The Use of Thermodynamics to Model the Biodegradation Processes
in Municipal Solid Waste Landfills

1ill Lethican

Gareth Swarbrick

(Research student, University of New South Wales, Sydncy, Australia}

{Lecturer, Civil Engincering, University of New South Walcs, Sydney, Australia)

Abstraet  Landfill degradation is a complex system of physical, chemical and biological processes. ln recent vears there has been
an increasing amount of interest i the biological and bicchemical processes within landlills. Traditionally, these processes have
heen modelled using empirical-based methods. This paper presenls a new approach to modelling the biodegradation of solid waste
hased on thermodynamic principles. Details of the formulation of the series of complex, non-linear equations and the method of
solution are mcluded. The advantages of this approach include [ewer empirical constants, inherent account of some inhibitory

elfeots and case of prediction of heat gencration.

INTRODUCTION
Background

The aim of this model s to simulate the biodegradation of
carbohiydrates under anacrobic conditions. The compulerised
madel can then be incorporated into one of the available
poltution migration models, to produce a complete model that
predices the production and emission of poliwants (in the gas
and leachate} [rom landfills,

“the conventional approach for modelling biolagical processes
is 10 usc an empirical equation for cell growth, such as the
Monod Fguation, and assume that pollutant production 18
proportional to cell growth. (Andrews & Graef, 1971,
Baltagta, 1990 Cosiello, Greenfield, & Lee, 1991, HIiH,
© 111, 1983 Morin & Monod, 1978; Mosey, 1083;
Willlams, Pohland, McGowan, & Saunders, 1987, Young,
1984y

The concept behind the model presented here is o use
cpuilibrium thermodynamics o predict the concentration of
the main pallutants in the leachate and gas &l any one time, It
is assumed that the rate of solid substrale solubilisation and
the removal of gas [rom the system are the rate-determining
steps in the overall series of reactions that influence the
iniernal land{il eovironment. I this is the case, then, at any
one lime, the rest of the system is in equilibrium, waiting lor
ihe next change in sotubilised substrate or gas concentration.

The System

The system being modeled i3 a closed system, consisting of
one litre of leachate, 1,71 L gas headspace and 1.861. of solid
material, 1t is assumed that the solid material contains 5.0
moles worth of plucose, but in insoluble, solid form, The
whole system is assumed Lo be al atmospheric pressure.
initially, the gas is air, containing roughly 71% nitrogen 2as,
38% oxygen gas and 1% carbon dioxide gas, The lquid is
assumed Lo contain a low concentration of acetic acid,

REACTION EQUATIONS
Solid Bubstrate Breakdown

The solid substrate breakdown is assumed to be be the main
rale-determining siep in the whoele process. Therefore, it
needs 1o be described kinetically. At this poinl in lime, a
Michelis-Menlan type equation is used 1o describe the release
of giucose inta the system [rom the breakdown of solid
subsizale (assumed to be an inscluble glucose polymer). The
amomt of glucose refeased per time step is given by:

way *oeg
glualliguol = :EEE,LEE (1}
+85

Acrobic

Bovause the acrobic step is relatively [ast and s a minor
component of the model, the pathways are not considered and
it is assumed that the glucose goes directly to CO7 & water.
The cell yield is assumed 1o be 100g cells per mole glucosc.
The unit cell formula Is assumed to  be
CH1 8005 Np 2. (Baley, 1987; Roels, 1983)

Glucose 1o COy & H 20

ColiaOg + 0.813N13 +1.73170,

4 065CH gUy 5Mg g ey
+L.935C04 + 3.561H,0

Anacrobic

The following reaction equations were formuiated using cell
yields of 4dg/mol glucose consumed lor acidogens, 15g/mol
substrate consumed for acclogens, §.1g/mol CO2 consumed
for CO & 117 wilising methenogens and 1.5g/mol acetic acid
consamed for zcetic acid utilising methanogens. The unit cell
formuia is assumed 1o be CHy gQOpsNp.2.(Battley, 1987;
Roels, 1983; Thauer, Jungermann, & Decker, 1977)
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Clicose 1o Aceifc Acid
Cglly 704 +0.3577NUH3 + 0.53691,0

—= 1, 78861 g0n sNp o 3
+1.4634C05 + 2.748H, )
+I.374C§{3C@OH

Glucose to Buryric Acid

Cplly90g + 0.3577N1i5

»1,7886C1i g0 5Np 7 +1.4634CO; )
#1.374115 + 0.80491150 + 0.687C4 HgO

Glucose to Propionic Acid

Cgll 70 +D.3577NHg +1.374H,

-"1.7836{315-]_8(}0_5N0‘2 ()
+HL0894C0 + 2.17891 [20
+ i.37=§(i31':{6{)2

Buryric Acid w0 Acetic Acid
Cylgls + 0.122NI g + 0.0976C04 +1.598H, O

> ().()(}97(11[ji.S{}O.SNQ.’l + 1.74391{2 3]
+LT4300, 1,00

Propionic Acid 1o Acetic Acid

CaligOo + 0LI22N1E + L6340

=), 60871 11.80[}.5N(}.2 (7)
+0.7561C0 + 2.451315
+0.8171C 405

Oz Cllg

CO5 +3,9935115 +0.000813NI15

>0.00406CH; g0p_sNg 2 (S
+1.002041150 + 0.9959CH 4

Acetic Acid 1o CHy
CHACOOH + 0,.0122NH4

— G.06097{'1111_800_51\392
+, 9715005 + 0.968CEH ¢ “
+ 027411, 0

RQUILIBRIUM BQUATIONS

The equilibrium constant for the above reactions could be
foand using the free cnergy of the reaction:

-~ AGY
RT

(10

f‘fﬁ,q = exp

Using the above cquations, the {ollowing equilibrium
cqualions are writlen, assuming cells to be solid and therelore
having an activity of 1.0, For example, the equilibrium
cquaiion for the reaction glucose 10 acetic actd is writlen as:

{0687+ 10962 % 10004

by = exy
L T VY
4 g - a 11
g AGH 02 Ty 1374 {1

h (:‘IHNI:!’S”‘35773:1-»-';1!6;‘(}'569

The components pasticipating in the system are then re-
written in lerms of reaction co-ordinates.(Smith & Ness,
1687y Fach reaction cquation has a reaction co-ordinate
which is a measure of how lar the reaction moves in the
forward direction after a certain change. The following
eguations are then subsiiiuied inlo the equilibrium equations,
as mentioned above,

Gly = Gluy-g) ~¢e3 — 83— 88 {12y
COs = (COp); +1.4634e, +1,46340 +0.0894 25
0097664 +0.7561c5 - £+ 0.9715ey ~ 193564
(13
lig = (1), + 27488y + 13746y —1.374e5 + 1.7439e4
+2.4513¢5 = 3.9935¢

(14)

HAc = HAC; +1.37d e + 1743964 +0.8171e5 - £7(05)

HBut = HBul; +0.68723 -4 {16}
HPr =Py, + L3787 - 24 {an
meth = meth; +0,995%5 +0.9679%¢5 {18
O3 ={02); - en {19)

Subiject to:

Gt= €Oy + 0y + Ny + 1y +melh {20
013 C 0131,
b0, - LU3 €O RIREIED S
{1 (ZE) &1
3 me L0130,
pmeth = L2 R oy, JRD00 gy
{3 : -
3555 55.56
C0n = POO, 22222 (25) nily = Py e (26
nC0 = PCOy geme (29) nily = Pl 2020 (20)
55.56 55.56
Oy = Pmetl 27y 00, = POy —o22 (28
nClly = Pmeth s 27 002 = PO =g (39

— 239



NI partial pressures in bars,

Where subscript 7 denotes the concentralion or number of
muoles at the beginning of the time step, prior to the induced
change (L. increase in glucose concentration}.

The resubling 8 equations (Fans 12 to 19} need (o be solved
simultancously, subject 1o Fgns 20 w0 28, This is quite
difficuli given the highly non-Hnear nature of the equations.

COMPUTATIONS

The key 1o success of the model {s to be able to [ind a reliable
method of solving these equations again and again, so that the
modet can be computerised. The solution method necds to be
retable so that & solution can be found for any given inputs.
In addition, the model “time-sieps”, Lethe solution for one
lime step becomes the new input parameters for the next time
step, Sa, the computerised model needs 1o be able to cope
wilk changing inputs, both increasing and decreasing.

The general procedure for the model caleufations is as
folows:

13 input initial concentrations/mumber of moles for each
component (these will be the values obtained in the last
time step);

2y Induce a change by seiling the initial glucose
comeentraiion to what is released from the solid substrate
over the ime step fnterval;

3y Determine the gas concentrations within the system
according 1o given boundary condiions;

4y SBolve the seven nop-Hacar equations ta obtain values for
the reaction co-urdinates;

5 Caleulate new concentration values for componenis;
6y Move onto next {ime step.

The § non-linear equations of the model are solved by
fleration, Firstly, the matrix is solved by 1.U decomposition.
The individual ¢-values are then solved by iteration, using
the matrix solutions as a starting point. This method appears
to work well, provided the e-values are solved in the correct
arder, otherwise they do not converge. An esseniial element
i model is 1o not allow the e-values to be negative, In the
program, if the fteration returns a negative number then the
¢ -value is taken as zero,

CONTAMINANT MIGRATION

In keeping with the philosophy that {orced chenge in the
system  causes lhe change in the intermediates’
concentrations, it {s fell that removal of contaminants from
the system i3 an important factor affecting the rate of
degradation and the poHlutant proliles. In this developmental
stage, a very simple approach has been taken to simulate the
migration of poliutants out of the system.

For gas, it is assumed that the sysiem remains al contant
pressure, namely atmospheric pressure. Al the end of cach
time step, the program calculates how many moles of gas
were generated o that tme step. Assuming the gas in the
system to be perfectly mixed, the excess aumber of moles of
gas are removed from the system. This meaus that the gas
concentrations in the system and in the portion of gas
removed are the same, for that time step.

For agueous contaminants, a leachate difution subroutine is
called at regular intervals. This is supposed to simulate a rain
cvent. 1L is assumed that a certaln amount of pure waler enters
the system, diluting the aqueous solution. The same quantity
of liquid then leaves the syslem, carrying some contanlinants
with i,

The gas removal and leachate dilution rouwtines are nol
intended to be good simulations of contaminant migration.
These two subroutines have been included in the program to
enable # to be written in such a way as (o allow the program
oy be inlegrated into a real contaminant transport model as
casily as possible, It will be a simple procedure to modily
these mode! componenets once more information is known,

HEAT GENERATION

The proposed model fncludes prediction of the heal generaled
during the rcactions. This inclusion was relatively
straight{forward, [rom a computational perspective. The Heal
of Reaction was calculated for cach of the reactions from the
compuoneats’ Heats of Formations, The overal! heal change in
the system 1% then the sum of the Heats of Reactions
mulitplicd by their respective reaction co-ordinates, as per the
following cquation:

Afl(systemy = Al ¥ &1 + Al )
+ 83y o3+ Al gy T e
A nsy T eg + Al T g
+ A gy T e+ Al gy © €5

(29

The change in temperature of the syslem can then be
estimated using (he standard equation:

AT:(ffiﬁi-m (30)
Cpm * mass

However, a significant problem egcountered is choosing an
appropriate values [or the heat capacily duc Lo an acute lack
of data. Al this stage, the heat capacity of water {s being used,

RESULTS

The outputs from the model simulations have been
encouraging. Based on the experience of the authors with 2
more conventional approach 1o modeiling anacrobic
digestion, this method appears to be just as good at simulating
generation of key pollutants. The general trends that have
been observed in landfill eperation are reflected in the model
cutputs. (Christensen & Kjeldsen, 1989)  1lowever, the
model does not scem o produce good lemperature
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simultations. While there is little field data available, it is
generally believed that significant temperature rises can be
cxpected.
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Figure 1; Predicted Gas Concenlrations
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Figure 2: Predicted Teachate Concentrations
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Pigure 3; Predicted Temperature Changes

CONCLUSION

This paper presenis an alternative method for modeiling the
andcrobic biodegradation of solid arganic material using the
principles of chemical equilibrium, Al present, it appears (o
be as similar in accuracy as more conventional methods.

The model displavs the abillly to predict both gas and
leachate concentrations as well as heat generation in one
formutation, The manner {n which (his is done is based upon
holiistic theoretical principles, rather than experimentally
derived empirical relationships. This allows the model to be
bath flexible and relatively simple. It also means that the
mode! {s based on relalively few parameiers, most of which
arc available from published chemical and/or biological data.

Further development of the model should sce the emergence
of a flexible tool for prediciing solid waste degradation. 1t is
believed that them model can be improved 1o a point where it
is a reliable and uselul modelling ool for use in wasie
management applications,

ACKNOWLEDGMENT

The authors would like to thank the CRC Wasle Management
& Pollution Control Lid. for their [inancial support.

MOMENCLATURE

gluatliquol = No. moles glucose released during a time step
viax = max rate of breakdown of solid substrale

ss = No. moles solid substrale remaining

K = cmpirical constant

Keq = equilibrivm constant

AGY =change in {ree energy adjusted to pl1 7

R = gag copstant

T = temperature

aCO2,nH 2,504,009 = concentrations of gases in leachate
11A¢,11But, Hpr = cone™ns of acetic, butyric & propionic
xwater = mole fraction of water in leachale



(lu, N{I3 = cone'ns of glucose & ammonia
g; = reaction co-ordinate for reaction 1

Pi = partial pressure of gasi

All = change in enthalpy

AT = change in temperatuse

Cpm = heat capacity of material {mass based)
mass = mass of system
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