Such an effect has been noted by Crohn
& ValenzuelaSolano(2003)

1 The 20°C reactor performing worse than the°I&reactor.

A different temperature response for each fraction would arise from the structural nature of
micro-environment development as the aerobic proportion of &lgaid greater at the

time when the slow fraction rate constant is being determirigar€ 6-11). As the

aerobic proportion approaches 1 over many of the particles during the later time stages of
Figure 6-11, one would expect the slow fraction rate constants determined with-micro
environment analysis to be similar to fimder kinetics determined rate constants. By
contrast, the fast fraction rate constant is determined when the aerobic propatian is
minimum and is less than 1 in smaller particle sizes. Therefore the pile composting rate
would be more influenced by micenvironment development and should differ from first

order kinetics in the manner agued above.

The trial length for each retmr in the temperature trials was determined bya, so if
all rate constants are affected equally by temperature then the energy released at the end of
each reactoroés trial period woul d°Carml compar

releagd more energy than the’@ trial (Table 6-8).

Table 6-81 Measurements of total energy released and VS oxidised at the five temperaturder Pig
faecesn trial 2.

T6 T9 T12 T16 T20
Trial length 260 211 174 131 104
(days) based
on Q():Z
MJ released | 2.12 2.37 2.36 2.48 3.05
2/? oxidised 102 109 103 107 129
9




However, the energy resultsTable 6-8 must be interpreted with caution due to the
measuement bias of the reactors discussed in Chapter 5. This bias is known to differ
throughout the composting time course (Figu®) and is assumed to be a function of the
composting rate. Consequently, as the composting rate was less for the lower
tempeature reactors, then this bias could be expected to differ across the temperature trial
reactors. However, the VS measurements (determined by mass bal@aneeeight loss

not attributable to moisture changes), support the trends in the energy cahsudetd

these measurements would be unaffected by the temperature bias flaw in reactor design.

In addition, the 20C reactor is notable in that the rate constants (both fast and slow)
appear lower than would be expected yet the amount of compostingy(esleased and
VS) are higher than other reactors. This difference is explained by the amount of

substrate which is attributable to each fractitublg 6-9).

The trend inTable 6-9 for the amount of sidirate accessed to increase with temperature,
indicates perhaps another aspect of the temperature effect on the composting rate; that is
that the biomass is able to access more substrate at higher temperatures. Indeed this
effect was recorded for the lébifraction by Dalias et a(2001) More replicates and

better methods for fitting the parameters to the data would be needed before this could be
claimed as an actuatfect, but if real it would further complicate the temperature effect on
the composting rate. Trial 1 reactors were substantially impacted by frozen exit air tubes
and the trial stopped after 132 days. However, the rate constants and fraction proportions
were estimated, which, with reservations re the quality of the data, showed a similar

tendency to increase the fast fraction energy utilised with increasing temperature.

Table 6-91 Pig faeces trial 2, enggy releasedfrom each fraction (MJ/reactor). Valueswere

determined by first-order kinetics.

T6 T9 T12 T16 T20
Fast fraction 0.12 0.125 0.15 0.18 0.25
energy(MJ)
Slow fraction 1.02 1.15 0.84 1.1 1.6
enagy (MJ)
Humification 0.98 1.1 1.37 1.2 1.2
fraction (MJ)
Total energy 2.12 2.37 2.36 2.48 3.05
released (MJ)
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Also of note inTable 6-9 is that the slow and humification fractions have similar quantities
of substrate, while the amount of fast fraction is around 10% ofthiee two.

There are however, other considerations in explaining this data:

1 The fast fraction rate constants were very high in this trial (11 WiMJ0.95 day
1 @ 20Ci even higher in trial 1), raising the possibility that an error has occurred
in detemination of the rate constants. However, as a large proportion (25%) of
faeces are known to be dead bactérentner, 1981and these would be highly
degradable, a very high rate constant could be a function of this particular substrate.
Rate constants of this magnitude were used by Van Veen, Ladd & ADS&H5)
and Hadas & Portnof1994)

1 The possibility that digested substrate (faeces), which would have damaged and
patially digested cell walls allowing easier access for composting micro
organisms, could explain the higher rate constants. Undigested substrate, by
contrast, would have cell walls still intact resulting in higher resistances to
degradation and consequigribwer rate constants.

1 Faeces would contain digestive enzymes
similarities between an animal dés need t
thegutandthemiccor gani smés need for ndawnby mol e
enzymes outside the cell before they can be utilised by mic(Blagtey, 1987)

This enzymic activity would have a net enthalpy loss and release hedigace
would be detected by the reactors and attributed to the fast fraction. In addition,
being enzymic they may not consume oxygen, making a mismatch between the
oxygen penetration depth as calculated in the model and the oxygen penetration
occurring h reality. Rate constants determined from the composting time course
data would not behave as predicted by memeironment analysis. Enzymic
activity would be comparable to alternative electron acceptors from a-micro
environment perspective.

71 Diffusion of substrate may occur from the core of the particle to the aerobic zone
(as argued by Hamelers (2001), and discussed above as part of the explanation of
the experimental data in the particle size trials (Se@&ibry.J.

f
0
c

6.2.4 Temperature Effect on the Growth Phase
It is apparent irFigure 6-9 that temperature also impacts on tinee needed for the

composting rate of each fraction to reach its peak.

Equatiors 5-12 and 513 imply a linear relationship betwa thegrowth phase parameter
constant (¢) and the rate constaktas Y, can be expected to be independent of
temperature)and hence one would expect the growth phase parameter to be explained by
the Arrhenius equation However, he endogenous respiiat rate(ke) confounds a direct
relationship betweethe growth phase parameterd k. In addition, it has been argued in
Section6.1.2that a two stage growth phase parameter is needed to explain the data. One
can not assumthat the logarithmic stage will be affected by temperature in the same

manner as the exponential stage, yetdnes to maxs determined by both stages.
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The experimental results suggest a more complicated relationship between the rate
constant and theays to maxrigure 6-14.
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12 A

104

Days

y = 0.6714x? - 6.2486x + 19
R®=0.9993

y =0.2143x* - 1.6057x + 4.28

R?=0.9993

6 9 12 16 20
Temperature

‘ ~~~~~ Fast yield --®--Slowyield a Arrhenius — x - Arrhenius Poly. (Fast yield) Poly. (Slowyield)‘

Figure 6-14 Results from pig faeces temperature trial 2 showing the experimentally determinedays to
maximum composting ratdor both fast and slow fractions. The Arrhenius relationship (with a Q=2)

is also shown plus polynomial curves fitted to the measured data

While the regression gives a high fler the relationship between temperature andithes
to maximumthere is insufficient data to grose why it may differ from an Arrhenius
relationship. However, it is clear that there is a relationship between temperature and the

duration of the growth phase.

6.2.5 The Humification Fraction
The long term faeces trials needed a third fraction to adequiellyin the later part of the

composting time cours&igure6-15). If the slow fraction was fitted to the later data
then there was a poor fit to the data curve between the fast and slow fractions.

Humificationrate constants for the faeces trials were typically002times the slow
fraction rate constants. The patrticle size trials did not run for sufficient time to determine

the humification rate constants.
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Figure 6-15 Pig faeces trial 2, 20C reactor with fitted curve using 3 factions and firstorder kinetics.

That other rate constants are required should not be surprising as at some point organic
matter added to soil becomes humus and the compostingeames the respiration rate.

It can be seen iRigure 6-15 that theslowfraction composting rate becomes negligibly

small at 100 days composting as the concentration of the fraction becomes very low.
Indeed it could be showndhfor long time frames the contribution of all fractions with a

rate constant greater than some crucial value could be ignored. This relationship could be

determined as:
Equation 6-11

Ln(z)

W MJ?

~
I

From Equation 6-11, if the substrate concentration at
composting becomes negligible is determineddgsstarting concentration E(0) will be
known from the analysis), thearfany composting elapsed time all rate constants greater

than k in Equation 6-11 will have a negligible contribution to the measured composting rate.

6.3 Diffusion into the Pile

Extension of the theoretical perspective to modelirggen penetration intole can be
achieved by a two phase analysis in which the gas transport system (the pores) are
considered a separate phase from the particles for analysis purposes, yet both phases are
clearly interrelated. The parameters thiak the gas transport phase with the particle
phase are:

1 Oxygen concentration in the pores surrounding a particle.

1 Oxygen consumption within the particle.
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The micreenvironment framework would apply equally as well to either phase, indeed

St npni eigimlkderivgaton Gl i Es ki & Stwapbadeckon difusion 198 5)
into a soil profile. The parameters used would have different vataes ¢-10), but the

framework remains unchanged.

Table 6-107 Changing parameters for applying micro-environment analysis to diffusion in the pile, as
compared to its application to diffusion in a particle.

Parameter Particle Pile
Oxygen concentratior, Concentration in water Concentration in air
Diffusion codficient | Oxygen in water Oxygen in air
Energy density Density in substrate Density in pile
VOR Micro-environment _particle  x(Micro-environments)*(4FAS)

For application to a pile, the VOR of each particle size would need to be determined for
each position down the pile, as pore oxygen levels would decrease with distance into the
pile and this would reflect a correspondingigluced oxygen penetration depth into the
particle with distance into the pile. Mieemvironments would exist in two intertwined
phases (two dimensions):
1 Pile: where at the interval time)& newpile micro-environment would form;
based on the peneti@ of oxygen into the pile calculated with zeyaer

diffusion law solutions, using oxygen diffusion in air and a pile VOR which is an
amalgam of particle VOR in lowered interstitial oxygen concentrations and FAS.

1 Particle: where the oxygen concentrationthe pores (determined as part of the
pile dimension) is an input into the particle mienavironment calculations.

There is a feed back loop between each réendgronment dimension, in that the VOR of
the particle is dependent, in part, on the oxiygencentration in the surface of the particle
t

D

(and hence pore oxygen concentraidnr om Henr y6s | aw), whi |l
concentration in the pore is dependent on the VOR of the patrticle.

Hence, the computational load increases greatly for a full detation of a pile

performance, but the logic framework remains as above.
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From the micreenvironment perspective, broad trends could be predicted for the time
course of oxygen penetration into a pile. These arise from three elements that can be
identifiedfrom micro-environment analysis:

1) The differing composting time course of particles at different oxygen

concentrations. That is, differenp£In the particle micreenvironment thickness
calculation.

2) The offset in start time of aerobic composting for gt deeper in the pile (in
micro-environment notationgt= m*t;).

3) The combined effect on the composting time course of a particle of both an
increasing interstitial oxygen concentration (increasing composting rate), and
decreasing VOR as substrate is @sedl (decreasing composting rate).

The time course for the 1cm cubical dog sausage patrticle at three oxygen levels can be

seen irFigure 6-16.

Figure 6-167 The modelled time

course ofenergy production ofdog
sausage 1 cm cubical particle with ﬂ‘g 31
three different interstitial oxygen 2]
concentrations (mg L.

0 2 3 5 6 8 9 11 12 14 15 17 18 20 21 23 24 26 27 29

Day

[——0.009 —==0.005 ----- 0.001]

Figure 6-16 does not include theffsetin aerobic composting start time that would occur

with particles deeper in the pile. Neither does it include the steadily increasing interstitial
oxygen concentration that would occur in a particle at depth in a pile. In an actual pile,
the lower interstitial oxygen concentrations would tend to occur deeperlamandihence
would be more likely to be offset than those closer to the surface that have high interstitial

oxygen concentrations.

It is argued here that, if these two effects were incorporated into the composting time
course of the lowest oxygen concetitna graph inFigure 6-16 then the time course would

look like the actual data curve figure 6-17.

To get the data iRrigure 6-17 a 400 mm long cylindrical reactor, held veaig, was fitted
with an array of five evenly spaced sensors. This was used to observe the downwards
progress of the oxygen front into a composting pile. Three litres of a mixture of 0.8 cm

dog sausage and old compost (i.e. the particle size trial m)xturt with additionadiry
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old compost and sheep droppings, was placed in the reactor. A controlled airflow across
the top of the reactor kept surface oxygen levels high while minimising evaporative

cooling.

As the reactor was held in a housing at camisair temperature, the compost temperature

changed over time. The composting time course of each sensor was determined by
calculating the difference between the sens
sensors. The time course of the lower 4 sensan be seen fgure 6-17 (the uppermost

sensor was very close to the surface of the pile and had a composting time course very

close to the upper middle sengdt is not shown for clarity).

The oxygen concentration compohehthe composting time course (showrFigure 6-16)
is apparent irfigure 6-17. The remaining differences can be understood from the
combined effect of the delay in oxygen reaching compost deeger pilé and the

steadily rising interstitial oxygen concentration over time.
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Figure 6-17 - Temperature difference from the averagg°C), of 5 sensors evenly spaced down 400 mm

of compost. The only sourcef oxygen was what could diffuse down from the upper surface.
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6.4 Reactor Performance
The quality of the data from the new design of reactor was generally high but two events

conspired to compromise the data sets:
1 Frozen exit air pipes consequent on cool raemperatures needing to be sady0

to prevent overheating of the compost.
9 Electrical faults occurred in reactor coils on 3 occasions.

In an attempt to solve the freezing problems, reduced quantities of compost in the reactors
to reduce the needed teempture difference, and fitting a resistamwdee heater inside pipe
insulation surrounding the air exit tube, were tried. However, with the resistance wire
heater, ice still built up at the end of the tubes. While for short periods of time this ice
could be cleared daily, a more reliable solution was to remove the exit air tubes. This
meant the exit air entered the reactor housing. The possibility of moisturenhisoairt

entering the reactor insulation and changing its conductance meant this was only done as a
last resort. Reducing compost in the reactors was also successful, but the need to
maintain an even layer of compost along the length of the reactor iotthdn additional
consideration at trial staup. In retrospect, thinner insulation should have been used

around the reactors.

The electrical faults arose from: physical damage to the thin copper wire (see photo in
Chapter 5) on one occasiorand occured when the reactor was fitted to the housing so it
was picked up early; corrosion occurred on one occasiamen liquid from the reactor
leaked past the seal and over the thin copper; broken solder joint in the connecting plug

(one occasion).

The restution of the reactors meant that rapid changes in almost any setting could be
detected, including: rapid changes in cool room temperatures, change in reactor cover
position, increased speed of air circulation fan (this was used on one occasion as a way of
getting more energy into the reactor air when the resistors were unable to keep up with the
load). Operating procedures to minimise these effects involved making incremental
changes over time. This required close monitoring of the composting time sothree

first few days of a trial (and several late nights and early mornings).
Other operating experience with the reactors included:

1 Thin covers over the reactors initially so reactor air temperature was very close to
cool room temperature. Howevercganng covers generally pr
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the data. Thin covers were abandoned in favour of lifting the normal cover part
way off the plywood base, so the heat loss from the plywood base kept reactor air
temperature close to room temperature but if l@edeslowly over several days a
distortion in the data did not occur.

Start up procedures to get the reactors quickly to operating temperatures included:

o Use of 24 Volts in the reactor coils if the temperature was low.

o0 Rapid cooling by placing the bare readn the cool room before fitting
to its housing if compost was too hot.

o Warm compost and reactor in sunlight before fitting to its housing if too
cold.

Ensuring even distribution of compost along the length of the reactor with the
reduced quantities @ompost used in later trials. This was necessary to force air
through the compost, as if any of the mesh manifold was not covered with compost
then this became the preferred flow path for the ventilation air.
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Chapter 7

7 Discussion

7.1 Introduction
Increasing the sophistication of our models without a corresponding increase in parameter

knowledge will not necessarily result in increased understanding of composifiogir
models are capable of functioning indeperijenf scale, yet our knoledgeof the
parameters needed for these models is limited to larger gates instrumentsthen

paying attention to knowing the parameters at the scale at which the model operates is
likely to result in greatennderstandinghan using a sophisticated moseth poor quality
parameter knowledge.Moreover,there will e some scale at which our knowdeds

optimised.

In part to allow theptimumscale to be identified, a simple microbial kinetics (fosder
kinetics) was hosen,the intentiorbeingto focus orthe metarules determiningubstrate
concentration variatigmrather than a complete explanation of composting kinetics. The
result is a formulation developed by the author (the MEA model) that embraces the laws of

diffusion and microbial kinetics; a formulation that is a robust analytical tool.
This investigationcomes from two angles:

1 A theoreticabasis for increasing our knowledgeparameter states at sub
particle scales (calleghicro-environment analysjs extending measurement
precision to suparticle scales.

1 A new macrescale experimental technique that increases the sensitivity of our
measurements of the composting time course.

Optimalknowledgeis enabled byan organisational framework that identifies tdpgimum

scale for high precision analysis.

7.2 Derivation
It is readily apparent that if a composting particle has an anaerobic core for a period o

time, then variation in substrate concentration must atieeouter layers will be more
degraded than thaner layers A useful analogy for this variation is that of the layers of
an onion, where each layer differs from its neighbour in its degree of degradatius.

taskhas beero derive a framework founderstanding this variation As oxygen presence
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is the main source of this variation then analgsixygen distribution, which is in turn a

consequence of diffusion laws, bases the analysis on the laws of physics

To derive micreenvironment analysis, the constraints of diffusiondandtheir currenty
availablesolutions were explored to determine oxygen penetrdigiancen order to

determine a micr@nvironment volume. Diffusion theory vasthen meshed with

microbial reality in which alternative electron acceptors and several rate constants are
known to exist. Micro-environment analysisoweveronly accommodates a singlelute
diffusion coefficient®, in this case the diffusion of oxygen in water, and it is

mathematically necessary for the diffusion to occur from a surfadence, a particle

suface isdefinedas t he O6anal yti cal.6Thibanalytichldougdary n t hi
also coincides with a particle beinp:a coherent element of a composting jdeseparate

from the gas phase in the piB) has a surface which &pproximately gherical With

the particle as the analytical element, then particle geometry effects also need to form part
of the solutionwhere inner parts of a particle contain proportionately lesgost volume

than surface parts

To achieve optimum knowledgeo single aspect of the theory domirctgher aspects in
the final solution. In particular, there exists a level of precision for any single aspect at
which further precision will Almeostalaspegsed by

needed to be copromised:

1 Diffusion theoryi the derivation usednly zercorder solutions, yet it is known
that firstorder solutions gply at the oxygen penetration limit.

1 Steadystate, nordiffusible substrate diffusion law solutions are ysaden though
evidences presented here that substrate diffusion does .oddomwever, he
simpler calculations of these solutions help clarify the analysis necessary to identify
the spatial effects (micrenvironments). The more complex diffusible substrate
solutions while na used here, are entirely compatible with miervironment
analysis. Indeed, comparing the natiffusible solutions with diffusible solutions
enables identification of those elements of the time course attributable to substrate
diffusion (plus the role foother, noroxygen electron acceptors).

1 Firstorder microbial kinetics with no interactions within or between micro
environments is assumed. Clearly there are interactions within and between
micro-environments and these could be in the form of pH, tiyxéffects, substrate

18 Other diffusion coefficients may exist in eithafrtwo forms:

T Where the second diffusion coefficient is conseq
concentration differences in substrate that aris
in diffusion laws, but are not used ber

1 Where the concentration gradients arise from processes independent of the solute. For example,
breakdown products from anaerobic degradation would require a different diffusion law formulation
for understanding.
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diffusion (both diffusion of the solid substrate and movement of gaseous
breakdown products).

1 Anaerobic contribution to composting is negligible, yet it is known that low pH
arising, in part, from anaerobic degradation impacts oodhgosting rate.

1 Particle size and shajpehe geometry is based orsphericalparticle which would
be unlikely to occur in a composting pikdjustments for neaphericity could be
made but these are ignoredimilarly knowing particle size with anydree of
precision would be unlikely without a laborious measurement process.

1 Micro-environment thickness is determined using planar geometry, whereas
spherical geometry should be used. This compromise was possible as micro
environment thicknessissrhal ( <10 em for time interval
typical particle radius. The computational advantages of being able to use each
micro-environment calculation acrossamngeof particle sizes outweighs any error
in calculating micreenvironment thickess using planar geometry.

The compromises noted above could be placed in either of two categories:

1) Thoserequiredonly for the formation of micreenvironmentsparticularly the zero
order diffusion law solution.

2) Those which could be used without compising the organisational forrsuch as
diffusible substrate solutions to diffusion law and different microbial kinetics.
These wouldhowever, increase the computational difficulty, the benefit of the
increased analytical precisioeeds tde balanced ith this increased
computational difficulty.

For 1) abovethe zereorder solution to diffusion law compromise omigeds taxist at

that instantn timethat a micreenvironment is formed This arises athe formation of
micro-environments is integravith theadvance of thexygen penetration boundary, and
hencethey incrementvith theoxygenfront. Beyond thisnstant of formationthe micre
environment becomes purely a volume of compost containing substrate with a
concentration known to very highgmision. As such its allegiance to zemleroxygen
diffusion solutions necessary for its formatipneases and any diffusion law solution can

be used on this volume of compost (even ones which do not have an oxygen penetration
limit). The micreenvironment undergoes a transition from a compromised logic system

to a high quality analysis tool

Beyond the instant of the formation of a mieavironment, the parameters contained
within the micreenvironment space can be used in any computationaltfains desired.
For most of the compromises above, it is not the meernaronment which is compromised
(as inl) above), but the integrity of the model being used. For exampéemay debate
the adequacy of firstrder microbial kinetics, but as aninktics system can be used in
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micro-environment analysis, the debate has no impact on the validity of the micro

environment itself.

By contrast, using a diffusible substrate solution of diffusion laws wioypact

significantly onthe time course of thexygen penetratiodepth as substrate will diffuse

into the micreenvironment. This would need additional considerations as the-micro
environments formed may be smaller in thickness and have a different time course, but the

micro-environment organisatiahform remains unaffected.

Micro-environment analysis accommodates the spatial variation of anaerobic/ aerobic rate
constants, where aerobic rate constants occur in the outer parts of a particle and anaerobic
rate constants occur in the core. Howevaeth womplex substrates, rate constants will be

an average of all the rate constants of all the compounds being degraded. The difficulty
in reliably modelling this complexity implies a case for using a sirkipleticsand making
explicit the spatial variain in substrate concentratitimat must ariselue to the difference
between aerobic and anaerobic rate constarfihisthenprovides a basis on which

increased computational complexity can sit.

7.3 Application to Experimental Data
The theoretical perspectiveas used to explain the time course of three sets of

experimental data:

1) Dog sausage cut to five particle sizes.

2) Pig faeces well mixed with bulking material and composted at five temperatures in
the psychrophic/mesophilic range.

3) Penetration of oxygen intcomposting pile

To fit the theoretical perspective to actual datame computational and derivational
compromises were needeaccommodate the growth phase and determine patrticle size

distribution in the mixed faeces.

7.3.1 The Growth Phase
The main mico-environment computational form needed to be adapted to describe the

growth phase. The micreenvironment framework is derived from an assumption that
oxygen penetrates further into a particle at each interval as substrate is degraded in the
outer layers. This state does not exist during the growth phase as biomass is building up.
The increased VOR resulting from the increased biomass results in oxygen penetrating less
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distance at each time interval. One of the implications of this is that-emeioonnent
thickness can become negative, producing an error in the calculations. This issue was
solved by considering this phase to be a single reoreronment with a new total

thickness calculated at each interval. This differed from the standardemzronment
formulation where a new micrenvironment formed at each interval and the thickness was

fixed thereafter.

The two formulations modelled their respective phases well but the transition from one
formulation to the other required managing. In paldicu
1 the transition time was taken to be the end of the slow fraction growth phase. This
was used as occasionally the slow fraction NB would exceed the reduction in the

fast fraction substrafiegenerating a negative z;

1 the oxygen penetration depth aisthoint was allocated equally between each
interval generated micrenvironment, for subsequent calculations.

7.3.2 Accommodating a Range of Particle Sizes and Bulking
Material

For a composting pile with a range of particle sizes, where the composting tirse
influenced by particle size, the observed composting rate is a combination of all time
courses. An effective average particle size is proposed to simplify the analysis.

This is further complicated where a moist substrate (faeces) is well mixedwiking

material. In this case, in addition to different sized particles having different time
courses, the time course of the bulking material differs substantially from the time course
of the faeces. A simple averaging of the energy density ofdbtdns over the mixture

will give erroneous results, as the faeces are most likely to exist on the surface of the
bulking material, or as individual particles, and as the faeces will have a higher quantity of
fast fraction, they will have a composting &rmoourse that differs from BM. A mass

balance approach to this issue was used in this work.

7.3.3 Particle Size Trials
Five cubical particle sizes were composted and the composting time course of each size

measured. Parameters were first determined for thié gantcle size reactor, assuming
only the dog sausage was composting and then, using these parameters, the model
successfully predicted the peak composting oatr all particle sizes. However it did

not predict a rewarming phase that occurred indhgek particle sizes.
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Two explanations for this rewarming are proposed:

71 Diffusion of substrate has occurrad proposed by Hamelgiz001)
1 Alternative electron acceptors are being utilised.

It was not possible to establish which of these processes was an explanation for the

observed effect, or whether both exist concurrently.

7.3.4 Temperature Trials
Temperature influences many aspects of the composting time course and there is not a

6clear6é6 signal from the experimental data.
1 The temperature effect on all of:
o the solubility of oxygen in water;
o0 the xygen diffusion coefficient;
o the rate constant.

1 Scale analysis shows that as a consequence of-snefmnment development, an
increased rate constant will decrease the oxygen penetration depth and reduce the
proportion of the particle which is aerobic his effect predicts that a doubling of
the rate constant will only result in an increase in the observed composting rate of
a2 = 1. 4.

For this trial, the rate constants and fraction proportions were determined for each
composting temperature and thée tate constants were compared with those predicted by

the Arrhenius equation using a rate constant consistent with=aZ)

The data were inconclusive in predicting the temperature effect, possibly due to the
mixture of particle sizes in this compgt mix meaning the small particle sizes dominated
the pile composting rate resulting in the miemvironment effect being poorly expressed.
However, some trends were noted, particularly:
1 A temperature effe¢hat appears tdiffer between each fractiéns r at e const a
andtheamount of fractiorthat isaccessed. Better techniques for determining
parameters may reliably determine whether this is a real effect.
1 Despite the trial duration being pdetermined by a Q= 2, the 20°C reactor

composted marthan its colder reactors, suggesting;g@>Q for this temperature
range (620 °C).

In addition, thefastfractionrate constantaere particularly high with this pig faeces

substrate, almost 1 order of magnitude higher than the highest publisheohstant in
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the composting |iterature, and comparable
explanation for a rate constant of this magnitude is discussed below. However, the

possillity of enzyme activityather than microbial growth must alsodmsidered

Other effects of temperature have been reported in the literature. For example, Dalias et
al., (2001)found the labile fraction increased with increasinggerature, while

Christensen & Harremoég,978)distinguished between shdagrm temperature

dependence and loxigrm temperature dependence in nitrifying and denitrifying

organisms.

7.3.5 Diffusion into the Pile
From a mico-environment perspective, the penetration of oxygen into a pile can be seen as

two intertwined phases and mieeavironment analysis can be used in each phase, albeit
with different parameters e.g. diffusion of oxygerainand concentration of oxygen i

air, compared with the diffusion and concentration of oxygemater. The two phases
are:

1 gas phase (pores or the FAS component of the matrix);
1 particle phase (the focus of mieemvironment analysis in this thesis).

The time course of particles deepethe pile can be predicted by a combination of the
lowered oxygen concentration in the air surrounding the particle, producing a reduced peak
composting rate and different composting time course, and the offset of this time course
due to the delay inxygen reaching the pores around the particle. A third effect is

predicted arising from the gradually increasing pore oxygen concentration surrounding the
particle, which would result in thicker micemvironments within the particle and

consequently a dérent time course from a particle held at constant oxygen concentration.

The experimental data from a 400 mm deep compost pile showed the predicted effect on
the composting time course of the lowered oxygen concentration with different depths.
However, dffusion in the gas phase was not modelled, therefore there was no offset in the

modelled data.

Extension of micreenvironment analysis to gas phase modelling would require appraisal
of those models that adjust the diffusion coefficient for thefijasl porosity, and

determine their applicability to composting.
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7.4 Estimating Substrate Diffusion

Developing a framework for optimising compost knowledge is a core argument of this
thesis. To this end, the assumptions behind diffusion law solutions have lesénred
as to their validity and, where found wanting, approximate solutions have been used.
Such compromises are necessary for complex systems, even with a full mathematical
attempt at a solution limited to constant temperature (Hamelers 2001). Theoouses
here allows a moving boundary to be modelled (mesreironment analysis is a moving
boundary solution), but it assumes a 1tliffusible substrate in its present form.

Evidence is presented in the experimental results that diffusion of suldstestexist,
although the evidence could not separate an alternative electron acceptor explanation from
a diffusible substrate explanation for the observed data. To extendenidronment
analysis to include a diffusible substrate is a task beyond ¢ipe ¢ this thesis, so
discussion here will be limited to possible approaches to this problem, for which the

following would need to be considered:

1) Establish whether the oxygen penetration boundary moves inwards even with
substrate diffusion, in which cas@cro-environment analysis is a suitable meta

framework.

2) Develop diffusion law solutions that embrace both a moving boundary and a range
of substrate concentrations. The sensi
oxygen penetration boundary, even Wittg substrate concentration (as discussed
in sectiond.1.6, would suggest that finding an oxygen penetration limit with both
oxygen penetration and substrate concentration as unknowns may be difficult to say
the least. It is possible that the oxygen flux approach used by Bouldin and
Hamel ers, for which Bouldinds (1968) mod
determine oxygen penetration limit, may give sufficient insights for the diffusible
substrate solution, as the velodaitfythe boundary would be expected to be lower
with a diffusible substrate with a corresponding reduction in the overall error. The
known flaws of the flux approach, in particular the implicit assumption of constant
VOR (as discussed earlier), may be lbss) the mathematical compromises

needed to get a solution.

An estimate of the contribution to the composting time course of substrate diffusion can be

made by considering the two aspects impacting on diffusion mass transfer, that is:
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1 diffusion coefficiert;
1 concentration gradient.

Hamelers (2001) used two similar sized diffusion coefficients, 1.85nfG™ for

diffusion of oxygen and 1.1 x fan? s* for diffusion of substrate. The diffusion

coefficient for dilute solutions of nealectrolytes can bdetermined by the Wilk€hang
Equation (Haug, 1993) in which® ™D Thisdasol ut e
be compared to diffusion of ga’s(Grwhtreamnds he
Law). In general, substrate molecules would hategher molecular weight (MW) than

oxygen and therefore would be expected to have a lower diffusion coefficient, as used by
Hamelers. However, diffusible substrate solutions of diffusion laws are much simpler if

the diffusion coefficient is the same feach substand®ouldin, 1968; Danckwerts,

1990).

The concentration gradient of each of oxygen and substrate would also be influenced by
the stoichiometric relationship between the two. For example, the stoichiometry of
glucose Equation 3-1) shows that 1 mole of glucosequires 6 mole of oxygen, so each

gram of substrate will require 1.06 grams of oxygen, indicating similar removal rates of

oxygen and substrate.

Diffusion gradients of substrate could be estimated from the currentliffiosible

substrate solution ofiffusion laws version of micr@nvironment analysis. uBstrate
concentrations are determined for each memgironment at each intervas is nicro-
environment thicknessherefore a gradient could be determined and compared with the
oxygen gradient However any results would need to be used with caution as with a
diffusible substrate the substrate concentration time course of eachemicronment

would track higher than with a nahffusible substrate. However, such an approach may
augment our unddi@nding of the development of the diffusion gradients early in the

composting time course.

7.5 Application to Other Data

751Hamel er s6 Dat a

A

Hamel er sd6 ( 2 0%etpprimentakdata usingcclucken enanare with three
paticle sizes (2mm, 4mm, 8minFigure 7-2). Some 30 data points were extracted from

his 2 mm particle graph and firstder rate constants (fast and slow) and quantity of the
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fractionweredetermined as for my datgiqure 7-1).

Theseconsantswere then used as

parameters in micrenvironment analysis witthethree particle sizes to determine the

shape of the compost profilesultingfrom changingparticle size This analysis
framework differed from Hamelers in that there is no substiifftesion in the current

formulation of micreenvironment analysis.

0.3 4

o
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mol 0,m3s?

0141

T
168

L e e e
0 24 48 72 96
Hours

‘ & Hamelers 2mm extracted data — — — Model (2mm)

Figure 7-1- Oxygen consumption rate of chicken manure fronHamelers (2001) 2mm diameter particle

data (extracted from graph A, Figure 7-2), analysed withthe MEA model for his other particle sizes

MEA modelled data assumes no diffusion of substrate.

The magnitudes of theeak composting rateo f

compare well with that predicted by mieenvironment analysigigure 7-1).

Hamel er s &igure®2) gi n al

However,

of note in comparin@igure 7-1 with its equivalent irFigure 7-2 is that forthe 8 mm particle

size the peak composting raie n
is notpredictedoy micro-environment analysis.

The fact that the peak

n

Ha me |Iremaissdlat foraalmast50 hours, and this

H @&maieohneent anadlysid a t a

with anondiffusiblesubstrateyould suggest that the peak composting rate is determined
by micro-environment development and that substrate diffusion begins after the peak

composting rate.

rea®nable as substrate diffusion would not begin until there was a concentration gradient,

Such a division of contribution to the composting time asurse

and this can onlgrise fromthe substratbeingoxidisedmorein the outer aerobic zone

than the inner anaerobic zone.

Until a concentration gradient arisediffusible
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substrate solutions should explain the composting time coutedeed the diffusion
gradient betweeadjacenimicro-environmens could be calculatedased on the substrate
concentration determined as part of mierovironment analysis and ttiécknessof each

micro-environment.

Figure removed for copyright compliance

Figure 7-2 - Hamelers (2001 p.181). Compostinime coursefor chicken manure with A) 2mm, B)

4mm and C) 8mm patrticle size.

Although this evidence strongly supporte thiffusible substrate argument, by itself it is
not able to distinguish between the effect of a diffusible substrate and the alternative

explanation of other electron acceptors.
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7.5.2 Oxygen Concentration Papers
Investigations into the effect of decreasimy@en concentration on composting have

noted: reduced composting ratdsichel & Reddy, 1998; Nakasaki, Yaguchi, Sasaki, &
Kubota, 1990; Richard, 1997; Suler & Finstein, 19Tanger time to reach thermophilic
temperaturegBeckFriis et al., 2003)anaerobic breakdown products including methane
and odorous chemicalBeckFriis et al., 2003; Michel & Reddy, 1998; Steger et al., 2005;
Vandergheynst et al., 1998)

These dataan be viewed in three different contexts with mierovironment analysis,
where:

1 The effect of lowered oxygen levels on the composting rate is, in part, a result of a
smaller aerobic volume, and in part the effect of low oxygen levels on the
composting ra (the halrate constant). The relative contribution of each of these
could be determined by micenvironment analysis.

1 The observed effect would have a particle size component. Indeed for a substrate
for which rate constants and fraction concentregiare known, the effect of
particle size and temperature on the time course and anaerobic proportion can be
predicted.

1 The other effects noted in these papers such as pH changes, VOA production and

odourscould be seen as a productanfaerobiccomposting with its own rate
constants, occurring in a known proport:i

Richard(1997)and Richard et a(2006)attenpted to model the effect of oxygen
concentration on the composting rate by using three forms of the Monod type kinetics at
the macrescale of the pile. They found the value of thg garameter to change with

temperature and moisture.

Within the micreenvironment analysis context the Monod function is best applied to each
micro-environment, as the Monod effect will increase with distance into a particle (as
oxygen concentration decreases over this distance). In addition, the discussion in Chapter
3 (Setion 3.5.2) and Equation-3 would suggest that with a lowered oxygen

concentration in the pores, the proportion of the aerobic distance (x) in the fuzzy layer (that
part affected by the hathte constant) would increase, and that this layer would move
towards the particle surface generating a particle geometry effect. These deterministic
effects would need to be allowed for before the actyalckuld be determined for a

composting particle with an anaerobic core. Indeed in soils, Greenwood &(B@63)

showed that much of the obsed effect of reduced soil respiration with reduced oxygen

levels was explained by the reduction in aerobic proportion.
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7.6 General Usefulness of Increased Precision
The results indicate the potential of mi@ovironment analysis to model composting.

The paameters determined in the data sets are not high precision, as fitting was done
manually and only on a single data set, and the rainxironment form is based on a Ron
diffusible substrate. Despite these limits, miervironment analysis explains large
portions of the observed effects. If statistical techniques using the insights from
LineweaverBurke plots(Whang & Meenaghan, 198@nhd weightings based on different
parts of the time course (see Chapter 5) resutt@dare accurate determination of the rate
constants and fraction proportions, then considerably greater insights into the composting

dynamic could emerge.

For example, consider the datarible 7-1, where some broad trends &eginning to

emerge, in particular:

1 Rate constastfor two types of faeces (chicken and paggof a similar magnitude.

1 Much more energig availablen chickenfaeces Presumablyhis isbecausehere
is higher energy in h e ¢ hfood &udasstefficient digestion.

1 The pg faeceslata listechave a low fast fraction concentration, presumably
because the aninsived on grass and food scraps, so much of the food was
absorbed by the animals. In addition, the faeces were collected from their paddock
over several days so some of the fast fraction could have been degraded in this
time.

T The fast fraction rate constant of the dog sausage 2.5 Wedhlerts to 0.22 day
which is at the upper end of many of the published fast fraction rate constants.

With more accurate determination of the rate constants and fraction proportions over a
wider range of substrates, trends, such as faeces having a very high fast fraction rate

constant, may begin to emerge which would have useful predictive potential.

Table 7-11 Rate constants and fraction proportions for the substrates discussed in this thesis.

Fraction Parameter Chicken Faeces Pig Faeces  Dog Sausage
(Hamelers, 2001) trials (16°C) trials (16°C)
Fast ki (WMIYH 14 12 2.5
Er (MJ cm®)  0.0345 0.0002 0.0048
Slow ks(WMJIYH 1.7 1.2 1
Es(MJcm®  0.0105 0.0012 0.0032
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In addition, using a diffusible substrate form of mierironment analysis would identify
that proportion of the composting time couasiibutable to diffusion of substrate. Once
this is achieved, there would be a strong case to argue that any unexplained variability is
due to alternative electron acceptors in the particle core, enzyme activity, or some

microbial effect.

7.6.1 Implications of Scale for Determining Rate Constants
Greater accuracy in determination of the rate constants needs considerationinfteeale

application of the notion of a rate constant. This arises as it is the nature of the substrate
immediately surrounding theianobe that is being utilised and because of how the

di fficulty in wutilising this substrate woul
known that substrate can have misgale distributional elements; for example, cell

contents are more degradiakhan the cell wall as shown by the photographs of Atkey &
Wo0d(1983) Larger scale variations also occur, for example the bulking material is

different from the substrateng@ C:N ratio is often balanced by addition of a high carbon

bulking material in a composting pile).

However, the distributional elements mentioned above do not lend themselves to analysis,
similar to the difficulty in incorporating the effect of mieparosity in a particlé

discussed previously in Section 4.1.7. A more pragmatic framework is needed, for which
it is proposed here that this miesoale variation in the rate constant can be merged into
higher level limiting factors. For example, the Higlegradable cell contents are

protected by a poorly degradable cell wall. Thus the degradation of a substrate composed
ofnonl ysed cell s can be viewed as a substrate
microbial access to the highly degradabli @entents is constrained by the need first to
breach the cell wall by exenzymegPelaez, Mejia, & Planas, 2004)The limiting step

in the composting rate, and hence the rate conhefahe substrate, in large measure

becomes thé&requencyat which new cell walls are broken down. The speed is limited by
the size of the fugdumprather than the size of the fuahk to use an analogy. This s
comparable to the model proposed antelerg1993) where he argues that hydrolysis

limits the availability of substrate, but differs in that this formulation retains the notion of
substrate fraction®r which the hydrolysis rate is a dominating influence, but not the only

one.

152


















































http://petroleum.berkeley.edu/papers/patzek/Fick%20Revisited%20V2.pdf



http://www.abe.psu.edu/fac/Richard/T.L.Richard_Ph.D._Dissertation_1997.pdf
http://www.cfe.cornell.edu/compost/oxygen/capillary.html







	Title page
	Abstract
	Contents
	List of figures
	List of tables
	Notation and terminology
	Chapter 1
	1. Introduction

	Chapter 2
	2. Literature review
	2.1 Aeration
	2.2 Understanding composting complexity
	2.3 Oxygen as electron acceptor
	2.4 Modelling the micro-scale
	2.5 Hamelers’ contribution


	Chapter 3
	3. Theory
	3.1 Thermodynamic perspective
	3.2 Diffusion laws
	3.2.1 Critique of diffusion law solutions
	3.2.1.1 Solutions are based on oxygen consumption
	3.2.1.2 Use of oxygen flux
	3.2.1.3 Assumption of steady-state conditions dC/dt = 0.
	3.2.1.4 ‘Oxygen penetration distance

	3.2.2 Applying diffusion theory to composting

	3.3 Meshing microbial kinetic theory with diffusion theory
	3.3.1 The anaerobic – aerobic transition
	3.3.2 Aerobic composting start-time

	3.4 The analytical boundary and the "pile" start time
	3.4.1 The emergence of spatial variability in a composting particle
	3.4.2 Other reasons for identifying spatial variability

	3.5 Defining a micro-environment
	3.5.1 Particle geometry effects
	3.5.2 The fuzzy boundary

	3.6 The model
	3.6.1 Mathematical derivation

	3.7 Implications of the theoretical perspective


	Chapter 4
	4. Application of the theory
	4.1 Micro-environment calculations
	4.1.1 The space-time analytical framework
	4.1.2 Time
	4.1.3 The Volumetric Oxygen Consumption Rate (VOR)
	4.1.4 Incorporating the growth stage
	4.1.5 Energy density E(0) & E(t)
	4.1.6 Oxygen concentration at the inner boundary
	4.1.6.1 Accommodating the fuzzy boundary

	4.1.7 Oxygen movement from pores to the particle (C(0))
	4.1.8 Diffusion Coefficient (D).
	4.1.9 New Micro-Environment Thickness
	4.1.10 Micro-Environment Volume
	4.1.11 Scaling Up to the Pile
	4.1.11.1 Assigning Particle-Size Distributions for Mixtures

	4.1.12 Volatile Solids Basis

	4.2 Reassessing Factors Impacting Composting: Implications of the Theory.
	4.2.1 Oxygen Concentration (CO2) and Diffusion Coefficient (D).
	4.2.2 Rate Constant (k) and Energy Density (E)
	4.2.3 The Effect of Micro-Environments on Determination of theRate Constant

	4.3 Extensions of the Theoretical Perspective


	Chapter 5
	5. Experimental
	5.1 Calorimetry
	5.1.1 Applying Calorimetric Techniques to Compost

	5.2 Reactor Design
	5.2.1 Operation
	5.2.1.1 Instrumental Resolution
	5.2.1.2 Sensitivity
	5.2.1.3 Stabilisation Time
	5.2.1.4 Logger Final Storage Frequency

	5.2.2 Reactor Calculations
	5.2.2.1 Estimating UA of Reactor Insulation
	5.2.2.2 Ventilation / Aeration

	5.3 Experimental Rationale
	5.4 Experimental Trials
	5.4.1 Particle Size Trials
	5.4.2 Temperature Trials
	5.4.3 Diffusion into the Pile Trials

	5.5 Analysis
	5.5.1 Determining Parameters from Experimental Data
	5.5.1.1 Substrate Fractions
	5.5.1.2 Rate Constants
	5.5.1.3 Determining Subsequent Rate Constants

	5.5.2 Lineweaver Burke plot
	5.5.3 Effect of Time Interval on Model Predictions



	Chapter 6
	6. Results
	6.1 Particle Size Trials
	6.1.1 Rate Constant Multiplier
	6.1.2 Fitting the Model Growth Phase to Actual Data
	6.1.2.1 Starting Biomass

	6.1.3 Growth Phase Micro-Environment Analysis
	6.1.4 Model Stabilisation
	6.1.5 Incorporating the Monod Equation
	6.1.6 Determining the Oxygen Diffusion Coefficient
	6.1.7 Explanations of the Rewarming Phase
	6.1.7.1 Diffusion of Substrate
	6.1.7.2 Oxygen Flux Insights into the Diffusible Substrate Question
	6.1.7.3 Other Electron Acceptors as Explanation of the Rewarming

	6.1.8 Oxygen Penetration Velocity

	6.2 Temperature Trials
	6.2.1 Attributing Particle Size Mass Proportions to Faeces
	6.2.2 Application to a Range of Particle Sizes
	6.2.3 Temperature Effect on the Composting Rate
	6.2.4 Temperature Effect on the Growth Phase
	6.2.5 The Humification Fraction

	6.3 Diffusion into the Pile
	6.4 Reactor Performance


	Chapter 7
	7 Discussion
	7.1 Introduction
	7.2 Derivation
	7.3 Application to Experimental Data
	7.3.1 The Growth Phase
	7.3.2 Accommodating a Range of Particle Sizes and Bulking Material
	7.3.3 Particle Size Trials
	7.3.4 Temperature Trials
	7.3.5 Diffusion into the Pile

	7.4 Estimating Substrate Diffusion
	7.5 Application to Other Data
	7.5.1 Hamelers’ Data
	7.5.2 Oxygen Concentration Papers

	7.6 General Usefulness of Increased Precision
	7.6.1 Implications of Scale for Determining Rate Constants

	7.7 Other Implications for Composting Understanding
	7.8 More Research Needed


	Chapter 8
	8. Conclusions

	Acknowledgements
	References

