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Chapter 1 : Executive Summary.

This report describes the results of a 3-year research project funded by the Department
of the Environment. Its aim has been to gain an improved understanding of landfill
behaviour through the development of mathematical models, and to apply these to specific
problems in site management. This executive summary is based on the overall conclusions
and recommendations presented in Chapter 9.

It is our firm contention that all the mechanisms involved in regulating landfill degra-
dation interact and cannot ultimately be considered in isolation from each other. The
model results support this belief and we advocate a more holistic approach to landfill
management, rather than concentrating on one or two supposedly key parameters as most
previous studies have done. Computer simulations are used to demonstrate the interactions
of various factors within landfills and to offer insights into feasible management strategies.

The theory that has been developed is sufficiently comprehensive to allow many of the
physical, chemical and microbiological characteristics of landfills to be better understood.
It also provides a powerful tool for the accurate modelling of gas extraction systems.
The models which have been produced are capable of being applied to a wide range of
underground pollution problems, though most of the practical emphasis of the present

project has been directed specifically towards landfill gas.
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1.1 Gas Monitoring — Chapter 4.

Current practise in landfill gas monitoring relies on measuring gas composition to
assess environmental safety and the internal state of a landfill. However, measurements
of emissions from a single site frequently show large variations in chemical composition
and magnitude, often on the same time scale as the monitoring interval, and these have
been generally ascribed to faulty instrumentation or mysterious alterations in the internal
biological processes. Such data will eventually be used as evidence to determine when
a site deserves a Certificate of Completion, and it is important to know to what extent
it can be trusted. The model has shown that the present methods are both intrinsically
unreliable and inaccurate as presently applied.

Results from the model, and a supporting field experiment, show that gas flux and
composition is affected by changes in atmospheric pressure. In particular the size of gas
emissions is linearly related to the rate at which the surface pressure is changing, and has
little correlation with the actual value of atmospheric pressure as is often supposed. The
model demonstrates how factors such as pH, void fraction, moisture distribution, depth,
permeability, and gas evolution/production rates affect these changes. It is shown that the
void fractions are much more important than the permeability. An experimental inves-
tigation was conducted at Sleap, which produced a number of important results showing
broad consistency with the model.

Amongst our conclusions are that gas monitoring should be done much more frequently
than at present (at least daily), that atmospheric pressure changes must be taken into
account, and that monitoring for safety purposes is especially important during periods
when atmospheric pressure is falling rapidly. Variations in landfill gas concentration are
greatest near the surface of a site, and the model predicts that volumetric changes in
surface flux are much larger than the fluctuations in internal composition. We were unable
to find suitable instruments for either continuous monitoring of gas composition or flux,
and their development should be regarded as a priority.

Simple statistical tests for analysing gas data are demonstrated, and a new method of
graphically presenting monitoring data has been developed. It is recommend that these
become part of standard site characterisation practises.

The model also looked at the effect of aquifers beneath a site and the effect this has
on gas yield. In particular it was shown that they may be responsible for the observed
phenomena of sites which have an average internal pressure below atmospheric. Predicted
spatial variations in carbon-dioxide are highlighted as a possible diagnostic test for the

presence of aquifers within or near to sites.
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1.2 Gas Extraction Systems — Chapter 5.

Gas extraction systems are currently designed on a rule-of-thumb basis using the radius
of influence of a gas well as a single parameter relating gas yield to applied suction, and
ignoring the interactions between wells and surface equipment. The model has been used
to develop a parameter (the yield reduction coeflicient, YRC) which quantifies the degree
to which one well affects another. The use of YRCs reduces the need for underground
gas flow computations which has previously hindered the prediction of extraction network
performance.

The model allows systems composed of any number of pumps, pipes and wells to be
assessed before installing them on a site, and can predict the effect of component failures
on gas recovery. An illustrative example is given, consisting of 28 wells, 2 pumps and 62
pipes, which took under 2 seconds to compute on a Vax6000 — making the system fast

enough for interactive design use by landfill engineers.
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1.3 Methanogenic Ecosystem — Chapter 6.

Waste management policies in Europe and the UK are placing pressure on packaging
wastes, encouraging higher recycling rates and the development of energy reclamation
schemes. These changes will have a profound influence on the nature of the residual
materials requiring landfill disposal, and the subsequent course of events within sites.

In studying the biochemical degradation of landfills and the establishment of the
methanogenic ecosystem, the primary aim has been to predict the conditions under which
methanogenesis is able to become established, the time scales required for this to happen,
and ways of influencing the processes. The main influences on anaerobic bacterial activity
are temperature, pH, Eh, substrate availability, and moisture level. These, together with
their associated rate controlling factors are taken into account in the model. To provide
flexibility in specifying composition, waste is divided into 10 separate categories. The
methanogenic bacteria are considered as two separate species: acetoclasts and hydrogen
consumers. A special laboratory study was conducted at Strathclyde University to provide
data on the pH and temperature behaviour of methanogens, and it was found that the
bacteria are more tolerant of low pH values than is usually assumed.

Low alkali metal concentrations have been associated with a failure of methanogenesis
and the model indicates that this is due to insufficient pH buffering during acidogenesis,
rather than nutritional deficiencies as has previously been supposed. This pH buffering
seems to be essential for the populations to be able to reach a self regulating size. The
model also demonstrated that it may be useful to reduce the fraction of highly-degradable

wastes present in a site, possibly by aerobic pre-composting.
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1.4 Temperature and Moisture — Chapter 7.

The internal heat balance of landfills is one of the primary factors regulating their
behaviour. A section of the model calculates the opposing effects of exothermic bacterial
reactions and physical heat losses (including evaporation) and the way in which these
are affected by such factors as emplacement temperature, site layout, and long-term site
management practises. Amongst the results is a recommended minimum depth for new
landfills.

One outcome of this is a study comparing the consequences of changes in capping regu-
lations which would favour the creation of either wet or dry sites. The simulations indicate
that although dry sites have fewer operational problems in the short-term, they represent
a much greater long-term hazard and consequently wetter sites are recommended. The
investigation also found that, for reasons of speed and convenience, microbial experiments
have only been done with very wet wastes and the state of knowledge regarding dry wastes
is inadequate.

A scheme is proposed for increasing gas production rates and accelerating site sta-
bilization by partially re-circulating extracted gas. This technique would be most likely
to find application at sites where gas flow rates are insufficient to warrant exploitation,
and simulations indicate that it should be possible to substantially raise the internal tem-
perature, perhaps even to thermophilic levels. Other potential advantages of this process
include the maintenance of anaerobic conditions and shorter completion times. A field

study is needed before this can be attempted at a real site.

1.5 Settlement and Water Flow — Chapter 8.

Landfill settlement is an issue of growing importance to operators, and an initial aim
of the project was to explain the major factors affecting its rate and magnitude and to
produce a predictive model based on them. However despite the belief in the industry that
good data exists, none of it is useful: the only thing measured is the rate at which the
surface height at a site decreases with time, and nothing is known of the extent to which
interior layers have been compressed or displaced. Before a model can be constructed,
an investigation is required into the bulk modulus of waste and how it varies with the
composition of the material present. Such a project has now been initiated by the DoE.

Several models for landfill moisture flow were compared, including a sophisticated
approach based on a doubly-porous media formulation. It was concluded that, except
during periods of sudden flooding, a basic single-media model represents the optimum

balance between ease of parametrisation and accuracy.
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1.6 Summary, Recommendations and Future Work — Chapter 9.

A major benefit of the approach adopted has been the highlighting of deficiencies in
current knowledge and consequent recommendations for data acquisition. The final chapter

suggests changes in landfill practise based on model results, and details the experimental

evidence that is currently lacking.
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Chapter 2 : Project Background.

Immediately following its deposition within a landfill most of the organic fraction
of waste will begin to undergo degradation through chemical and bacterial action. In
the earliest phase this takes place via aerobic metabolic pathways, but as more material
is added and overlying strata begin to significantly impede the flow of oxygen into the
landfill then the dominant reactions within the interior will become anaerobic. After the
first year or so of decomposition the major gaseous products are normally carbon dioxide
and methane, and the reactions producing them will continue at a gradually decreasing
rate for at least fifteen, and often upwards of fifty, years. It is during this latter phase that
the majority of the degradable waste will decompose.

The onset of large-scale methane production is of great importance when managing a
site, both in terms of its environmental impact and financial opportunities for exploitation.
Before this occurs the gas vented is largely carbon dioxide with an admixture of hydrogen,
and the leachate (the liquid from within the site, which may leak from some uncontrolled
landfills) is highly acidic. When the methane producing phase is entered, hydrogen ceases
to be found in the gas, and the leachate becomes much less acidic (and consequently less
harmful in the event it escapes past the site walls).

The aim of this project was to produce a mathematical model for landfill processes
which could be implemented on computers to produce predictions of site behaviour.

It is our firm contention that all the mechanisms involved in regulating landfill degra-
dation interact and cannot ultimately be considered in isolation from each other. However
the number of variables involved makes the production of a single unified model difficult,
and it is initially necessary to separate out the primary aspects and to develop and ver-
ify them individually. Hence this report describes a modular set of models which could
eventually be combined to produce a single scheme.

The difficulties in gathering data regarding the contents of a particular site make it
difficult to produce specific predictions of the sites future behaviour — in addition to which
the amount of computer time required for some aspects would be prohibitive. Most of our
effort was therefore concentrated on producing generic models to identify the primary in-
situ interactions and any feasible methods of controlling them. The advantage of modelling
over experimentation for these purposes is that there are no uncontrollable factors and full
information is available when trying to understand simulation results.

A significant by-product of the modelling process has been the identification of areas in
which fundamental data is lacking, and of the need to perform experiments before further

progress can be made.
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2.1 How To Read This Report.
It has been my intention that each of Chapters 4-8 should, as far as possible, be able to

be read as a stand-alone essay. To minimise unnecessary duplication of the mathematics,
the common modelling elements have been gathered together into Chapter 3, however the
general reader should be able to omit this Chapter without detracting from the content

overmuch.

2.2 History.

The project was originally conceived in 1981 between Professor L.C. Woods and
Dr. David R. Davies. In 1983 a short M.Sc dissertation was produced at the Mathematical
Institute of Oxford University by Mark Cooker, primarily as a literature review.

In October 1986, Alan Young began a D.Phil at Oxford entitled “Mathematical Models
for Active Landfills” as a CASE award between the SERC and Aspinwall & Company, with
Peter Young acting as the Industrial Liaison. This was completed in February 1989.

In April 1989 the Department of the Environment (in the person of Dr. Janet Gronow)
agreed to fund the research for a 3-year period, and to allow the recruitment of additional
staff. Nigel Gay joined the Oxford team in September 1989. Dr. Philippa Towler was the
principal contact at Aspinwall & Company during the early phase, with Brian Latham
taking over part of this role in the later stages. The contract was eventually extended by
six months till the end of September 1992.

Although there is necessarily some overlap, Alan Young was responsible for most of
the material in Chapters 3, 4, 5 and 6, while Nigel Gay did the majority of the work for
Chapters 7 and 8.
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Chapter 3 : Continuum Models.

In this section we explain the main mathematical techniques upon which this report is
based, in the hope of improving the lucidity of the other Chapters by concentrating most of
the formal derivations here. Readers without a mathematical background may thus omit

this Chapter.

3.1 Introduction.

All the models used rely on the continuum hypothesis, which is that the landfill interior
can be approximated by piecewise ‘smooth’ functions. Our strategy is first to formulate
a general transport equation for gases and solutes, then to deduce specific cases from it.
Generally we have preferred to solve equations using analytical techniques, but when this
has not been possible numerical finite element and ADI methods have been employed
(which are documented briefly in Appendices 3A and 3B).

The large number of parameters involved in the various aspects of the landfill model
mean that some symbols have different meanings in different Chapters. However, P is
always pressure, t is time, z,y,z are Cartesian space co-ordinates, u is gas velocity, v is
liquid velocity, ¢ is the void fraction available to gas, 6 is the void fraction available to
water, and K is the permeability. Appendix N lists the meanings of the individual variables

used in each Chapter.
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3.2 The General Flow Equation.

This is formulated by considering the amount of some substance present in a ‘typical’
arbitrary volume Q inside the region bounded by surface 9Q. This will obey the following
mass balance

Rate of change of mass within @ = Convective flux through 90
+ Diffusive flux through o0
+ Rate of formation/destruction

+ Rate of artificial injection/extraction.

Mathematically this can be phrased as

[feri-frcsase frcase [[fowe ffwe o

o9 o9

where C is the concentration of the substance, ¢ is the time, ¢ is the void fraction accessible,
u is the Darcy fluid velocity (ie. the volume of fluid passing through unit area per unit time),
E is the combined diffusion/dispersion tensor, @ is the rate of mass formation/destruction,
and W is the rate of mass injection/extraction by which the substance enters/leaves Q
without passing through the boundary 99. Since the region Q is arbitrary, we may apply
the divergence theorem and remove the integral signs thus

%(C’(p) + div(Cu) =div(EVC) + Q + W. (3)

The main categories of applicable boundary conditions for such equations are

Specified concentration = C = A,
Specified normal gradient= 9c — 4,
Specified flux = Cun+ %% = A4,

where n is the unit outward normal to the surface 99, and A is some function. For one

dimensional flow, parallel to the z-axis, the governing equation simplifies to the form

0] 0] 0] acC
5 (Co)+ (e = o (850 ) + @+ (4

where v is assumed positive if flow is in the direction of z increasing.
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3.3 Slow Single Species Gas Flow.

The most elementary model for landfill gas flow treats the gas as being a composite
with properties near to those of an equimolar mixture of carbon dioxide and methane
(though if any result derived using this assumption predicts the ingress of gas from the
atmosphere into a site then we must treat it with care). Fully coupled models for the
simultaneous flow of liquid and gas are possible, but their solution is often difficult (and
in any case requires unavailable detail on internal geometry), and as the effects of landfill
water movement are usually on a much longer time scale than those of gas migration we
shall neglect the former wherever convenient.

Applying our general mass flow relation gives the equation

%(pso) + div(pu) = Q + W, (5)

where p is the composite gas density in kgm~=3. The term Q@ (kgm=3s~!) will usually
be distributed due to biological activity and gas solution/exsolution, whereas the mass
sink term W (kg m~3s71) is highly localised since gas enters an extraction pipe only at its
surface.

At this point we make a ‘smoothing’ approximation by supposing that it is possible to
define a global' gas permeability K within the region, and we allow for the possibility of

differing values in different directions by assigning it the tensor form

K, 00
g:(omo), (6)

0 0 K,

where K, and K, are the vertical and horizontal permeabilities respectfully in m?s-!Pa™".

Within the landfill interior, high internal friction and geometrical complexity mean
that the standard Navier-Stokes equations for fluid flow cannot be applied. When gas
flows slowly through a porous medium, friction is usually the major factor restricting its
motion, and this rather than conservation of momentum is the feature which must be used
to model the gas velocity. Darcy’s law gives an empirical relation between the pressure

gradient and the gas velocity for slow flows as
u= _é'vpa (7)

where p is the gas pressure ( Pa), and combining this with equation (5) gives

% = div(pK.V P) + Q + W. (8)

I Obviously on a sufficiently small scale K would be very dependent on the location.
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We also make use of the Ideal Gas Law

RT]
Pa—i—P:p: Kp:

ap say, (9)

where P, is the steady mean background atmospheric pressure, P the deviation from this, R
the Ideal Gas constant, Tx the absolute temperature and m the composite molar gas mass.
Other studies carried out as part of our model indicate that the heat carrying capacity
of the gas is negligible compared with that of the waste, and field data shows that the
absolute temperature within the fill tends to be fairly uniform, so that we may take « as
fixed. Similarly ¢ will change insignificantly except during periods of rapid inundation.
Lastly, in order to linearize the equation (and hence make its solution easier), we would
like the term |V P|? to be dominated by the behaviour of P,VZP. If h is a ‘typical length’

over which p varies from zero to its maximum value p,,,, then the comparison we want is
P,V?P ~ PyPrus/h® > (Puaz/h)’ ~ |V P, (10)

and this is a reasonable assumption, since within the landfill environment p,,,, is unlikely

to be greater than 0.5% of P,. Combining the results of (8-10) we arrive at
(go/Pa)%—ltj = div(K.V P)+ AQ + \W, (11)

where A = a/P,. The term AQ/Pa is measured in m3m~3s~! and thus gives the fractional
increase in gas pressure due to new production.
If there is significant leachate present, then a fraction of the gas molecules will be held

in solution, so that the effective void fraction has to be modified thus

(¢ ;79) ‘?9_1; = div(E.V P) + AQ + MW, (12)

where 6 is the void fraction occupied by water, and v is Henry’s Constant (see below).
For a gas comprised of equal proportions of carbon dioxide and methane at 30°C, with

leachate pH= 6.5, we have
v = 0.86, A=84x10*Nmkg " (13, 14)

For a site which has a relatively thin capping layer, of thickness I and permeability K;,
the upper boundary condition is formulated under the reasonable assumption that the flow
in the capping layer is predominantly vertical. Thus the gas velocity within it is equal to

the exit velocity of the gas leaving the landfill body beneath, and hence at the interface

- P, oP oP
K[

-k, pP=12, 15
; 92 = 92 (15)

with P, being the atmospheric pressure, and L defined as K, /K;.
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3.4 Gas Extraction Wells.

The ideal way of incorporating extraction wells into gas flow problems would be to
define surfaces within the landfill at which a specified pressure is maintained. However this
approach leads to a multiply connected region which, except in cases of unusual symmetry,
cannot be solved economically.

Instead we use the device of delta functions (for a fuller explanation of which see
Champeney, 1973), assuming that along the centre of each pipe there is a line sink (i.e. a
one dimensional region through which mass can vanish or appear). Since such an artifact
has no direct physical counterpart we cannot expect our modelled gas flow equations to
hold there, but this anomalous region is confined to the centre of a pipe, and provided the
requisite conditions hold on the pipe’s surface then the solutions generated by this method

will still be valid.

Using this approximation, the extraction term for a system of wells may be given as

W= Sir)é(r—s), (16)

wells

where S; gives the strength of the ith well at any location, and s is a locus of co-ordinates

defining the position of the well.
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3.5 Multiple Species Gas Flow.

It is sometimes necessary to study the individual components of the landfill gas, and a
more sophisticated model is required, composed of several equations which must be solved
simultaneously. We assume that there are M different species of gas molecules present
and apply our general flow equation. Individual gas molecules are transported either by
diffusion/dispersion within the mixed multi-species gas or through convection at some net

velocity. Also gas molecules may dissolve in the leachate, or be exsolved from it. Hence

% 4 div(pm) = div(E,Y p) + @5 (17)

14

where p; is the density of the ith gas, u is now the mean gas velocity, E; is the combined
diffusion and dispersion coefficient of the ith species, and ¢; is the mass rate at which gas
molecules leave the leachate. Assume as before that the void fractions occupied by gas and
water change very slowly compared with the typical period of variations in the atmospheric
pressure. This may be simplified further using the conversion factors «; defined by

my

RT

oy = = P; = a;p;, (18)

where m; is the molar mass of gas i. The equation for predominantly vertical flow is thus

0P, 9 p O (g0, Lo
4 ot + a( zu) = 9z <Ez 92 > +azQza (19)
with the mean gas velocity being given by Darcy’s Law v = —K,22, where P is the sum

of the individual gas pressures. The effect of the gas composition on its viscosity can be
neglected as being insignificant compared to the uncertainties in the permeability, and
(as far as compositional changes are concerned) the latter will later also be shown to be
relatively unimportant since it primarily influences the net velocity of the gases rather
than affecting the individual species.

Note that the values of each of the E; coeflicients are dependent on the local composition

and velocity of the gas, so that they cannot be treated as constants (see below).
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3.5.1 Mixing Coeflicients for Multi-Species Flow in Porous Media.

In an unobstructed region with uniform pressure, Chapman and Cowling (1970) give

the momentum equation for the ith gas in a mixture of M gases as being

(20)

du;
Pi < ot (gi‘v)ﬂi> =pF;, - VP +ZPD,, u; —

where u,; is the velocity of the ith species of gas molecules, and D}; is the binary diffusion
coeflicient for the i-j gas pair.

The formulation (20) may be applied to the landfill interior if the apparent body
force p; F; is replaced by the frictional drag from the static landfill medium. Summing (20)
for i = 1,..., M we have the relation Y !, p,F; ~ V P so that, for one-dimensional flow, the
apparent body force on the ith gas can be taken as
Pru;
PK

pz'Fz' = (21)

The binary diffusion coeflicients can also be modified to take account of the medium thus
D;; _7'<,0D + olvL|, (22)

where D;; is the modified binary diffusion coefficient, 7 is the tortuousity for gas flow, and
L is the characteristic dispersion length.

Equations (20,21) can be combined to obtain a closed expression for the mixing coef-

ficients Ej that appear in Equation (4). Writing Pv; = —Ez %5 + uP; gives
M M
Pu 0P P; op; P; oP;
_ 1 _ - [} E J Ez [3 — 0 — 1 . M 23
PE 9z z_; PD; 79z 4 PDy ‘9z TR @)
which is equivalent to the set of simultaneous algebraic linear equations
s s s g BPl P1u
ké:l k1 —S12 —51,3 —O1,M E, 9z " PK
—S53.1 > Sk2 —Sas —So M 0P,  Pou
E#£2 By 0z PK
—531 —53,2 Igﬁ:?) Sk,3 —S3,m z 0P; Pju ) (24)
: ° 9z ' PK
—SM,1 —Su,2 —SM,M-1 k;M Sk, M By APy ) Pyu
9z PK

LR aP
writing S;; = P,52/PD;,; for convenience.

These equations are not independent, and to

calculate the E; we use M — 1 of them (chosen to maximize numerical stability), together

with the continuity equation

P, P, oP; APy
E E E;—= Ey—— =0.
15, + Eo—/— Ey + £3 Ey +...+ B Ey

CWMO039/92-15
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Note that simpler formulations (which are faster to compute) are available for cases in
which all but two of the gases are present in trace concentrations only. However, throughout
the depth of the landfill the composition and dominant gases will vary widely, so that such

approximations are invalid and will give incorrect results.

3.6 Solute Transport.

We can repeat this approach when considering the gas molecules which are dissolved

in the water inside a site, giving the formulation

0

g, (V) = 9z \'" 0z

aoc; 9 &) oC;
E’U)
ot 0z <

> - g+ S, (26)
with 6 being the void fraction occupied by water, v the vertical Darcy water velocity, C; the
concentration of the ith species of dissolved molecules, E¥ their combined diffusion and
dispersion coefficient in the water, and S; the rate of mass formation due to chemical and
biological processes.

Because the solutes are present in relatively small amounts compared to the volume of

water, their mixing coeflicients may be taken as
EY = 1t0DY + o|vL|, (27)

where D¥ is the normal molecular diffusion coefficient, 7 is the tortuosity factor, L is a
characteristic length scale for dispersion within the porous landfill medium, and o ~ 1.8 is

the dispersion scaling constant.
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3.7 Molecular Transfer between Gas and Liquid Phases.

Landfill gas is formed by reactions which probably take place within the body of the
liquid (which includes moist surfaces) and molecules must migrate from these sites before
they can be evolved into the gas phase. In a medium consisting solely of water and gas
this movement is rapid, but the presence of solid material will greatly lengthen many of
the migration pathways and thus delay equilibration. Ultimately, in the absence of further
production, the dissolved concentration (C) and partial pressure (P) of a gas would reach

a ratio determined by Henry’s Law

C=HP, (28)

where H is called Henry’s constant — though the value of H changes according to temper-
ature and the presence of other solutes, and the actual amount of gas which dissolves will
increase if it reacts chemically with the solute (e.g. by hydration or ionization).

Suppose this process can be characterised by some ‘half-life’ Ty,, such that, in the
absence of further production or venting, the deviation from equilibrium conditions will
halve every Ty, seconds. Denoting P,, C, as the partial pressure and dissolved concentration

of a gas at t = 0 and Pr, Cr as their value at ¢t = T, we have the relations

Cr — HPyp = exp(—kT)(C, — HP,), (29)

T T
(Co— Cr) =0 / exp(—kt) dt, o(HP, — HPr) = —Q / exp(—kt) dt, (30,31)
0 0
where Q is the initial rate of mass transfer from the dissolved to gaseous phases, H is
Henry’s constant, and k = In(2)/T1/.. We may eliminate Pr and Cr from these to give

kB
Q=——(C,— HP,). 32
g (Com HP) (52)
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3.7.1 Yield Reduction Coefficients.

Using our equation for gas flow within a landfill containing several extraction wells,
we show the conditions under which the flow can be considered as the sum of individual
flows due to each of the wells plus a background term. This formulation enables the flux
through any single well to be expressed as a function of the suction pressures at all of the
wells.

Under the main assumptions that the landfill does not change shape on a time-scale
of days and that the deviation of the internal pressure from atmospheric is less that 10%,

we earlier derived the basic linearised equation for gas flow in landfill to be

07 = Pdiv(KP) +Q - 5. (33)

where K is the gas permeability in tensor form, P, is atmospheric pressure, P is the devia-
tion of the gas pressure from atmospheric, @ is the volume rate of gas generation, and S is
the volume-averaged rate of gas extraction,

Provided the extraction wells occupy only a very small fraction of the landfill volume
(ie. we are not considering ‘blanket’ type systems) then under steady operating conditions

the overall equation for a site containing M wells may be re-written as

M
P, div(KEP) +Q=> VS, (34)

=1
where V; is the mass of gas extracted by well i, and S; defines the location of that well. This
equation is subject to boundary conditions determined by the nature of the environment

surrounding the landfill, and these will generally have the linear form
oP
f1P+f2%:f3, (35)

where fi, f., f3 are functions of position and n is the outward normal to the landfill
boundary.
Equations (34,35) may be split into M + 1 sub-problems

M
P=> P (36)

5=0

. AP,
P, div(KV P,) + Q =0, fiPo+ foy > = fa, (37,38)
. AP ,
P, div(KV P;) = ViS; f1P; + fo 7 =0, i=1,...,M. (39, 40)
— n
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The pressure solution for each P, will be the product of V; with some function F;(z,y,2)

which is independent of V;, so that

M
P:PO—i—ZV;Fz'. (41)

j=1
This procedure is illustrated more fully in Appendix 5B for the specific case of a set of

vertical wells in a rectangular landfill.

Writing W; as the extraction pressure at ith well, and applying relation (41) to each

of the wells produces a set of M simultaneous linear equations which express Wi,..., Wy, in
terms of the yields Vi,...,Vy. This set of equations can be inverted to give each flux V; as
a function of the extraction pressures Wy,..., Wy thus
V; = ai+6i (VVz' _Z“ﬁWJ’)’ (42)
iFi

where «;, 3; and p,;; are constants depending on the physical characteristics of the site.
From equation (42) it can be seen that if the suction pressure W; at well j is increased
by p, then the yield at well i decreases by the same amount as would occur if W, were held
constant and W, were instead reduced by u;jp. Thus u;; quantifies the effect of changing
the pressure at well j on the yield produced by its neighbour well ;.
We therefore define the parameter y;; as the yield reduction coefficient at well i due to

well j. The greater the interaction between two wells, the larger the YRC will be.
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3.8 Simultaneous Flow of Heat, Gas and Moisture.

Thermal regulation cannot be considered without including terms for heat transport
due to gas and moisture. Since water can exist in one of two phases, we choose variables
with the same units for both phases. Hence we use density/concentration as our variable
for the amount of water, water vapour and landfill gas at each ‘point’. The four variables
modelled are:

[1] p, the saturated landfill gas density (kgm=3),

[2] 6, the moisture density (kgm~3),

[3] T, the temperature (°C).

[4] py, the water vapour density (kgm~3),

The heat flow equation considers the processes of conduction, transport by gas and
moisture, generation (by chemical and microbiological reactions) and the release/taking
up of latent heat. Other mechanisms such as radiation play a minimal role within the site

and can therefore be omitted. The heat equation is therefore

oT .
C oy = div(hV)T + pegu.V T + HoR — Lo, (43)

where h(6) is the thermal conductivity, QoR(T,6) is the rate of methane production, E is

the evaporation rate The heat capacity (C), is given by the expression,
C= esps ¢ + epw Cy + pCq- (44)

The landfill gas is modelled as a single species, being an equimolar mix of methane
and carbon dioxide which is assumed always to be fully saturated with water vapour. The
saturation point is a known variable of both the moisture content and the temperature.
The mass balance governing its density p obeys the differential equation
3] .

24 — div(up,) + QoR(T,0) + E+ W, (45)

where u is the gas velocity.
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3.8.1 Moisture Flow.

Since the movement of moisture inside a landfill is by seepage at low velocities we

model the moisture flux, v, using a Darcy relation
v=—(M(6)V )Y, (46)

where ¢ is the total potential and M is the permeability to moisture. For unsaturated
flow the total potential may be expressed as the sum of the matric potential, h, and the
gravitational potential z,

b = h(f) + 2. (47)

(For saturated flow we must also consider the overburden potential.) The matric poten-
tial models the effect of capillarity (sometimes called the suction potential) and is often

expressed as

N
h(8) = ho <e > , (48)
from which we derive the equation
o6 .

To model the transport of water vapour, we assume that the gas is always at its
saturated equilibrium level. This level is dependent on T and 6 (since for very dry media
the normal Saturation Vapour Pressure relation is not valid), and we define (4, T) as the
mass fraction of vapour in the landfill gas, so that p, = f(8,T)p. In order to find the
evaporation rate, we now consider a mass balance for vapour on an arbitrary element Q

(which is not at a well),

Rate of Increase of Vapour in @ = Convection through éQ + Evaporation Q, (50)

which gives rise to the equation for the evaporation rate

d .
E= % — div(ufp). (51)
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Chapter 4 : Gas Composition and Migration.

4.1 Introduction.

The need to control gas emissions from landfill sites is an increasingly important facet of
site operations, governed by increasingly stringent waste management licence conditions.
Because of the difficulties involved in measuring the total quantity of gas escaping from
a site, it is normal practice to monitor its chemical composition and to use this both as
a means of assessing the environmental impact and of estimating the internal state of a
site. Such measurements frequently show significant changes in the relative fractions of
the gases vented, and for lack of any other explanation these changes have been attributed
either to inaccurate instrumentation or to variations in the internal biological processes.
It is thus important to know to what extent current gas monitoring practices represent a
reliable method of determining the status and safety of a site.

Some recent experimental evidence, for instance Rettenberger (1990) and Bogner et.al.
(1987), has suggested linkage between the stoichiometric (ie. the chemical composition)
changes and atmospheric pressure, but there has been no quantitative explanation for
the relationship. This Chapter aims to clarify this situation by describing a fundamental
physical mechanism, common to all sites, which is able to cause many of these changes

without the need to invoke hidden extra factors.

4.2 Volumetric Changes Due to Atmospheric Pressure.

We first aimed to develop a quantitative model relating volumetric changes in landfill
gas emissions to variations in the surface atmospheric pressure. It is thought that this
phenomena may have been a contributory factor in some landfill gas incidents (such as the
Loscoe explosion — see later), since a sudden drop in atmospheric pressure can cause a
rapid rise of methane concentrations in surrounding regions.

This model considers gas emissions as the sum of two terms, one constant over a period
of weeks, and the other able to vary on a scale of hours. Results from computer simulations
are given below which indicate that the magnitude of the variable term is proportional to
the rate at which surface pressure is changing, rather than the actual value of the surface

pressure.
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4.2.1 Assumptions.

We assume, in accordance with Chapter 3, that changes in the physical configuration of a
site happen slowly compared with the daily time-scale of weather effects, and we assume
that the void fractions occupied by gas and water remain steady, as does the medium’s
permeability (though the latter turns out to be a relatively unimportant factor).

Carbon dioxide and methane are formed by bacterial action within the landfill liquid
(both in the saturated and unsaturated regions) and molecules pass into the gaseous phase
when their dissolved concentrations exceed the equilibrium values given by Henry’s law.
It is probable that this process occurs much faster than changes in atmospheric pressure,
and we initially treated the dissolved and gaseous concentrations as always being in local
equilibrium.

There is no evidence to suggest that small perturbations in pressure can cause a mea-
surable direct effect on the rates of the anaerobic chemical and biological reactions within a
landfill (assuming that oxygen is not drawn in). Secondary mechanisms, such as a shift in
pH due to altered levels of dissolved carbon dioxide, should also be negligible for pressure
changes of the size we are concerned with. We thus suppose that the rate of internal gas
generation is roughly constant over periods of a few days.

The mathematics required, and the interpretation of results, can be greatly simplified
by treating the gas flow as being predominantly vertical, and from Chapter 3 we have the

following equation

(¢ +16) 9P
P, ot

= div(E.V P) + \Q. (1)

The model’s results show that of the physical parameters it is the void fractions that
dominate the transient behaviour rather than the permeability — so that differing values
for the horizontal and vertical permeabilities influence where the gas escapes rather than
how much is vented. Thus the conclusions we draw later in this section can confidently be
extended to fully three-dimensional situations.

Note that the non-linearity of equation (1) means that for equal drops in atmospheric
pressure the actual amount of additional gas vented would not be precisely the same —
but for realistic conditions the fractional deviation due to this would be less than 5% of
the total flux.

It was decided to solve this equation using the finite element numerical algorithm
described in Appendix 3A, subject to the boundary conditions

Pl = Pt 1), =l =0 (2,3)

CWMO039/92-23



where P, is the constant mean atmospheric pressure, and p(t) is the time varying deviation
from this. To apply this method to equation (1) we take C = {p++8}, D = KP(® and G = Aq.
Analytical solutions are available for the case of time-independent boundary conditions,

and our numerical approximations agree with these to within 1%.

4.2.2 An example simulation.

Using our model we carried out a series of computer simulations exploring the effects of
atmospheric variations for sites having different values of permeability, depth, void fractions
and gas generation rate.

An illustrative example of the type of results produced by the model is given in Fig-
ure 4.1 below. This relates to a site 20m deep in which liquid and gas both occupy void
fractions of 0.2, the permeability is 10-"m?s-*Pa™', the temperature is 30°C and the gas
generation rate is 6.8x10-"kg s *m~2 (roughly equivalent to 0.05m? of gas being generated
each day per m?® of landfill volume).

We look at the effect of three successive ‘lows’ passing over a landfill during an 8 day
period, and compare the changes they induce in the gas flux. For clarity the changes
in atmospheric pressure have been made abrupt, but the model and its conclusions hold

equally well for gradual transitions.
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Figure 4.1 : Predicted flux for simulation with idealised barometric pressure.

Table 4.1 (below) shows the barometric pressure imposed at the surface of the site
over a 200 hour period. The rate at which gas is being vented from the site over the same

interval is given by the exit velocity (in ms—1).
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Table 4.1 : Atmospheric pressure imposed during simulation.

Time ( hours ) Duration Pressure conditions

0-48 48 Initial steady phase at 100kPa (= 1000mbar)
48 — 60 12 decrease from 100kPa to 98kPa

60 — 72 12 Steady at 98kPa

72 - 84 12 rise from 98kPa to 100kPa

84 — 98 14 steady at 100kPa

98 — 104 4 rapid decrease from 100kPa to 98kPa
104 - 116 12 steady at 98kPa

116 — 140 24 slow rise from 98kPa to 100kPa

140 — 152 12 steady at 100kPa

152 — 164 12 decrease from 100kPa to 96kPa

164 — 176 12 steady at 96kPa

176 — 188 12 rise from 96kPa to 100kPa

188 — 200 12 steady at 100kPa

During the first low (48-84 hours) the flux rises while the pressure drops, it then returns
to the normal steady value once the pressure has stabilised, and falls while the pressure
rises back to the initial level. This general pattern is repeated during each of the other
two lows from 98-140 and 152-188 hours.

The extra amount of gas which is vented during any period is proportional to the area
between the flux curve and a horizontal line through the initial pressure. Comparing the
periods 48-60, 98-104 and 152-164 hours, we see that the additional gas vented is the
same during the first two drops, and doubled over the third. The extra gas vented during
each fall is also seen to be equal to the deficit which occurs when the pressure returns to
the initial value. This implies that the total amount of extra gas vented over any period
is proportional to the total decrease in pressure.

The magnitude of the increases in flux during the periods 98-104 and 152-164 hours
are equal (though it persists for longer in the latter case) and twice that observed during
the first fall. This indicates that at any time the amount by which the flux is increased
is proportional to the rate at which the atmospheric pressure is falling, rather than the

actual value of the pressure.
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4.2.3 Conclusions about Volumetric Flux.

From the results of our simulations it seems that changes in gas emissions are transient
effects due to gas storage within the landfill void space, and that they follow three general
rules :

[1] When the atmospheric pressure is steady, the rate of gas venting is constant and
independent of the pressure.

[2] When the atmospheric pressure is rising, the rate of venting decreases by an amount
proportional to the rate at which the pressure is rising.

[3] When the atmospheric pressure is falling, the rate of venting increases by an amount
proportional to the rate at which the pressure is falling.

These conclusions can be stated more concisely as

dPstm
Gas flux~ a + dtt , (4)

where P,;,, is the atmospheric pressure, « is the total rate of gas generation within the site,
and g is a constant depending on the physical parameters of the landfill.

The implications of these results are that gas emissions on or adjacent to landfill sites
are highest during times of rapid atmospheric pressure decrease. This effect will enhance
the build up of methane concentrations in confined or poorly ventilated spaces during such
periods, making them especially dangerous with respect to the hazards of explosions and
asphyxiation.

The form of equation (4) raises the possibility of being able to indirectly estimate the
total rate of gas production within a site. The term 3 is dominated by the values of the
gas and liquid void fractions within a site, and can be evaluated if these are known. If
the relative magnitude of the gas flux is measured as the atmospheric pressure fluctuates,
then the ratio 8/« can be estimated. This allows us to determine a value for «, which is
equal to the total rate of gas generation within the landfill — though one must be wary of

errors due to inhomogeneities within the site.
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4.3 Compositional Changes Due to Atmospheric Pressure.

The volume-flux model was extended to cover multi-species gas flows by considering
each of the gases in the multi-component system as a separate entity, and paying espe-
cial attention to the ways in which the different molecular species can exhibit different
behaviour. A total of 5 equations were linked together — 3 for the gases, and 2 for the
dissolved forms of CO, and CH,.

The equations (3.19,3.26) derived in Chapter 3 are valid for complex forms of the
equation coefficients, such as would occur in a heterogeneous site, however we wish to
focus attention on the effects of atmospheric changes alone and prefer not to confuse the
issue by introducing too much internal detail. The model equations were solved using
an extended variant of the finite element algorithm described in Appendix 3A, with the
mesh nodes concentrated towards the upper end of the region. A large series of runs were

performed to gauge the effect of the various physical parameters involved.

4.3.1 Multi-Species Simulation.

At the surface of the region, the gas compositions were fixed to be typical of those found
in the air above a landfill site, where both CH, and CO, are only marginally above the
normal atmospheric levels — the solution was found to be relatively insensitive to the
actual values assumed, provided they were less than about 10% of atmospheric pressure.
The base of the site was assumed to be impermeable to gas flow. The water was allowed
a small downwards velocity.

One example simulation is given to illustrate the type of behaviour obtained. This
is based on a hypothetical site with the following characteristics: the depth is 20m, the
vertical permeability was taken to be 10-"m?s~!Pa~', with the void fractions of gas and
water being 0.1 and 0.3, respectively. The internal temperature was fixed at 30°C. The
water velocity was taken to be 0.3myr—!. Gas production was assumed to be 0.01m3 per
cubic metre of waste per day of an equimolar mixture of CO, and CH,; — except within
the uppermost 2m where methanogenic activity was taken to be zero. Any air present in
the site below the 2m level is assumed not to react with the solid material there, and this
is justified retrospectively from the results. The characteristic length for dispersion was
taken to be 0.05m in both the gas and liquid phases, with a value of 0.5 assumed for the
tortuousity. The pH was fixed at 7, and the half-lives for gas evolution were set at 2hr.

For the numerical solution the site was divided into 60 elements, and a variable time
step used. To maintain uniform accuracy, the size of the time step must be decreased as

the rate of change of atmospheric pressure increases, with a range of 0.1 to 0.5hr being
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suitable for the example shown.

Figure 4.2 illustrates a simplified pressure profile for a 10 day period, consisting of
a ‘low’ followed by a ‘high’ (both in the range +3kPa) after a long period of constant
pressure, and also shows the corresponding predicted rate of gas venting at the surface of

. . -1
the site measured in molm~-2d™".
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Figure 4.2 : Basic weather profile and predicted total flux.

Figure 4.3 shows the fraction of this flux composed of CH,, CO, and air (given the
physical characteristics of N,). Figure 4.4 is a plot of the percentage of CH, (relative to

the total volume of CH, and CO, combined) in the vented gas over this time period.
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Figure 4.3 : Predicted fluxes of gas through upper surface of landfill.
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Figure 4.4 : Apparent percentage of methane in metabolic gases.
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4.3.2 Results and Interpretation.

As expected from our single-species results, when the surface pressure is dropping there
is a rise in the amounts of each of the gases vented, and conversely when the atmospheric
pressure is rising the rate of venting decreases, so that our approximate relation (4) remains
valid — though the approximation to a linear relationship is less precise due to the extra
delays introduced by our assumption of a finite time for gas exsolution and dissolution.

However the three gases present respond to the surface changes in different ways, so
that the composition of this total flux varies in time, and we now look at how the various
mechanisms interact using the simulation results show in Figures 4.2 to 4.6 to illustrate
these phenomena.

During the initial pressure drop a large amount of air is flushed out of the site, and the
rate of flushing diminishes although the rate at which the pressure decreases is constant.
Simultaneously, the venting rates of CH, and CO, gradually rise. These effects are mainly
due to the initial distribution of the gases when the pressure begins to drop, as shown in
Figure 4.5. The upper region contains the highest proportion of air, and as a surge of gas
is exsolved in the lower regions the near-surface molecules tend to be vented first. This
tails off since the reservoir of air is relatively small. Meanwhile CH, and CO, molecules
from further down in the site move upwards and as more of them reach the surface their
respective venting rates rise.

Note that, against one’s initial intuition, the increase in CH, venting is greater than
that for CO, — although within the body of the site the transient rate of evolution of CO,
will be greater than that of CH,. This is because the extra CO, evolved takes a considerable
time to reach the surface so that the actual molecules vented are those which were in the
upper region when the pressure began to drop. As the gases pass through the upper layers,
the increased partial pressure of CO, causes some of it to dissolve in the near-surface water,
whereas almost none of the CH, is trapped in this way. Hence the apparent percentage of

CH, in the landfill gas increases, as shown in Figure 4.4.
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The depletion of the air and buffering of the €O, levels by exsolution/solution are
evident in Figure 4.6, which shows the predicted gas composition at a depth of 1 metre

below the surface.
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Figure 4.6 : Predicted gas composition at depth of 1 m below surface.

During the subsequent steady phase of reduced pressure the internal composition begins
to return to its initial state. The net upward gas velocity decreases, so air is able to diffuse
back into the upper layers, and together with a slight residual excess internal pressure
this results in CH4 and CO; still being vented faster than at equilibrium for a while. If the
pressure remained steady for a long enough period, the C0O,:CH, ratio would rise above 1 as
the extra CO, liberated in the interior eventually reached the surface in sufficient quantities

to overcome the absorption in the upper layers.
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Note that the time-scale for gas composition to approach equilibrium under steady
external conditions is several weeks, whereas the net internal pressure reaches equilibrium
within a matter of hours. This is because compositional equilibrium requires specific
molecules of each type to migrate throughout the site to change the local gas composition,
whereas to equilibrate only the net pressure, a smaller movement of adjacent gas molecules
is sufficient (their species being irrelevant in this respect).

When the pressure begins to rise we see a large influx of air, whilst the outflow of CH,
and CO, is reduced. Due to this influx the partial pressures of CO, and CH, in the upper
layers decrease (even though their net flux is still upwards) and more CO, is evolved from
the near-surface leachate — resulting in the ratio CO,:CH4 exceeding one.

The same phenomena are repeated, in reverse order, in the following interval when a
high pressure front moves over the landfill.

It is important to note that, although the pressure changes and time scales involved
are the same, the pattern of gas fluxes is only similar rather than identical. This illustrates
that the gas composition is influenced not just by the instantaneous pressure changes, but
also by the history of the weather over the preceding days or weeks which determines the

initial position of the molecules of the individual component gases.

4.3.3 Site-Specific Factors.

Having described the particular case illustrated in the example simulation, we now discuss
the effect of various parameters as indicated by running a large number of simulations with
different weather profiles, liquid pH, void fractions, wetness, depths, permeabilities, gas
evolution rates, water velocities, and gas production rates.

For two identical sites with the same pressure history, the response to a given constant
rate of change of pressure depends almost linearly on the speed of the change. However if
the recent weather has been different, then the sites will respond less predictably even to
the same pressure change — although their qualitative behaviour will usually be similar.

The model indicates that the disparity between the behaviour of the CH, and C0O, will
be greater in sites where the leachate pH is more alkaline. This is because leachates with
high pHs have a greater a capacity to store dissolved CO, due to the larger fraction which
is held in the form of carbonate and bicarbonate ions. Increasing the moisture content of
the site will cause a similar rise in the magnitude of the effects, due also to the increased
carbonate storage capacity available.

Increasing the void fraction available for gas flow damps down the stoichiometric fluc-

tuations, although the total volume of each of the gases vented rises — this is mainly due
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to the relatively reduced importance of the leachate as a reservoir for CO,, together with
a small effect caused by the increase in the gaseous diffusion coefficients resulting from
wider migration pathways. The compositional variations will also decrease slightly as the
temperature is increased due to alterations in the Henry’s constants and solute pKs, but
the difference caused by a 10°C change is minimal.

The moisture distribution within a site is important for the stoichiometric effects, not
just the total amount of water present. The increase in the ratio CH,/CO; as the pressure
falls is due to absorption in the upper layers, and if the surface is very dry then this will
be reduced and may be reversed if a sufficient excess of CO, is being liberated in the lower
regions.

The effect increases with the depth of the site since this increases the amount of
gas which must move around in order to restore equilibrium when the surface conditions
change. The depth to which air penetrates decreases for deeper sites (assuming that the
rate of gas production per unit volume of the site remains constant) because their greater
net production convects more of the air molecules out.

For the majority of landfill sites (both in actuality and as predicted by the model) air
fails to penetrate below the top few metres, and thus one can justify the earlier assumptions
that there is insignificant internal O, consumption and that the methanogenic bacteria
(which are obligate anaerobes) are unaffected by the atmospheric fluctuations.

Increasing the gas evolution half-lives (ie. reducing the modelled rate of molecular
transfer responsible for bringing the dissolved and gaseous concentrations into equilibrium)
results in the surface flux curves becoming shallower and smoother, however this does not
become very noticeable until the half-life approaches a significant fraction (say a quarter)
of the period of the barometric pressure fluctuations.

The permeability, whilst affecting the net pressure excess, makes little difference to
the stoichiometric behaviour, except for very impermeable sites when it exerts a minor
damping effect — hence neglecting the slight dependence of gas viscosity on composition
is reasonable. This is because changing the permeability affects only the gas velocity, it
cannot cause the individual molecules to be vented in a different order.

The steady vertical water velocity is too slow to produce noticeable effects in the surface
emissions. The only difference it seems to make is at the base of the site where the partial
pressure of CO, is slightly elevated due to dissolved carbonate being brought from higher
regions, however this perturbation is very small.

The fluctuations become more pronounced as the underlying biological rate of gas gen-

eration decreases, since the transient amounts of CO, evolved from the leachate are inde-
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pendent of biological activity (except insofar as this influences the nature of the leachate).
In particular this means that the composition of vented gas should be most variable in

relatively old inactive sites and in the strata surrounding landfills.

4.3.4 Implications for Monitoring Strategies.

The results above demonstrate that the composition of gas vented from a landfill may
change even when the underlying biochemical generation rate is steady. The existence of
these short term stoichiometric changes mean that the prevailing barometric conditions
must always be taken into account when using field data to assess gas generation rates
and environmental hazards. Ideally, a monitoring program should cover a period in which
there are several rapid falls and rises in atmospheric pressure, as it is only during such
circumstances that the extremes of gas concentration and flux will be exhibited.

As a more realistic example, Figure 4.7 shows a pressure profile observed in England
during the month of December (from the Brogborough site, courtesy of Barry Croft)
and the predicted total gas flux associated with it. The model landfill illustrated in this

simulation has the same physical and biological parameters as the previous example.
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Figure 4.7 : Atmospheric pressure and predicted flux during December.

Figure 4.8 gives the fractionated gas fluxes over this 30 day period, and Figure 4.9
shows the apparent percentage level of CH, in the landfill gas as predicted for this site.
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Figure 4.8 : Individual fluxes in vented gas.

From these we see that successive measurements taken on the 11th and 18th days
respectively would show an apparent halving of the CH, concentration, which doubles
again by the end of the month. Hence monitoring at weekly intervals could show large
fluctuations, which would be inexplicable if the atmospheric changes were not known.
Conversely, the individual peaks and troughs in the C0O,:CH, ratio last only 1 to 3 days,
and could easily be missed — which is dangerous since the peaks in total venting and
CH, concentration represent the times of maximum gas migration (see Appendix 4A for

an analysis of the events at Loscoe in 1986).
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Figure 4.9 : Apparent percentage of CH, in vented gas.

Note that during periods when the pressure is dropping, not only does the total flux
of landfill gas increase but so does the fraction of CH, it contains, and conversely during
periods of rising pressure the net gas outflow decreases and the CH, flux is suppressed
even further. In sites with low methanogenic activity this means that CH4 could not be
detected by surface measurements if the atmospheric pressure was rising sufficiently fast.
As a general guideline, the model suggests that if only a small number of measurements can
be made then they should be conducted during periods when the atmospheric pressure is
falling — ideally when it has been falling for several days to allow CH, and CO, to migrate
to the surface.

Any trace gases produced within the landfill are subject to the same mechanisms as the
CO, and CH4 molecules, and will therefore show analogous alterations in concentration.
Highly soluble gases, such as H,S, should show less variation than relatively insoluble
gases like H,. The influence of the site parameters on the size of these fluctuations will be
different for some of the trace gases — for instance, ammonia becomes more soluble as the

leachate pH rises rather than less.
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Although the particular example simulations given are for the surface of a landfill,
the same phenomena will occur in the regions surrounding a site. In these areas there
will probably be no methanogenesis so they are analogous to an inactive site, with the
CO, storage capacity being influenced by the intrinsic properties of the solid medium (for
instance, alkaline or acid soils). To complicate the interpretation of monitoring data, areas
near peat or coal measures may have an intrinsic background level of soil CH,, and this
should be determined before infilling is commenced at any new site.

The compositional shifts become smaller as the distance from the surface of the site
increases. Thus if one wishes to assess the actual fractions of CH, and CO; being generated,
it is preferable to draw samples from deep within the landfill.

Ideally some form of continuous (at least daily) monitoring should be installed at sites.
At present, with limited financial and technical resources, the model implies that it is
most efficient to concentrate measurements during periods of falling pressure — especially

if there is a requirement to issue hazard warnings to adjacent properties.
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4.4 Further Work.

Several simplifications were made when deriving the model, and these are considered briefly
below. Note that the stoichiometric changes predicted are not an artifact caused by these
simplifications, and if anything the mechanism and size of the changes may have been
damped down by them.

Some bacteria living in soil are able to oxidize CH, aerobically to CO, and H,0. In
regions which have a low throughput of landfill gas it is possible that all of the CH, could
be consumed in this fashion, thus hiding its production and making a site seem more
quiescent than it really is. However rapid pressure drops could pull CH, through such a
region faster than it could dissolve into the soil water for the bacteria to consume it.

Our assumption that the air entering the site behaves as though it were inert should
be valid under most circumstances, but for inactive sites during periods of rapid pressure
rise O, may be able to penetrate into deeper regions and be consumed there or hinder
methanogenesis.

The tortuosity of the landfill medium (ie. the factor by which diffusion coeflicients are
reduced due to the internal geometry) is unknown. Most soil models take values between
1.0 and 0.3 for this. It was found in the model that reducing the tortuosity meant that air
penetrated less deeply, so that the near-surface concentrations of CH, and (especially) C0O,
become larger, which in turn magnifies the size of the compositional changes in the surface
flux (the preceding simulations were run with a value of 1.0). Some simple laboratory
experiments would provide suitable values for this.

It is possible that temperature differences between the landfill interior, the surrounding
strata, and the atmosphere could result in the formation of convection cells which would
influence gas migration (though if it did exist, it would probably be a very minor effect).
Also, the thermal gradients mean that water vapour will evaporate from within the site
interior and may condense as the gas cools on its way out of the site. Hence as the
atmospheric moisture level varies with the diurnal cycle so may the amount of moisture
leaving the site and this could affect the partial pressures of the other gases.

It would be useful to have some experimental evidence to determine the time scales
for gas evolution. Although it is unlikely that the half-lives are long enough to seriously
alter the compositional shifts, they could result in the dissolved concentrations being con-
siderably out of equilibrium with the partial pressures so that measurements of bacterial
metabolism based on gas concentrations would be misleading.

Although the steady mean velocity of the leachate has a negligible effect on the com-

positional fluctuations, it is possible that sudden large inundations of water might —
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especially if they occur in the upper layers and change the pH of the water there. This
may mean that there is some correlation between variations in gas concentration and in-
cidences of rain (the analysis of which is complicated by the fact that sudden drops in

pressure tend to be associated with rainfall).
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4.5 Negative Pressure Zones inside Landfills.

During landfill surveys (carried out independently of this project), engineers from
Aspinwall & Company had found that some boreholes consistently produce anomalous
pressure readings below the surface atmospheric value. These sites seemed to be associated
with underground aquifers, and our gas migration model was employed to try to explain

this phenomena.

4.5.1 Formulation.

At an early stage, the idea that gas might be being sucked out of a site through the
‘venturi effect’ of flowing water was proposed. However, the water velocities involved
seemed too low to support this hypothesis and it was discarded.

The best candidate explanation was that gas was dissolving in the aquifer and being
removed from the site in this form.

Since methane, oxygen and nitrogen have approximately the same solubilities, the
model was simplified by considering only two gases (suffix ¢ for €0, and suffix ¢ for the
sum of all the other species). The upper boundary condition is one of fixed concentration,
whereas at the lower boundary (writing F; for the flux of gas ¢ passing from the site into

the aquifer) we have

oP;
9z
where T, is a transfer coeflicient describing how rapidly each gas is exsolved or dissolved,

Py, = —uP,+ E; ="T,(P, — A/ H;), on z=d, (5)
H; is Henry’s constant, 4; is the concentration at the upper surface of the aquifer. The
values of u, E;, and P; are evaluated at the interface between the landfill and aquifer.
Under the assumption that the aquifer is well-mixed (so that we not need be concerned
with internal concentration gradients), and that the concentration of solute i is 4,0 in the
aquifer before it enters the site, then the average flux F; of gas i into it can be expressed

as
 Yido(P — Aio/H)
E= do + (Yita/HiX;) '’ (6)
where ¢, is the average residence time of aquifer water passing through the site, and d, is

the mean depth of the aquifer over the site base (allowing for dry regions where the depth
may be taken as zero). The mass-flux into the aquifer is thus given by F;/); (in kgm~2).

The overall gas pressure equation is

opP .
o5 = div(PE.V P)+0Q, (7)
where Q = a.Q. + @,Q,. This is subject to the boundary conditions
P="P,m on z=0, —PKvZ—P :F'C—I—F'g, on z=d. (8,9)
z
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4.5.2 Results and Conclusions.

A large number of simulations were run for varying values of T, ¢, and d,. It was found
that the presence of an aquifer invariably reduced the internal site pressure and the surface
flux. The gas escaping from the surface was enriched with respect to methane, so that the
ratio CH,: CO, was higher in the vented gas than would be expected from the production
rates. Furthermore, the value of CH,: CO; generally increased with depth below the surface,
reaching a low at the boundary with the aquifer (though the actual CO, concentration
normally peaked somewhere within the site away from either boundary). These spatially
dependent changes in the ratio CH4:CO; could form the basis of a diagnostic test for the
presence of aquifers near to (or within) a site.

The phenomena of internal pressures being consistently below atmospheric could be
reproduced by suitable choice of the aquifer parameters, but there was no physical evidence
available with which to decide whether the values required were plausible. Our general
conclusion is that the presence of aquifers can cause enrichment of the methane content
and some lowering of internal pressure, but that the magnitudes of these effects cannot be

determined without additional experimental evidence.
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4.6 Field Investigations at Sleap Landfill.

The conclusions of the gas migration model suggest that there is an intrinsic variability
in gas monitoring data based on compositional measurements, and hence considerable
unreliability in using it for site assessment purposes. This has important ramifications for
all landfill monitoring, and could result in modifications to waste management codes of
practise and legislation. Accordingly it was decided to run a field experiment to assess to

what degree the predicted effects are actually manifested on a site.

4.6.1 Experimental Specification.

The model predicts that compositional variations are greatest nearest to the surface,
and that the changes in the flux are larger than those inside the landfill. Accordingly
the original specification called for gas composition to be monitored at depths of Om,
0.3m and 1m below the surface (ideally at the same horizontal location), and for some
method of assessing the surface flux to be employed. It proved impractical to provide
such near-surface facilities, and the final experiment consisted of a surface sampler and
3 separate boreholes sampling gas at 1m, 2m and 5m, each displaced horizontally by
about 3m. No form of continuous flux monitoring could be devised, and this aspect of
the experiment had to be abandoned. For the trial, Aspinwall & Company selected a site
at Sleap in Shropshire. This site was used for the disposal of household waste during
the 1960s and ‘70s, being restored and grassed over by Shropshire County Council in the
late ‘80s. This site had the desired characteristics of being remote from habitation with
no gas venting system installed.

An interval of 3 hours between measurements was thought to be ideal, and this required
automated equipment able to process small sample sizes (to avoid disturbing the landfill
interior by sucking gas around). The experiment was delayed for a year while such equip-
ment was sought, but the only instrument available at the time proved unreliable. Instead
monitoring was carried out manually at 12 hourly intervals using a portable infra-red de-
vice to measure methane, carbon-dioxide and oxygen. A portable pressure gauge was also
used at the surface and within each borehole simultaneously with the other monitoring.

Independent data on atmospheric pressure was obtained from a nearby meteorological
station, and showed the on-site barometric gauge to be accurate to within the manufac-
turers tolerances. Facilities were installed to monitor surface temperature also, but the
instrumentation was destroyed by cattle grazing the on site. Monitoring was carried out
over a 3 month period from 5th September to 2nd December in 1991. Some of the early

data proved unreliable and was discarded, leaving a total of 175 data points for each of
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the monitored variables.

4.6.2 Results.

It is seen from the various plots (see below and Appendix 4B) that the landfill gas
concentrations tend to remain fixed near a mean level — except for isolated periods when
they fall significantly below this. Figure 4.10 shows the total pressure in the 1 m borehole
during the study, together with the concentrations of methane and carbon-dioxide recorded
over the same period. Table 4.2 below gives a statistical summary of the concentration

data from the three boreholes (the ‘St.Dev’ and ‘Cor’ terms are defined in Appendix 4B).

Table 4.2 : Concentrations (%) at 1m Depth.

Gas Minimum  Maximum Range Mean St.Dev Cor(P) Cor(dP/dt)
CH, 15.7 72 56.3 62.97 6.71 -0.040 -0.336
CO, 6.5 29.1 22.6 24.5 2.71 -0.104 -0.023
O- 0.4 15.2 14.8 0.88 1.59 0.022 0.200

Table 4.3 : Concentrations (%) at 2m Depth.

Gas Minimum  Maximum Range Mean St.Dev Cor(P) Cor(dP/dt)
CH, 33.4 75.5 42.1 65.5 3.72 -0.107 -0.180
CO, 12.8 27.1 14.3 24.3 1.34 -0.104 -0.023
O- 0.3 10.0 9.7 0.619 0.81 0.004 0.063

Note that the variation (as indicated by the range) is greatest in the 1m borehole,
and that the small standard deviation indicates that only a few points varied significantly
from the mean value. After experimenting with several graphical methods of presenting
the data, it was found that scatterplots were by far the most useful since the degree
of clustering near the mean is immediately obvious as are the number and deviation of

outlying data points.
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Table 4.4 : Concentrations (%) at 5m Depth.

Gas Minimum  Maximum Range Mean St.Dev Cor(P) Cor(dP/dt)
CH, 23.9 69.8 45.9 61.1 4.38 -0.060 -0.059
CO, 11.4 31.2 19.8 28.1 2.04 -0.009 -0.032
O- 0.2 11.9 11.7 0.696 1.167 0.013 0.096

No surges in concentration were recorded during the experiment — however, since the
typical combined concentrations of methane and carbon-dioxide were in the range 90-95%,
such surges were impossible under any circumstances. This is caused by the normal rate of
gas production being large compared to the rate of air diffusion into the site, so that most
of the air is pushed out. The majority of sites currently being monitored are less active
than the Sleap landfill (due either to greater age or to a larger fraction of inert wastes)
and lack a capping layer, and the model predicts that the compositional variations would
be significantly larger in such sites.

The inability to study the effects of pressure drops could have been overcome had it
been possible to install continuous flux monitoring equipment. Also, monitoring nearer
to the surface would have eliminated this problem by sampling from a region in which
back-diffusion maintained a higher mean air concentration.

It can be seen from Figure 4.10 that the troughs in CH,/CO, concentrations are as-
sociated with periods of rising pressure, and this is borne out and emphasized by the

scatterplot analysis below.
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Figure 4.10 : Recorded concentrations of CH,s, CO; and O, in 1 m borehole.

To assess the influence of atmospheric pressure on gas composition, a series of scatter-

of the data is marked by a large cross. Points marked “+

plots were created, showing the gas concentration against either the barometric pressure
or its rate of change at each monitoring time. A x?-fit (the method of ‘least squares’)

was performed on each of the data sets, and is indicated by a dotted line. The centroid

”

indicate that the interpolated

derivative of the pressure variable (dP/dt for the upper graphs, and d?P/dt? for the lower

ones) was positive at that time, “Y” indicates a negative derivative, and “o” indicates either
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that the derivative was zero or could not be determined due to invalid or missing adjacent
points.

Figure 4.11 shows the total pressure at 1 m mapped against its time derivative (dp/d¢ de-
notes the rate of change of atmospheric pressure). This indicates that there is a some
correlation between the atmospheric pressure and its derivative over the monitoring pe-
riod, and is presumably an artifact of the sampling interval. This apparent correlation
(which would not exist over a longer time period) is unhelpful — it hinders our attempts
to demonstrate that minor fluctuations are due to the derivative of the pressure rather

than the instantaneous pressure.
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Figure 4.11 : Total pressure at 1 m depth.

Graphs of the data from the other depths are given in Appendix 4B. A statistical
analysis in term of x%-fits and Standard Deviations is also listed.

Note that the data is subject to considerable ‘noise’ caused by changes in the physical
nature of the site — for instance; episodes of rain alter the permeability (both to gas
and water) and saturation level and may introduce new gases into the site, changing
temperatures influence gas solubilities. Hence, we must expect some perturbations not
predicted by the computer model (see below) which only considered the variations due to
changes in atmospheric pressure — these additional fluctuations will appear random as we

cannot assign particular mechanisms to them.
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Figure 4.12 : Methane at 1 m depth.
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Figure 4.13 : Carbon-dioxide at 1 m depth.

Figure 4.14 shows a plot of the instantaneous pressures of carbon-dioxide and methane

measured. These generally lie along a line, with clustering about the saturation values.
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Figure 4.14 : Carbon-dioxide versus methane in 1 m borehole.

The 1 m borehole was found to exhibit more variation than either of the others, al-
though the mean concentrations at all three depths were fairly similar. The concentrations
of methane found were on average 2.4 times higher than carbon-dioxide, and this ratio de-
creased from 2.6 at 1m to 2.2 at 5m. The variation in methane concentration (based on
Standard Deviations) was on average 2.4 times that of carbon-dioxide, with the ratio de-
creasing from 2.7 at 1m to 2.1 at 5m. Thus, allowing for the different means, no significant
difference in the generic behaviours of the two gases was observed — however, methane
did show more instances of exceptionally low concentrations (the model would explain this
in terms of the greater solubility of carbon-dioxide providing a buffer against rapid falls,
but this may not necessarily be the only explanation).

The plots against instantaneous atmospheric pressure seem to indicate that typical gas
concentrations are marginally higher during periods of high pressure — they supply no
evidence to indicate any link between low atmospheric pressure and high gas fluxes. The
instances of very low gas concentration seem slightly common during periods of higher
pressure, but the bias is negligible and probably due to random effects.

Considering the plots against rate of change of atmospheric pressure, most of the con-
centration readings lie in a central cluster with the highest values centred around periods
of static weather. It is notable that all of the instances of unusually low gas concentrations

occur when the surface pressure is rising.
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4.6.3 Model Comparison.

The site consisted of 20m of waste, capped by 1m of soil. The upper 30cm of the

cap gradually became more compressed due to trampling by people and cattle. The ‘best

guess’ site parameters are shown in Table 4.5 below.

Table 4.5 : Parameters for simulation of Sleap site.

layer thickness permability 6 © T pH Prod.CH4 Prod.CO,
cap 1 10-7 0.1 0.1 0.3 5.5 0 0
fill 20 3x10°7  0.25 0.1 0.3 6.5 3.0 3.4

The permeability is given in m2?s~*Pa™', and gas production in gm=2d™". The tem-

perature was taken to be 15°C throughout.

Table 4.6 : Simulated Concentrations (%) at 1m Depth.

Gas Minimum  Maximum Range Mean St.Dev Cor(P)
CH, 42.3 68.6 26.3 62.8 4.66 -0.233
CO, 24.7 29.1 4.4 28.1 0.80 -0.287

Figure 4.15 shows the predicted gas concentrations at the 1m level.

Cor(dP/dt)
-0.788
-0.578

Figures 4.16

and 4.17 illustrate the same data in the form of scatterplots. As with the real data, the

concentrations (especially that of carbon-dioxide) fluctuate around a mean level, with only

a few exceptional events indicated by the large troughs on the graphs.
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Figure 4.15 Predicted gas concentrations in 1 m borehole.

The graphs for the 1 m borehole are based on the simulated concentrations at a depth
of 1.1 m to allow for the fact that the actual wells took gas from a perforated pipe rather

than a purely local value.
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Figure 4.16 : Predicted methane concentration in 1 m borehole.

As with the real data, there is not significant evidence of linkage between the instan-
taneous atmospheric pressure and concentration. Note that, in accordance with the field
data, the modelled results show that the same rate of change of atmospheric pressure (for
instance 5KPa hr_l) can be associated with a wide variety of concentration levels, that the
Sleap site does not produce peaks of concentration, and furthermore that all troughs in

concentration are associated with falling pressure.
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Predicted carbon-dioxide concentration in 1 m borehole.

Figure 4.18 shows the predicted surface fluxes — which are seen to vary by a factor of

8 for methane and 6 for carbon-dioxide.
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Table 4.7 : Simulated Surface Fluxes.

Gas Minimum  Maximum Range Mean St.Dev Cor(P) Cor(dP/dt)
CH, 0.97 8.40 7.43 3.76 1.22 -0.256 -0.940
CcO, 0.49 2.91 2.42 1.56 0.47 -0.299 -0.931
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Figure 4.18 : Predicted surface fluxes at Sleap.

The predicted surface fluxes are much more strongly linked with the rate of change of

pressure than the predicted data for the 1 m concentration, and this can be seen from the

statistical correlations in Table 4.7 above. Scatterplots in Figures 4.19 and 4.20 show the

near-linear relationship between dP/dt and vented fluxes.
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Predi cted Vented flux of CH4
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Figure 4.19 : Predicted surface flux of CH,.

Plot of the modelled gas concentration in the near-surface region (less than 0.3 m below

ground) show a correlation with dP/dt of the same magnitude as the surface fluxes.
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Figure 4.20 : Predicted surface flux of CO,.
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4.6.4 Conclusions on the Sleap Experiment.

The results demonstrate clearly that internal concentrations vary with time, and that
changes in atmospheric pressure are involved as a major contributory factor. Examination
of the data shows that all instances of low LFG concentrations occurred during periods of
rising atmospheric pressure, and as mentioned previously high concentrations were impos-
sible.

The model is seen to produce results for the internal concentrations which are quali-
tatively close to the behaviour of the real site, and this gives us confidence that the much
larger predicted changes in surface flux at Sleap are real.

Had the experiment been conducted as originally envisaged (or the site been less vigor-
ously methanogenic), then the observed behaviour should have been much more dramatic
In particular, monitoring nearer to the surface would have allowed more air to enter the site
by diffusion, and hence surges in gas concentration would have been detectable. A method
of measuring surface flux must be found, since this may vary drastically even though the
internal concentrations are almost constantly at ‘saturation’ levels.

Predictions of internal gas concentration based on x*> methods are seen to be inadequate
for this data-set. It is currently normal practice to attempt to infer gas production rates
from much smaller data-sets (or even single measurements), and this experiment has proved
that such procedures are unreliable. Had a brief site investigation been conducted at Sleap
during one of the periods of rapid atmospheric pressure rise, the investigators would have
found CH, and CO, concentrations of about 20% and 10%, (rather than the average values
of 65% and 25%), and hence concluded wrongly that the site is relatively inactive.

The only way to assess a site properly is to gather a large data-set (at least the size
of the Sleap data) and perform a simple statistical analysis in terms of means, extrema
and standard deviations as done in Appendix 4B. The graphical method devised herein
of illustrating gas concentrations as scatterplots is a very useful way of characterizing site
emissions, and we recommend that it be adopted as a standard method of presenting

monitoring results.
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4.7 Overall Conclusions on Gas Monitoring.

The following conclusions can be drawn from the results of the computer simulations

[1] The composition of vented gas can exhibit large fluctuations even though the inter-
nal generation rates are steady.

[2] Although the effects are complex, the size of the changes is likely to increase as the
moisture content of the site rises, the pH of the leachate increases, or the void fraction
decreases.

[3] The size of the stoichiometric fluctuations will increase as gas production decreases.
This means that gas composition measurements from older sites and regions adjacent to
landfills are especially prone to mis-interpretation.

[4] The size of the stoichiometric fluctuations is greatest near to the site surface.

[5] Gas composition exhibits hysteresis — it has a ‘history’ which must be known to
make sense of any new measurement.

[6] It is impossible to gauge the state of degradation of a site from measurements of
gas composition taken at a single time or at too infrequent intervals.

[7] The frequency with which much historical gas data has been gathered renders it of
little value for risk assessment purposes.

[8] Future monitoring programmes must make provision for a period of frequent (at
least daily) monitoring of gas composition and external weather to evaluate the variability
at each monitoring location.

The experiment at Sleap Landfill provides evidence in favour of [1], [4], [5], [6], [7]
and [8], but can say nothing about the other model predictions. Frequent simultaneous
monitoring of site variables is the only way to perform an accurate assessment of landfill
characteristics, and this data should be analysed using the simple statistical and graphical
methods shown in this Chapter.

Note finally that while volumetric and compositional fluctuations are real and of a
significant magnitude, they are unlikely to be responsible for all the apparent short-term
changes in landfill emissions, and should not be used as a blanket excuse to cover faulty

equipment or inadequate monitoring.
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Chapter 5 : Gas Extraction Systems.

Modern landfills generate large amounts of gas which has the potential to escape from
the site and pose a hazard in the surrounding region. Site operators must make provision
to prevent this form of contamination when designing and running a disposal facility, and
the increasing size of landfills coupled with more stringent regulations has meant that some
form of gas extraction system has become necessary.

Early gas extraction systems consisted of a few wells attached to a single pump, but
today sites are operating which contain several pumps and hundreds of wells grouped
into one or more distinct networks (eg. Merseyside in the U.K.). However, these larger
installations continue to be designed on a rule-of-thumb basis derived from experience with
smaller systems, and this may result in systems which are either ineffective or inefficient.
Some installations are using computers to do automatic load-balancing, but there is no
guarantee that such systems make maximum use of every well, or that the site layout is

optimally designed beforehand.

5.1 Introduction to Yield Reduction Coefficients.

The specification of the pumps and pipes in an extraction system can be determined in
advance of installation from laboratory tests, but the nature of the landfill interior means
that the performance of a well can only accurately be gauged through field trials. The
empirical basis of the methods for assessing well characteristics has led to the concept of
‘radius of influence’ (ROI) as a single parameter relating gas yield to applied suction.

Most practical extraction schemes consist of several wells, and they will interact with
each other — any gas removed by one well obviously reduces the amount available to the
others. This means that the effective radius of influence of a well depends on the status
of any neighbouring wells. In the first part of this Chapter we quantify this interaction
between wells by introducing a parameter called the ‘yield reduction coefficient’” (YRC)
which gives a numerical value for the degree to which one well affects another, enabling
the flux through any single well to be expressed in terms of the suction pressures at all
of the wells. Some theoretical calculations are performed to indicate the primary factors

which determine the YRCs governing a system of wells.
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5.1.1 Mathematical Formulation.

Writing W, as the extraction pressure at ith well, and V; as the gas flux from it, the

following relation is derived in Chapter 3: of the extraction pressures Wy,..., Wy thus
Vi=ai+ 06 (VVz —Zﬂz’jo>, (1)
J#e

where «;, 3; and p,;; are constants depending on the physical characteristics of the site.

From equation (1) it can be seen that if the suction pressure W; at well j is increased
by p, then the yield at well i decreases by the same amount as would occur if W, were held
constant and W, were instead reduced by p;;jp. For instance, if 45 = 0.15 then an increase
in extraction pressure of 200 Pa at well B causes the same decrease in flux at well 4 as if
the suction at the latter were reduced by 30 Pa.

Thus u;; quantifies the effect of changing the pressure at well j on the yield produced by
its neighbour well i. We therefore define the parameter p;; as the yield reduction coeflicient
at well i due to well j. The greater the interaction between two wells, the larger the YRC
will be.

Note that the YRCs depend only on the physical properties of the site, and are not
affected by the rate of gas generation.

5.1.2 General Theoretical Relationships.

In Appendix 5B the approach of the previous section is applied to the particular case of
predicting the flow regime within a rectangular containment landfill containing a network
of vertical cylindrical wells. In the following sections we consider some of the results
produced by a computer program evaluating this system and show how the YRC values
are influenced by the characteristics of a site.

For clarity we first look at a site containing only 2 wells, labelled A and B, identical
in each case except for the particular characteristic being discussed. Numerous simulation
runs produced the following guidelines:

[1] As the separation of the wells increases, the YRCs decrease.

[2] Increasing the depth of the perforated sections (but not their overall length) results
in the YRCs increasing.

[3] If well A is situated nearer to an impermeable landfill boundary than well B then
pap > ppa indicating that well B has a greater influence on well 4 than vice versa.

[4] As the vertical permeability decreases, the YRCs increase.

[5] As the horizontal permeability decreases, the YRCs decrease.
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[6] If the perforated section of well 4 is located at a shallower depth than that of well B
then pap > ppa.

[7] If the length of the perforated section of well 4 increases then u,p increases slightly
while pp4 increases by a much larger factor.

[8] If the radius of the perforated section of well 4 increases then p4p increases slightly
while pp4 increases by a much larger factor.

[9] If the thickness of the cap is increased, or its permeability decreased, then the YRCs

increase.

5.1.3 Relationships For Large Sites.

When the two wells are a sufficiently distant from the site boundaries (at least 3
times the separation between them), it is possible to formulate the relationships given
in the preceding section in a more precise manner. These dependencies are illustrated in

figures 5.1-5.4 for the particular case of a homogeneous 25m deep site of side length 600 m.

Ef fect of Well Separation on Miutual YRC

. 14]
.12]
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. 08]
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Yi el d Reduction Coefficient
o o o o o o o

. 02]

20 40 60 80 100
Wl | Separation (m

Figure 5.1 : Relationship of YRC to well separation.

Figures 5.1 and 5.2 show that the relationship between well separation and YRC can be
approximated by a decreasing exponential function of distance, except when the wells are
extremely close together, or when they approach impermeable boundaries. Hence, if o is

the separation distance between the wells, the YRCs follow the proportionality
uoxe (2)

where the coeflicient &k depends on the construction of the wells and the site characteristics.
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Ef fect of Well Separation on Mutual YRC
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Figure 5.2 : Relationship of YRC to well separation.

Figure 5.3 demonstrates that the YRC increases linearly with increasing horizontal
permeability K. Conversely there is a reciprocal correspondence between the YRC and
the vertical permeability K,, giving the relationship

Ky
K,

U

Ef fect on Horizontal Perneability on YRC (200x200)

0. 30]
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0.20]
0.15]

0.10]

Yi el d Reduction Coefficient

2E-6 4E-6 6E-6 8E-6 10E-6
Kh (nR/s/Pa)

Figure 5.3 : Relationship of YRC to K.

Figure 5.4 shows that the YRC is inversely proportional to the vertical permeability
of the landfill strata.
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Ef fect of Vertical Pernmeability on YRC
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Figure 5.4 : Relationship of YRC to 1/K,.

Figure 5.5 indicates that there is a linear increase in the YRC as the resistance to flow
of the cap decreases (ie. as its thickness increases or permeability decreases). The capping
parameter is defined as L = [K,/K; where [ is the thickness of the cap, and K; is its vertical

permeability.

Effect of Cap on Yield Reduction Coefficient
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Figure 5.5 : Relationship of YRC to capping parameter L.

The introduction of additional wells will alter the slopes of these graphs but not their
form — except when the new boreholes are very close to the original pair, in which case

the local geometry of the wells becomes significant.
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5.1.4 Multiple Well Sites.

As extra wells are introduced into a landfill, all of the YRCs will change — generally
decreasing, this effect being greatest for those wells nearest to the new one. Conversely
the YRCs will increase when one of the wells is removed or blocked.

For illustration, consider a rectangular site having 4 wells, as shown in Figure 5.5. Take
z,y axes centred on the lower left-hand corner, let the site be 100 by 90 m of depth 25m, and
locate wells A—D at horizontal co-ordinates (25, 30), (75, 30), (75, 70) and (25, 70) respectively.
Assume that the horizontal permeability 3 x 10-"m?s~1Pa™', vertical permeability 107,
and that there is a 1 m thick cap of permeability 10~8. The perforated sections of the wells
are 5m long, extending from depth 15m to 20m. Wells 4, ¢, and D have radius 0.25m,
and well B has radius 0.4m.

Table 5.1 shows the YRC values expected from this arrangement (which has been
completed by writing u; = —1). Note that except for the identically constructed and
symmetrically located wells ¢ and D, no pair of the wells have the same influence on each

other — ie. u;; # pj; usually.

Table 5.1 : Yield Reduction Coeflicients for 4-Well Site.

paa=-—1 tap = 0.048 tac = 0.029 tap = 0.062
upa = 0.043 upp = —1 upc = 0.063 upp = 0.030
tea = 0.030 wep = 0.072 uwee = —1 tep = 0.046
upa = 0.063 upp = 0.034 upc = 0.046 4pp = —1

Table 5.2 shows the new YRCs if well D is removed (or becomes blocked). A comparison
of Tables 5.1 and 5.2 shows some of the effects listed at the beginning of this section, in
particular all of the YRCs between the other wells have risen.
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Table 5.2 : Yield Reduction Coeflicients for 3-Well Site.

pas =-—1 pwap = 0.050 ptac = 0.033
upa = 0.045 upp = —1 upce = 0.064
HCcA = 0.033 HeB = 0.074 Hoec = -1
(0,90) (100, 90)
o D (25,70) o C (75,70)
o A (25,30) o B (75,30)
Y
7
(0,0) o (100,0)

Figure 5.5 : Plan of Model Landfill for YRC Calculations.
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5.1.5 Conclusion on YRCs.

To precisely determine the YRCs for a real site would require as many pumping trials
as there are wells, and this would be impractical on a large site having perhaps a hundred
wells. The problem would be reduced if the wells were connected in clusters, in each of
which the wells are always at the same extraction pressure — since each cluster may then
be treated as a single well. Additionally a well/cluster will only be significantly affected
by its nearest neighbours, so simultaneous pumping trials could be carried out on different
regions within the site.

Of more immediate benefit is the identification and quantification of changes in YRC
with respect to separation, location, permeability and well construction. Knowledge of
these trends should enable landfill operators to transfer field experience gained from present
sites to future ones with more accuracy.

The usefulness of YRCs is demonstrated in the next section, where they allow complex
calculations on interacting networks of wells to be performed rapidly without the need to
do a full underground flow analysis. Without YRCs it would be impractical to predict the

gas fluxes within an extraction system.
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5.2 Introduction to Extraction Networks.

This section demonstrates a methodology whereby the complex interactions occurring
in large networks can be calculated quantitatively. This allows different schemes to be
compared before installation, in addition to which the effects of changing gas production

and component failures can be assessed in advance.

5.2.1 Strategy.

The components making up a gas extraction system can be broadly categorised as either
pumps, wells or pipes depending on whether they remove gas from the system, introduce
it, or convey it. Under this classification a valve is considered as a pipe with variable flow
resistance, and a breach open to atmosphere acts as an infinite capacity pump working at
a fixed extraction pressure.

A networked extraction system is assumed to consist of N, extraction pumps (numbered
1,2,...,N.), N, wells, and N, pipes joined together at N, junctions called connection nodes.
All of the items attached to any particular connection node are assumed to be working at
the same pressure.

Our strategy was to consider each of these generic components in turn and to reduce
their properties to individual governing equations expressed in terms of observable pres-
sures and gas fluxes. Having derived these separate relations they can then be linked
together by looking at the connection nodes between the components, thus producing a
system of equations specifying the behaviour of the network at all points within it. Some

example solutions are given to demonstrate the application of the procedure.
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5.2.2 Extraction Pumps.

The principle characteristic of an extraction pump is that it removes gas by maintaining
the node to which it is connected at a lower pressure than adjacent sections of the network.

For an extraction pump working at a constant speed, the deficit pressure it produces will

depend on the amount of gas flowing through it.

Punp Characteristics
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Figure 5.6 : Extraction capacity of pumps against applied suction.

Figure 5.6 illustrates pressure/flux curves for a typical extractor fan working at several

different speeds (which are given in terms of motor r.p.m. beside each line). The curves

demonstrate the existence of a relation
Ef ::YFi(f%), t=1,..., Ng, (4)

where F¢ is the flux through extractor i working at pressure Py, with k& being the number

of the node to which the pump is connected. The functions ¥; can be obtained from

calibration experiments or manufacturer’s data.
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5.2.3 Wells.

The salient feature of a well is that it introduces gas into the network from the sur-
rounding landfill. Describing the behaviour of a set of wells is more complex than for
pumps due to their mutual interaction within the interior of the landfill. For instance, in-
creasing the suction pressure at any particular well will result in a decrease in the amount
of gas extracted by its neighbours even if the pressures at the latter are held constant.
Hence the flux F” from a well depends on the pressures at all of the v, wells in the site.

We have previously shown that under the conditions of Darcy flow, each flux relation

may be approximated as a linear function of the well pressures thus

FP = Ci+Di(P; = ujnPy), i=1,..., Ny, (5)
k#j
where well i is connected to node j, with C;, D;, and p;;, being dependent only on the
sub-surface site characteristics.

Note that once the locations of the wells have been specified, this formulation eliminates
the need to continually recalculate the subterranean pressure field whenever the surface
parameters are changed. Since the final equations can only be solved via iterative numerical
methods this drastically reduces the computer power required — especially when several

alternative networks are being compared.

5.2.4 Pipes.

Within a pipe the gas flux is determined by the geometry of the pipe and the pressure
difference between its ends. Each pipe will have some associated function &; describing

this relationship so that

F? = &;(Pya — Pip), i=1,...,N,, (6)

T

where F? is the flux along pipe ¢ in the A — B direction, and Py 4, Pyp are the pressures at
the nodes connected to ends A and B respectively (which are labelled arbitrarily). Note
that P4 > Pip implies that gas is flowing towards end B. Figure 5.7 illustrates the gas flux
induced in smooth HDPE* pipes of different diameters (ranging from 125mm to 500 mm)

by applying a pressure gradient across their ends.

* High density polyethylene is a common material for landfill pipes.
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Figure 5.7 : Flux through HDPE pipes as a function of applied pressure gradient.

Mechanisms such as valves and flame traps can be characterised in the same way as

pipes, since their only influence on gas flow is to retard its velocity. Complications such

as entrained water flow within a pipe can be incorporated into the functions &;, and cause

no extra difficulty provided that it remains monotonic (ie. applying a greater pressure

gradient always results in higher flux).
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5.2.5 Connection Nodes.

All the components attached to the same connection node must be at the same pressure,
but this condition has already been implicitly imposed by the use of the nodal pressures
in equations (13—15). The other property of a node is that the gas flux into it must be

equal to the gas flow out, and this gives the required N. additional equations thus

NOF+ > Fr=) Fr+ ) F, i=1,..., N, (7)
kcE; kcA; keW; keB;
where E; is the set of pumps connected directly to the ith node, W; is the set of wells
connected, 4, is the set of pipes having end A connected, and B; is the set of pipes having

end B connected to node i.

5.2.6 Solution.

We now have a set of N. + N,, + N, + N, equations which completely describes the flow
within an extraction network. The well coeflicients C;, D; and p;; can be either determined
from field trials, or else estimated using a three-dimensional underground gas flow model.
The pump parameters & may be obtained from manufacturers specifications, as can the
¥, functions describing the pipes (with appropriate modification to allow for any water
entrapment).

The resulting equations form a large non-linear set, necessitating an iterative numer-
ical solution. The Newton-Raphson method was selected for this, and is described in

Appendix 5A.
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5.2.7 Examples.

To illustrate the use of this method we will perform a failure analysis on a hypothetical
landfill, examining how the gas-flow pattern will change when some of the connecting pipes
are damaged.

Consider a square site of length 400m and depth 25m, producing 8000 m3 of gas per
hour, and suppose that the main consideration at this landfill is to prevent off-site gas
migration. A typical configuration for this purpose would be to dig a series of extraction
wells around its border at 50 m intervals, connecting them via short spurs to a ring-main
pipe — as illustrated in Figure 5.8. For additional safety (as will be shown below) a relief
pipe could be used to link opposite sides of the site.
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Figure 5.8 : Site configuration for extraction calculations.

For reasons of safety and convenience, several pumps are usually located at a single
place rather than distributed across the site. The example shows two pumps connected
to the ring-main, operating according to the suction-flux relation shown in Figure 5.6
for 5600rpm. Typical HDPE pipe diameters used in such sites are 315mm for the links
connecting the pumps and the central relief pipe to the ring-main, 180 mm for the ring-main

itself, and 125 mm for the individual spurs collecting gas from the 28 wells.
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The site and installation are designed be fairly typical of medium-sized layouts cur-
rently being emplaced in the U.K. To simplify the comparison we assume that the site
is fairly homogenous, and that the the horizontal and vertical permeabilities are 3 x 10~7
and 10-°m? Pa~'s~! respectively. Then for wells of diameter 30 cm, with perforated sec-
tions extending from 15m to 20m depth, the well-flux coeflicients in Equation (2) are
a=26x10'm3hr ! and 8 =28x10"2m*hr ' Pa™'. The YRCs between adjacent wells are
calculated to be approximately 0.05, with the YRCs between more distant wells negligible.

The extraction pressures and gas fluxes at each of the wells in the site are given as
histograms in Figure 5.9. Note that the flux from each of the wells is similar since the pipe

network is able to spread the suction fairly evenly.

Flux 1
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Figure 5.9 : Full site.

If the central relief pipe had been omitted, then the pressure distribution across the
site would be less even, as shown in Figure 5.10. To cope with this, valves would have to
be adjusted on the well spurs and the pumps turned up to compensate for the extra drag

caused by this.
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Figure 5.10 : Full site without relief pipe.

The effect of a failure on the section of the ring-main between wells 13 and 14 is shown
in Figure 5.11, and the corresponding fluxes in the absence of the relief pipe are illustrated
in Figure 5.12. In this case, the relief pipe prevents any loss of suction in wells 14-28, so
that the integrity of the safety system is compromised over a much small region than is

the case in its absence.
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Figure 5.11 : Failure between wells 13 and 14.
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Flux 4
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Figure 5.12 : Failure between wells 13 and 14, without relief pipe.

The worst case for a single pipe failure occurs when the blockage is near to the point
at which the extractors are connected to the ring main. Figure 5.13 shows the effect of a
blockage in the pipe between wells 1 and 2, with Figure 5.14 showing the corresponding
fluxes in the absence of the relief pipe. Note that the flux from well 2 is substantially less
than that from well 3 — this is because the former is much nearer to well 1 which now has

a very strong suction applied and is thus able to ‘steal’ a lot of gas from well 2.
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Figure 5.13 : Failure between wells 1 and 2.
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Flux 6
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Figure 5.14 : Failure between wells 1 and 2, without relief pipe.

5.2.8 Suggested Further Developments.

The examples illustrated show only a basic scheme, and there are a number of addi-
tional engineering components which may be incorporated into a site.

Booster pumps may be used to aid gas flow through very long routes, and in this case
the function & will relate the flux through the pump to the difference in the pressures at
the two nodes to which it is connected. This type of pump has the same mathematical
formulation as a pipe.

Generators exert a back-pressure on the incoming gas and a fraction of the pumps
suction must be expended to overcome this. Such a situation can be treated by modelling
the extraction pump as a booster pump which forces gas into a pipe (having the drag-
inducing properties of the generator) which then vents to atmosphere.

Condensation ‘knock-out’ pots are used to remove moisture from wet gas, and may be
treated as pipes if the incoming gas is not too moist. However, in the case of very wet gas
they must be treated as a new category — since they both impede gas flow and alter the
total amount of gas in the system. In long pipes some condensation may take place in cold
weather, so it may be more appropriate to treat such a pipe as an extended knock-out pot.
Since the gas velocity is known at all points it would be possible to calculate changes in
its temperature as it moves from wells to pumps, and hence to determine the amount of

condensation likely to take place at any location.
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5.3 Conclusion on Extraction Networks.

There is no theoretical limit to the complexity of a site which can be modelled by a
computer program based on this method. Without modification the procedure can cope
with multiple networks being installed on the same site — for instance a utilisation scheme
surrounded by a second unconnected network which over-sucks to prevent gas excursion.

To fully exploit the power of the model requires more detailed attention to monitoring
individual extraction wells that is common practice. However, if the user can estimate the
well yield parameters roughly (either from measurements or previous experience) then the
program will be able to produce valuable information about the comparative effectiveness
of various installations.

The example simulation given above consisted of a total of 153 simultaneous equations
(28 wells, 61 nodes, 2 pumps and 62 pipes), and the algorithm required under 1.2 seconds
to parse and solve them on a Vax6000. This makes the program fast enough to be used
by engineers on an interactive basis.

With additional development work and the creation of a larger database describing

landfill components this system could be an invaluable tool for site planners and operators.
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Chapter 6 : The Methanogenic Ecosystem.

6.1 Introduction.

Immediately following its deposition within a landfill most of the organic fraction of
solid waste will begin to undergo degradation through chemical and bacterial action. In the
earliest phase this takes place via aerobic metabolic pathways (i.e. reactions which consume
oxygen), but as more material is added and overlying strata begin to significantly impede
the flow of oxygen into the landfill then the dominant reactions within the interior will
become anaerobic. After the first year or so of decomposition the major gaseous products
are normally carbon dioxide and methane, and the reactions producing them will continue
at a gradually decreasing rate for at least fifteen, and often upwards of fifty, years. It is
generally accepted that that the majority of the degradable waste will decompose during
this latter phase.

The onset of large-scale methane production is of great importance when managing a
site, both in terms of its environmental impact and the commercial opportunities for its
exploitation. Before this occurs the gas vented is largely carbon dioxide with an admixture
of hydrogen, and the leachate (the liquid formed within the site during degradation) is
highly acidic. When the methane producing phase is entered, hydrogen ceases to be found
in the gas, and the leachate becomes much less acidic (and consequently less harmful in
the event it escapes). The methanogenic bacteria responsible for this are regarded as
being amongst the least-robust species found within a domestic landfill, and sometimes
fail entirely to develop.

Hence the primary aim of this section of the model is to predict the conditions under
which methanogenesis is able to become established, to estimate the time required for this
to happen, and to investigate methods of influencing this period.

The difficulties in gathering detailed information on the composition of wastes de-
posited at a particular site make it impossible to produce specific predictions of the site’s
future behaviour — in addition to which the computer time required would be prohibitive.
Instead effort was concentrated on producing a generic model to identify the primary in-
situ interactions and any feasible methods of controlling them. The advantage of modelling
over experimentation for these purposes is that there are no uncontrollable factors and full
information is available when trying to understand simulation results.

The changing composition of municipal wastes and the trends toward greater materials
recycling and sorting (in accordance with current UK and EC waste management policies)

are likely to have a major influence on the nature of the residues being landfilled. The
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model allows the consequences of changes in waste input and management to be explored

before such sites are constructed.

6.2 Methodology:.

The actual reactions occurring within a landfill are too numerous and complex to model
precisely. To make the problem manageable, the substances involved must be grouped into
a number of generic categories and the system phrased in terms of these. It is thought that
the most important metabolic pathway in municipal waste decomposition is fermentation
of the primary substrates (mainly paper and vegetative matter) to sugars and alcohols
followed by their conversion to carboxylic acids, which may then break down to produce
methane. Figure 6.1 illustrates the divisions that were chosen as being the best simple
representation of this system, with the arrows indicating the overall direction of mass
conversion. Data derived from samples of landfill waste and leachate was used to estimate
an empirical formula for each of the composite substances, and the proportions in which
they transformed to one another were based on simple chemical relations (see below).

The multiphase nature of the landfill environment and the influence of biological fac-
tors upon degradation introduce significant complications. The former introduces spatial
variability into the problem and the latter makes application of standard chemical kinetic
theory highly unreliable. The action of the bacteria within a site is a primary mechanism
regulating its temperature, chemical composition and physical structure (ie. the satura-
tion, permeability and density) and these factors in turn determine the viability of the

many microbial species present.
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Figure 6.1 : Modelled biochemical processes.

The initial phases of decomposition and acidogenesis are carried out by a large, ill-
defined group of species, whose diversity makes the processes fairly robust so that they
are probably found in all sites. By contrast, Archer & Fielding (1986) claim there are
only a handful of common methanogenic varieties (the archaeobacteria), and that these
are more sensitive to adverse conditions, being significantly slower growing than most
of the other types and sometimes failing entirely to survive. Considering their different

behaviours, and that the level of organics potentially able to escape from a site is crucially
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dependent on the amount of acids consumed by methane production, it was decided to
model the populations of methanogenic bacteria explicitly and treat the earlier processes as
being dependent purely on the instantaneous state of substrate/nutrient availability (thus
assuming that the size of their populations will adapt very rapidly to the local steady-state
level).

6.3 Idealised Reactions.

The reactions relating the transformation of mass between the substances were taken
to be as below. We are not asserting that these are the precise reactions occurring, only
that they provide a plausible way to relate the mass transference between compounds (see
Appendix 6A for further justification).

Hydrolysis and fermentation of carbohydrate, n=1,...
(CH20)sn + 2H,0 — 2H(C H3), OH + nCO, + nH,0. (1)
Degradation* of proteins, the intermediate stage of deamination being ignored

CaHr7017N15S + {19.95} H,0 — {0.421}Co0H135035 + {5.19}C HsCOOH + {6.545}C O, + 12N Hs + H,S.

(2)
Degradation of fats, the intermediate stage of hydrolysis being ignored

Cs5H10406 + {2727 H,0 — {0.587T}Co0H 135032 + {7.23}CH;COO0H + {24.27} Ho. (3)
Acidogenesis from glucose
CoH1206 + (6 — 2n) H,0 — H(CH,),COOH + (11 — 3n)Hs + (5 — n)COs. (4)
Acidogenesis from the alcohols
CH3(CH»),OH + HyO — H(CH,),COOH + 2Hs. (5)
Breakdown of carboxylic acids, n =2,3,4,5
H(CH,),COOH + 2(n — 1)H,0 — CH;COOH + 3(n — 1)Hy + (n — 1)COs. (6)

Breakdown of acetic acid

CH3;COOH — CHy + CO,. (7)

Consumption of hydrogen

* The brackets {} indicate approximate values. Since the reactions are not precise they
would require large coeflicients to balance them exactly.
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6.4 Transport Equations.

Several of the major reactive components within a landfill can exist in both gaseous and
dissolved states. To allow for these transferences the interior was assumed to be divided
into three overlapping zones; water, gas and solid waste — occupying volume fractions 6,
v, and 1 — (8 + p) respectively.

Our combined set of transport equations for a single chemical species are thus

%(Me) + 0.V (My/6) = div(EV M) + q — Q, (9)
¢%M@):&vM@£VP)+w; (10)

where M,, My are the masses of compound present in each state per unit volume of the
landfill, v is the imposed Darcy water velocity, E the combined diffusion and dispersion
tensor, K the gas permeability tensor and P the gas pressure within the voids. ¢ represents
the net rate of formation of the compound within the liquid media, and @ represents the
evolution of dissolved gases from the leachate. For a solute such as acetic acid, with no
gaseous form, the @ term vanishes and equation (10) is irrelevant.

Even if ¢ and @ were known precisely, the pair (9,10) is difficult to solve for a single
solute, and since several interacting compounds are present the extended set of equations
is insoluble by current analytical methods. In view of this complexity and the difficulty of
interpreting the results of a full numerical solution it is necessary to verify the biochemical
relations before introducing spatial variability. To do this the landfill is assumed to be a

‘well mixed’ reactor, so that our equations reduce to

d

M) =a-Q+9, (11)
Le=0-m, (12

where M is the total dissolved mass, p the density of the gas phase, V represents the rate
of gas venting when the system exceeds atmospheric pressure, and Q is the flux of solute
in and out of the landfill due to a prescribed water flow (V and © thus compensate for the
boundary conditions lost during the simplification).

The dissolved and gaseous components of a solute are, provided it does not react
chemically with water, related by Henry’s law (see Chapter 3). No suitable data was
available with which to predict the rate of gas evolution/solution when the system is not

in equilibrium, and this process is also likely to be greatly influenced by local factors such

* The project had not proceeded to this latter stage by its termination date.
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as the area of the liquid-gas interface — so a sensitivity analysis of the effect of different
forms for @ was carried out by performing a series of numerical simulations in which the
liquid and gas phases were allowed to proceed almost independently, being brought into
exact equilibrium once every = hours — where 7 is the period in which half the excess gas

would be vented in the absence of further production.

6.5 Rate Controlling Factors.

In order to model the biochemical degradation it is necessary to derive expressions for
the rates at which each of the major individual processes are taking place. Most of the
important reactions are performed by bacteria within the site and this prevents standard
chemical results being applied — for instance, above 60°C the mesophilic methanogens
seem to become extinct (or are rendered inactive) and the cleavage of acetate via reaction
(7) usually ceases. A survey of the literature indicated that the primary influences on
anaerobic bacterial activity are temperature, pH, Eh, substrate availability, moisture level,
oxygen content, trace nutrients and the presence of toxins.

The possible presence of energetically-advantaged sulphate-reducing bacteria (which
may out-compete the methanogens for hydrogen) was allowed for by assuming that any
sulphate produced was immediately metabolized to sulphide. Aerobic methane-consuming
species were neglected (since they require oxygen and are thus normally found only in
a shallow surface zone) since although they may alter the apparent temperature and
rate/concentration of gas production as measured at the surface, it is assumed that they
do not appreciably influence the real internal generation rate (with which this part of the
model is concerned).

As degradation proceeds the solid primary substrates will be broken down and their
volume and strength decreases. Some settlement will occur, but at a lesser rate than
the waste decomposition suggests, and to simplify the model it was assumed that this
settlement can be ignored during the first year. The solid volume occupied was thus taken
to be proportional to the mass remaining as a fraction of that originally present. As new
void space is created the evolved gas is easily able to fill it, so that no allowance is necessary

for air being drawn in.
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6.5.1 Primary Decomposition.

The initial degradation by fermentation, hydrolysis and glycolysis can take place via a
large number of metabolic pathways depending on the exact chemical composition of the
substrate, and little is known of them individually. Instead of laboratory data it is necessary
to rely on more empirical information from sewage digester and landfill measurements, and
it was decided to extend the approach of Hoeks (1983) as the best way to make use of
this. The waste is categorised as a mixture of four principal components: carbohydrates,
proteins, fats and biologically inert materials (masses G, ..., G4 say), and the first three of
these are further divided into slow, medium and readily degradable groups. This division of
waste into ten groups allows considerable flexibility when specifying the initial composition
of the simulated landfill.

To introduce feedback into the model the decomposition rates of each sub-category were
taken to be functions of temperature, pH and the local water saturation level (though no
allowance could be made for the increased mobility of nutrients in wetter regions).

Using mainly digester data from Coleman et al. (1985) and Huang et al. (1985), to-
gether with general microbiological principles (for the behaviour above 55°C), the nor-

malised rate of reaction with temperature was assumed to be as in Figure 6.2.

Tenper at ure Dependence of Degradation
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Figure 6.2 : Normalised modelled rate of degradation vs. temperature.

Quantitative information on the pH behaviour of the main landfill bacteria under field
conditions is sparse outside of the range 5.5 < pH < 7.5. The ‘bell-shaped’ plot of figure 6.3

represents an empirical estimate of this dependency.
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pH Dependence of Degradation
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Figure 6.3 : Normalised modelled rate of degradation vs. pH.

Most of the degradative bacteria require an aqueous environment, and it seems reason-
able that the area of waste open to decomposition is related to the degree of saturation. In
the absence of quantitative information this dependency was chosen to be directly propor-
tional to the fraction of water present compared to its maximum saturated value. Particle
size is also important, but this is not quantified for unprocessed waste, and we do not
include it as a separate factor.

Combining these factors, one proposes that the mass of the ith type of waste, of decay
category j, obeys the first order equation

d
E(Gij) = —v;¢(T,pH, ¢) Gyj, (13)

with the v; being empirical rate constants (in s™'), and

Tpexp ( — {pH — T}? 1n(4/3))

Pmas {1+ exp(T/4 - 18)} (14)

&T,pH,B) =

with T being the temperature in Celsius. Then choosing
v1 = 6.29 x 10710, vy = 1.26 x 10710, vy =2.10 x 107 11eC 7 g1 (15,16,17)

means that under constant conditions of T = 35°C, pH = 7, ¢ = @4 the three types of
waste would have half lives of 1, 5, and 30 years respectively. Findikakis & Leckie (1979)
suggest that fast, medium and slowly degradable wastes might be present in the relative
proportions of 15%, 55% and 30% in fresh waste — though their definition of the categories

varies between sites.
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6.5.2 Secondary Degradation.

The carbohydrate materials are modelled as breaking down into soluble sugars and
alcohols (in the ratio of 2:1 by mass) and thence to carboxylic acids, whereas this inter-
mediate stage is neglected for the proteinaceous and fatty materials. The levels of sugars
observed are small compared to the acid concentrations so that the associated bacterial
populations seem to respond rapidly to changes in substrate availability. This phase of
acidogenesis was treated as a simple reaction, with the rate of utilisation proportional to
the combined glucose/alcohol concentration Z;, thus

% — N7, (18)
taking A, = 8 x 107¢ 57! so that in the absence of further sugar/alcohol production it has a
‘half-life’ of one day.

It is useful to distinguish acetic acid from the longer chain carboxylic acids (represented
by a composite formula) since the latter are not observed to form a direct substrate for
methanogenesis (substances such as formate have been assumed to be insignificant). The
primary substrates and glucose/alcohol solutes are modelled as decomposing directly into
acetic acid and the composite acid in the ratio of 1:2 by mass, and the succeeding process
whereby the long chain acids break down into acetic acid is treated separately. It is thought
that this latter acetogenesis is inhibited greatly by the presence of dissolved hydrogen, and
that this may be the dominating factor determining its velocity. Numerical data con-
cerning this effect is scarce, though Archer & Harris (1986) assert that a ‘well established’
methanogenic system usually has around 0.2ug dm™° dissolved hydrogen, whereas the peak
partial pressure observed is about 30kPa which corresponds to 0.3mgdm™> at 30°C. This
relation is especially difficult to analyse due to the formation of syntrophic flocs (social
aggregations) of methanogens and acidogens, which means that the concentration levels
perceived by the bacteria may be quite different from the average measured solution values.

In the absence of quantitative information, the free energy equation was used as a
qualitative guideline, noting that one mole of the composite acid decomposes to produce
4.63 moles of hydrogen, and the level of carbon dioxide is relatively constant. The relation

assumed was

dXA ZA
7 = —AAXAma,X {0,111 <ZGT£63> } y (19)

where Z;,, Z, and Z,4 are the dissolved concentrations of hydrogen, acetic and composite acid
in mgdm™°, X4 being the dissolved mass of composite acid in mgdm > of the total landfill
volume. Choosing A4 = 2.78 x 10735~ ! means that when Z, = Z4 and Z;, = 1.35 x 107 *mg dm™®

the composite acid will have a ‘half-life’ of one week in the absence of further production.
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6.5.3 Methanogenesis.

The methanogenic bacteria were modelled as two distinct species, labelled ‘a’ (acetoclas-
tic) and ‘A’ (hydrogen consuming) which gain their energy from reactions (7) and (8)
respectively — though some species have been observed to perform both. The masses of
these species are denoted by X,, and X, mgdm >. These species are not strongly motile
(some researchers suggest they are static) and may be modelled as a simple solute using
equation (9), so that they obey (11) in the simplified case. Pirt (1975) asserts that their
reproductive behaviour may be described by

dX,
dt

dXp
dt

= (YaEa - kad)Xaa = (YhEh - khd)Xha (207 21)

where V is the growth yield coefficient (the mass of bacteria produced per mass of substrate
consumed), E the rate of substrate utilisation, and k; the endogenous death rate which
allows for such factors as maintenance energy. The magnitudes of ¥ and &, will vary with
the environment but their form seems unknown, so they were assigned the constant values
Yy = 0.3, kg = 0.022 d™' = kg and Y, = 0.048 using the data of Lawrence & McCarty (1969).
The rate of substrate utilisation was assumed to follow Monod’s law (though Farquhar &
Rovers (1973) qualify this by indicating that it may be inaccurate for acetate concentrations
above 3000 mg dm™°), with the half-velocity and maximum rate governed by non-substrate
factors.

Information is lacking regarding the functional form of E, but figures 6.4 and 6.5 show
the observed behaviour of methane production with temperature and pH, and we assumed
this followed the activity of the methanogens and fitted functions to the curves. A spe-
cial study was commissioned at Strathclyde University (Watson-Craik and Goldie, 1991)
to investigate the effect of pH and temperature on methanogens, and this is detailed in
Appendix 6B. The temperature results echoed the general literature, while the pH ex-
periments indicated that the bacteria are significantly more tolerant of acidic conditions
than is normally assumed. The data available provide no way to differentiate between the
behaviours of the various species of methanogens so the temperature and pH dependency
were taken to be the same for both of the types. It was impossible to assess the rela-
tive importance of direct substrate inhibition versus indirect pH-inhibition effects in the

acetoclastic reactions.

CWMO039,/92-93



Tenper at ure Dependence of Met hanogenesis

1.0]

0. 8]

RATE

0.4

0. 2]

10 20 30 40 50 60 70
degrees Cel sius

Figure 6.4 : Normalised modelled rate of methanogenesis vs. temperature.
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Figure 6.5 : Normalised modelled rate of methanogenesis vs. pH.

The half velocities K; in Monod’s law were taken from Zinder (1984) as K; =
0.006mgdm ™~ H, (it being observed that the modelled carbon dioxide was always present
in excess), and for the acetate consumers a temperature dependency was included using

data from Lawrence & McCarty (1969) to give

869mgdm T < 25°C;
K, = { linear interpolation, 25 < T < 35; (22)
172mg dm~, T > 35°C,
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where the additional value kK, = 333mgdm™> at 30°C was also used for the intermediate

interpolation. The overall form of E used was therefore

Ziexp (— (PH —7)*In(4)) (=T —e™"T)
(K; + Z;)(1 + eI

E; = Emaa:,i ’ (23)

where Z; is the dissolved concentration of substrate for the i bacteria, and K; is the Monod
half-velocity. The coefficients a, b, c and d are used to fit the curve of figure 6.4, and have the
values 0.08, 0.05, 0.45 and 40.0 respectively. The absolute maximum rates of consumption

under optimum conditions were taken to be E,,q; . =1.86 d™" and Eras,m=8.0 d .
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Figure 6.6 : Region of viability of methanogenic bacteria.

Figure 6.6 shows the regions of the pH-temperature range under which the two generic
species of methanogenic bacteria are viable (ie. the term EY — k, is positive) at different
levels of substrate concentration. Although the viability contour at saturation levels is
larger for the hydrogen-consuming bacteria, this does not indicate that they are more

robust in general.
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6.5.4 Other Factors.

The effects of oxygen and toxins were also considered, but the present model is too simple
to include their effects in a consistent manner — for instance we have not modelled the
facultative anaerobic bacteria which would provide a mechanism for the removal of trace
oxygen. The Eh level (ie. the value of the redox-potential) is assumed to be favourable
for methanogenesis, as a consequence of our statement that the facultative anaerobes have
removed all the oxygen, and so Eh has not been included as a parameter. Accordingly it
is assumed that no oxygen is present in the system and there are no unusual toxins other
than those normally present (the effects of which are implicitly incorporated in the the

growth yields and reaction rates).
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6.6 pH Regulating Mechanisms.

The pH of the liquid within a landfill exerts a major influence on most of the processes
occurring therein, though the mechanisms are often obscure and indirect. If we consider
a solution containing only the organic acids shown in figure 6.1, then there is no sub-
strate level at which the methanogens are viable — since as the acetate concentration
increases, the pH decreases rendering the bacteria inactive. Ammoniais the only major al-
kali produced during the degradation of household waste, but it is not present in sufficient
quantities to raise the pH to neutral levels.

The results of our simulations together with analyses of leachate samples indicate
that the crucial stabilizing influence is the presence of alkali and alkaline metallic cations
(positively charged ions within the liquid) which are generated from the biologically inert
materials. During the initial anaerobic phase large amounts of organic acids within the
leachate act on the metallic and mineral fractions of the waste, causing a rapid release of
cations and thereby retarding the decrease of the pH. The main metallic ions found are
Nat, K+, Ca?t and Fe?** (the latter being present only in relatively sulphur-free systems)
typically in concentrations of 100 to 2000mgdm™° each.

Sodium (and likewise potassium, which can be considered with it because of their
similar properties) is extremely soluble, so that once their ions are formed they are unlikely
to be precipitated. Sodium alone cannot be responsible for the observed buffering, since a
concentration of it high enough to neutralize the peak acid levels would probably create
an initial highly alkali environment — and even if this was not lethal to the bacteria, then
once methanogenesis was established at a near-neutral pH, the residual acid level would
be higher than normally observed.

The solubility of calcium varies drastically over the pH range 4-8 (assuming it is
in equilibrium with solid calcium carbonate and gaseous carbon-dioxide at 50kPa) and
increases as the pH decreases, so that large quantities can dissolve to counteract high acid
concentrations. However, by itself, it is too insoluble above pH=6 to produce the final
neutral leachate observed.

Accordingly the model suggests that the landfill ecosystem requires both ‘perma-
nent’ sodium buffering (which persists at neutral pH levels) together with ‘variable’ cal-
cium buffering (which increases enormously as the leachate becomes more acid) if the
methanogens are to prosper. This pH dependent nature of the cation concentration
greatly enhances the homeostatic influence of the bacteria, and allows them to maintain
the leachate in a near-neutral state while still having adequately high levels of acid present

to act as substrate. The model incorporates this dual buffering mechanism by assuming
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that there are finite reservoirs of sodium carbonate and calcium carbonate present in the
waste (possibly being supplied by building materials and soil). The sodium carbonate
is assumed to dissolve at an exponentially decreasing rate, and the rate of the calcium
solution /precipitation reaction is taken to be such that any imbalance decreases with a

specified half-life in the absence of other chemical changes.

6.7 An Example Simulation.

The final set of equations was integrated numerically using a Fortran program employ-
ing backward differentiation (Gear’s Method) and forward differencing.

To demonstrate the type of results obtainable using this model consider a particular
case. Take a landfill composed of waste having initially 150gdm™> carbohydrate, 30g dm™°
protein, 20gdm > fat and 450gdm™° of non-degradable materials, with each of the pu-
trescible compounds divided in the ratio 1:11:8 between the rapid, medium and slow decay
rate categories. The initial dissolved and gaseous concentrations of CHy, H,, O,, H,S, NH;,
acetic acid, carboxylic acids, alcohol and glucose were taken as zero with the atmosphere
20% CO, and 80% N, (a reasonable starting point under the assumption that aerobic reac-
tions had just finished depleting the oxygen). A population of 10-2mgdm™> of each of the
methanogenic species was assumed to be resident at the commencement of the anaerobic
phase. The gas venting period, 7, was set to 1 hour.

The fractional water input was taken to be 10-* dm’dm >hr™" of clean water, with an
equal outflow of leachate. The half-life for calcium equilibration was taken as 6 hours. It
was assumed that the inert waste contained 500 mgdm > of sodium, and that this passed
into solution with a half-life of 100 hours, ultimately giving a dissolved concentration

of 1650 mgdm™> within the leachate.
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Figure 6.7 : Leachate pH during simulation.

The leachate’s pH during the 14 month simulation is shown in Figure 6.7. Figure 6.8

records the levels of acid, acetate and alcohol/sugar in the leachate, with Figure 6.9 illus-

trating the corresponding methanogenic populations. Note that the void fraction occupied

by water is 0.3, so that the actual leachate concentrations are 3.3 times the mass per dm’

illustrated in Figures 6.8 and 6.9.
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Phase plane analysis predicts that a system consisting of only one species of bacteria
with activity obeying Monod’s Law, together with their substrate which is being produced
at a constant rate, has a single non-zero critical point, which is a stable node. This

behaviour seems to carry over to our more complex system.
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Figure 6.8 : Dissolved concentrations of sugar/alcohol, acetic acid, and carboyxlic acids.
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Figure 6.9 : Populations of methanogenic bacteria.

Figure 6.10 shows the daily averages of the partial pressures of the gas being vented
from the model landfill.
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The gases initially present inside the site are flushed out within the first 10 weeks, as
can be seen from the decrease in the partial pressure of nitrogen.

At about 16 weeks the population of H,/CO, consuming bacteria has grown large
enough to assimilate all of the hydrogen being produced, and the gas is no longer vented

in significant quantities. At the same time the first methane production is observed.
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Figure 6.10 : Partial pressures of landfill gas during simulation.

By week 30 the population of acetoclastic methanogens has increased sufficiently that
it can consume all of the acetate being produced and make inroads on the amount stored in
the leachate. The large ‘food reserve’ in the form of dissolved acetate causes the population
to over-shoot, and a slow decline to a stable steady-state population is observed in the
subsequent period.

The rapid rise in pH caused by the removal of acetic acid from solution greatly increases
the solubility of carbonate, and there is a short period when the partial pressure of CO, is
reduced due to additional carbonate being retained in the liquid. Although both CH, and
CO, production are greatly elevated during this short time, the apparent alteration in the
ratio of their partial pressures is entirely due to the solubility effect and not caused by

biological mechanisms.
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Figure 6.11 : Total yields of vented metabolic gases.

Figure 6.11 gives the cumulative molar masses of methane, carbon dioxide and hydro-

gen which have been vented during the simulation.
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6.8 Discussion.

In all cases where both species of methanogens (ie. the acetoclasts and the hydrogen
consumers) are able to survive, they eventually reach an equilibrium population where
substrates are consumed as fast as they are produced, and the degrading waste is being
converted to carbon dioxide and methane in a roughly 1:1 molar ratio.

In some actual mature sites a gas composition of more than 50% methane is sustained
over a period of years. An overall mass balance on our equations in Appendix 6A shows that
carbon dioxide is never generated in lesser quantities than methane from carbohydrates,
with a small excess of methane being produced during fat degradation (provided the process
goes to completion). Examination of the simulated leachate concentrations reveals that
a fraction of the carbonate is being stored in the leachate to provide buffering capacity,
and another portion is flushed away as water passes through the system. The relative
insolubility of methane results in very little of it being involved in these physical processes,
so that almost all of it is out-gassed immediately.

The model predicts a higher concentration of hydrogen during the early phase than
is typically observed (the partial pressure in real sites would not normally be expected
to exceed 20%) but with spatial variation this may disappear due to averaging as differ-
ent sections of the site pass through the hydrogen generating phase at different times —
however anecdotal evidence describes some sites as being capable of generation up to 40%
hydrogen for short periods. The rate equations (13,18,19) are over simplified, and one
would like to replace them by explicit bacterial (or fungal) populations when sufficient
data becomes available.

Diffusion limitations within the liquid mean that the levels of dissolved gases present
in the water held within the smaller waste pores (eg. soaked into paper) may be well
above the equilibrium values predicted from Henry’s law. This dissolved concentration
is highly relevant to bacterial metabolism, but until experimental evidence is produced
the magnitude of any excess cannot be estimated. The volume of water inflow/outflow
prescribed in the above simulations had a negligible effect on the landfill reactions.

Increasing the amount of readily-degradable waste above that assumed in our exam-
ple simulation does not speed up the establishment of methanogenesis, since the pre-
methanogenic substrate levels already greatly exceed the Monod half-velocities after the
first few days. Indeed if there is too much readily-degradable waste present then the initial
acid production will be so high that the methanogens are killed (or rendered inactive) by
low pH before the population has time to increase.

At some landfills taking pulverized waste which has gone through an initial aerobic
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phase, it has been observed that methanogenesis is established faster, and it could be
that the high rate of aerobic degradation (which does not yield acids) removes much of
the readily-degradable substrate and prevents damagingly high initial acid concentrations
in these sites. Similarly the higher initial temperature may reduce the disparity between
the rates of development of the methanogens and the other degradative bacteria (see the

comments below on thermal regulation).

Field observations generally do not distinguish whether methanogenesis from acetate
cleavage or from carbon dioxide reduction comes first, and it is commonly supposed that
both processes start at about the same time. The two modelled bacteria are partially
coupled in that an increase in the consumption of one will speed up the composite acid
degradation and produce more substrate for both species. An alternative explanation for
the apparent simultaneity of both forms of methanogenesis lies in the ability of some species
to derive energy both from acetate and hydrogen via reactions (7) and (8). Such bacteria
could develop rapidly on the more favourable substrate, then when this becomes depleted
there will be a large population available to consume the other substrate. Before this
effect can be modelled some basic microbiological research on the switching mechanisms
and critical concentrations will be necessary. Each doubling of the size of the initial seed
populations (up to about 0.1mg dm_?’) results in a linear decrease in their establishment

time.

Once the bacteria are firmly established, they maintained the pH at about 7.4, which
is fairly typical of a site during the methanogenic stage. During simulations in which
the temperature or the amount of sodium present was reduced, this final value decreased
towards neutrality. Low alkali metal (ie. the elements found in groups I and II of the
periodic table) concentrations are frequently associated with a failure of methanogenesis
to develop, and this has been attributed to some of these metals being essential nutrients
for the bacteria. However the model implies that there is another effect in that low alkali
metal concentrations mean the leachate is poorly buffered against the carboxylic acids so
that the pH may fall too quickly for the methanogenic population to reach a self-regulating
size. These pH-raising effects of sodium, potassium and calcium may be more important
than their nutritional aspects, since the levels required for adequate buffering are above
those at which the bacterium’s nutritional requirements are satisfied. Some experimental
work is required to assess the availability of these metals within waste, and the rate at
which they come into solution — which, if they are initially bound within the organic
fraction of the waste, will be affected by the amount of degradation which has taken place,

and perhaps also by any initial aerobic phase.
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The transitions between periods of near steady-state conditions are more sudden than
found in actual landfill observations, and this is probably caused by the neglect of spatial
variations under the ‘well mixed’ approximation. In real sites the initial methanogenic
populations would be distributed unevenly so that separate regions tend to pass through
each growth stage at different times, with diffusion further smoothing the process. The het-
erogeneous nature of the landfill medium provides a large number of micro-environments,
some of which will be more suitable for methanogenesis than an average well-mixed system,

and this makes the reactions more robust than our model indicates.
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6.9 Extensions to the Ecosystem Model.

Several extensions to the main model were explored during the later stages of the

project.

6.9.1 Thermal Regulation.

Site temperature is known to be an important factor in the establishment of methano-
genesis, and although the main model uses ambient temperature as a factor in the rate
functions, it did not make provision for the effect on the site due to the heat generated by
the reactions. Accordingly an extended version was created in which the thermal yields of
the main reactions were used to increase site temperature, and heat loss by conduction,
evaporation and convection was simulated using functions which attempted to approximate
the 3-dimensional nature of a real site. The thermal yields used are given in Appendix 3A.

Unfortunately the simulations performed with this extended model never proved sat-
isfactory, with the temperature either rising or decreasing at faster rates than seemed
reasonable. This problem was thought to be caused by an inability to accurately ap-
proximate the effects of spatial variability using our thermal-loss functions, particularly
as regards heat flows due to evaporation. It seems that thermal feedback effects within a
landfill cannot be realistically incorporated without introducing a spatial dimension.

The results from the thermal simulations of Chapter 7 (which were initiated after the
biological model) later showed that the effect of anaerobic degradation on site tempera-
ture is very small over the periods (up to a year) in which methanogenesis begins. This
information give us confidence that the neglect of thermal feedback in the main biological

model does not affect the results obtained using it, nor the conclusions drawn therefrom,

6.9.2 Mutation.

To investigate the possibilities of a single species of methanogens being able to metab-
olize both acetate and hydrogen, a constant mutation rate was postulated at which the
acetoclasts and hydrogen-users turned into one another. The effect of this was primarily to
handicap the faster growing species, with relatively little benefit to the slower growing type
(the two species alternately occupied either role according to the initial conditions). This
behaviour seems detrimental to the methanogens, and our conclusion is that if the same
species is able to use both substrates then its preferred metabolic pathway is dependant

on the actual concentrations of substrate present.
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6.9.3 Inclusion of Propionate and Butyrate.

An alternative biochemical scheme was explored in which the hypothetical intermedi-
ate metabolic stage of sugar/alcohol production was omitted, and the primary substrates
assumed to break down into a mixture of propionate and butyrate. The effect of taking
the primary carbohydrate to have the empirical formula of starch rather than glucose was
also investigated. Appendix 6A gives the empirical formulae used in the alternate scheme.

It was found that the alternate model behaved qualitatively in a similar fashion to the
main model, and that the important factors were again the rate of primary degradation
and of methanogenesis, with the interchanges between the intermediate metabolites playing
only a minor role. This may be an artifact of the modelling assumptions, but we feel it is

more likely that it reflects the true state of the system.

6.9.4 Spatial Effects.

After investigating the programming problems involved, it was concluded that an ex-
tension of the full model to include spatial effects could be carried out most efficiently
by adapting the software developed in Chapters 4 and 7 for multi-species gas flow. In
addition to the programming issues, a significant increase in computer power is required to
introduce dimensional effects. The main example of this Chapter required about 15 min-
utes CPU time on a Vax6000, so that to extend this to a 1-dimensional simulation with
similar resolution to the gas composition examples of Chapter 4 (35 nodes) would require
at least 10 hours. For an extension to 3-dimensions, using similar resolution to the gas
enhancement model of Chapter 7 (a grid of 20 x 20 x 20 nodes) would require over 3 months
for a single run of the program.

Considering this, the introduction of even 1-dimensional effects did not seem worth
attempting until some of the biological and chemical problems highlighted by the model
(such as the ability of single methanogens to metabolize both acetate and hydrogen, and
the rate of transfer of gas molecules between phases) have been satisfactorily resolved by

experimentation.
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6.10 Conclusions.

When subjected to a variety of initial and ‘boundary’ conditions our model responded
in a sensible fashion and eventually settled down to some steady state, though without
methanogenesis under the harsher starting regimes — such as those with too low a tem-
perature or insuflicient alkali metal buffering. Given the amount of variance between real
landfill sites, the behaviour of this model falls well within the range of observed character-
istics.

The lack of data which prevents fully incorporating feedback effects into the pH and
temperature means that the model has little predictive power regarding primary degrada-
tion — we make no claim to estimate the total gas production potential — however the
simpler nature of methanogenesis means that useful information can be extracted about
the interdependencies of the latter processes.

It would be highly beneficial to conduct further experimental research on the alkali
metal leaching, temperature and gas evolution functions. It may be useful to compare
sites which are rich/poor in calcium, and do/do not contain refuse which has undergone
aerobic pre-composting. Additional modelling work would be valuable to explore the effects
of spatial dependency on isolated subsets of the ecosystem, investigating such things as

the rate at which a methanogenic region can spread to adjacent areas.
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Chapter 7 : Temperature and Moisture.

The internal temperature of landfills has long been thought to be one of the primary
factors affecting their behaviour. This Chapter explores the physical processes controlling

landfill temperature.

7.1 Natural Warming of Landfills.

The internal temperature of landfill sites increases as a result of heat released by the
exothermic decomposition reactions, until an equilibrium is reached when heat production
equals losses to the surroundings. In this section we consider basic models to calculate
the rate of this warming (or cooling if the site has initially been heated above the equilib-
rium point by aerobic activity) and explain how it is affected by various factors including

emplacement temperature and site geometry.

7.1.1 Energy Calculations for Natural Warming

First we consider the thermodynamics of the degradation reactions whilst ignoring
any spatial variability. This is the equivalent of a homogeneous, perfectly insulated cell
and so gives us an estimate of the maximum possible rate of warming. Owur analysis
concentrates on the primary degradation pathway in landfills, ie. the anaerobic breakdown

of carbohydrates to carbon dioxide and methane gases.

CeH1506(s) — 3CO(g) + 3CHa(g), AH, = —138kJ mol . (1)

The value AH, is the standard enthalpy of combustion, ie. the enthalpy change per mole
when the reaction is performed at 25°C. Having determined how much energy is released
by the anaerobic breakdown of glucose under ‘standard’ conditions, we must discover how

the energy is used. The energy balance can be summarised by

Energy released by methanogenesis = energy used to heat waste

(2)

+ energy used to evaporate water + energy lost to surroundings
As an initial estimate we shall assume that the heat lost to the surroundingsis negligible
in comparison with the other two terms. This will produce an upper limit on the rate of
warming of a landfill.
Considering the above energy balance per mole of landfill gas (LFG) produced, equation
(1) shows that six moles of an equimolar mixture of LFG are produced by per mole of
glucose and so 23kJmol " of energy is released. We assume that all gas inside a landfill

is saturated with water, so for each mole of LFG produced the requisite amount of water
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must be evaporated to saturate it: the saturation level being highly dependent on the
temperature. Let N(T) be the number of moles of water vapour needed to saturate 1
mole of LFG at temperature T, which is illustrated in Figure 7.1 below. N(T) can be
calculated from the saturated vapour pressure of water, data for which is taken from the

CRC Handbook, according to the formula

Svp(T)
N(T) = =220 (3)
Py — Svp(T)
1.0]
0.8]
0.6
=
>
0. 4]
0.2]
10 20 30 40 50 60 70 80

Tenperature (deg O

Figure 7.1 : Number of moles (N) of water vapour required to saturate 1 mole of LFG

The standard enthalpy of vaporization, AH,.,, (the enthalpy change per mole when pure
water at 1 atmosphere pressure vapourises to gas at the same pressure) is also temperature
dependent, but far less so, varying between 40.66kJmol ' at 100°C and 44.02kJ mol™
at 25°C (data for AH,,,(T) is taken from Atkins). The energy used to heat the waste can
be expressed as ¢cAT, where c is the heat capacity of the waste and AT is the temperature
rise produced.

If we now approximate the values of the various enthalpies under the conditions preva-

lent in the landfill by their values under standard conditions, we obtain the equation

23000 = cAT + N(T)AH,o(T). (4)
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We define M(T) as the fraction of the energy released by methanogenesis that is used to
heat the landfill (shown in Figure 7.2), so that

M(T) = 1 — N(T)AH,q(T)/23000. (5)

Using these relations, the temperature rise per mole of gas liberated per m? is

AT = 23000M (T)/c. (6)
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Figure 7.2 : Fraction of energy (M) released that is used to warm landfill

7.1.2 Maximum attainable temperature

The theoretical maximum possible temperature that may be achieved in a fully anaerobic
landfill under the above assumptions is the one for which M(T) = 0, since at this point
all the energy released is required to saturate the gas being produced. This temperature
is 73°C. Since we have neglected conductive heat losses this means that any landfill
approaching 70°C cannot be completely anaerobic. The occurrence of such temperatures
in sites (especially shallow ones) is an indicator that oxygen is reaching the interior, and

operators should check for over-pumping and cracks in the cover material.
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7.1.3 Rate of temperature rise

The rate of temperature rise is dependent on two factors.

[1] The temperature — this determines how much of the heat released by methano-
genesis is used to warm the waste.

[2] The rate of gas production — this determines the rate at which heat is released.

We consider some examples to illustrate this.

7.1.4 Example 1 : Constant Rate of Gas Generation.

Suppose we have a site with temperature less than 20°C (so that M(T) ~ 1), and a constant
gas generation rate of 10m®*m-3yr-!. (equivalent to 400 moles of gas per cubic metre of
waste per year). The heat capacity of waste is approximately 2.2MJm=3K™", so using
equation (6) the maximum expected temperature rise of the waste over a year will be

400 x 23000

AT = ~4°0. 7
2.2 x 106 C (7)

7.1.5 Example 2 : Temperature Dependent Rate of Gas Generation.

Rather than specifying a fixed gas generation rate, we may allow it to be dependent on
temperature. With this assumption the two conditions influencing the rate of temperature

rise reduce to one, ie. the rate of temperature rise is solely dependent on the temperature.
ccfl—z: — 23000M(T) x 40Q.(T), (8)

where Q,(T) is the volumetric gas generation rate (measured in m®m~3s~!, noting that 40
moles of LFG occupy approximately one cubic metre at typical landfill temperatures). The
generation rate is here assumed to be linear with temperature, so that Q,(T) = Q,oT/Tnas,
so that the rate of warming is proportional to the value of T x M(T) which is shown in

Figure 7.3.
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Figure 7.3 : Variation of rate of warming with temperature, T x M (7).

Given a value for Q,o and the present temperature, then the temperature at any future

time can be found by integrating equation (8) numerically.

CWMO039/92-113



7.2 1-Dimensional Model.

Having arrived at a set of theoretical results for the case where there is no heat loss
to the surroundings, we now need to introduce spatial variability into our model so that
some more practical situations may be tackled.

The first step is to consider only variation with z, depth below the landfill surface,
since this is the dimension with which the most marked changes in temperature occur.
This leads to a dramatic simplification in the equations that we must solve. We simplify
further assuming the moisture content remains constant, but we continue to model liquid
heat convection by allowing a seepage flux, v. The gas flow model is now directly soluble,
with the gas flux (u) at any point being the integral of the net production below it. This
gives the heat flow equation

oT o?T

oT
B = vw—l—(cgu—l—cwv)—-l-HoR-l-LoE, (9)

C
0z

where h, is the vertical component of the thermal conductivity. The degradation rate R is
modelled as a function of T, as shown in Figure 7.4, using data obtained from laboratory

experiments (see Chapter 6 on the Biological Model).
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Figure 7.4 : Dependence of degradation rate on temperature.
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7.2.1 Results

Numerous runs of the model show that the depth of a site greatly influences both
the rate of warming of the site and the final temperature that it reaches. In all cases
however the rate of warming is fairly slow, only a few degrees per year. This leads us to
conclude that the early temperature of any particular site depends to a large degree on

the temperature reached during the initial stage of aerobic degradation.

Ef fect of Depth on Maxi mum Tenperature
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Figure 7.5 : Dependence of maximum equilibrium temperature on site depth

Figure 7.5 shows how the maximum internal temperature achieved by model sites

depends on their depth (assuming each site obeys the same degradation formula and has

unlimited time for warming).
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Figure 7.6 : Maximum evolution

Figure 7.6 demonstrates how the maximum internal temperature in sites of different
depths would evolve if there was sufficient substrate. The surface and initial temperature
of the sites was assumed to be 10°C, which is the average annual ambient temperature in
the U.K.

Figure 7.7 shows the fraction of a site (based on the same simulation results as Fig-
ure 7.6) which is above a particular temperature. Thus is can be seen that about 50% of a

15m deep site exceeds 30°C, whereas 85% of a 20m deep landfill is above that temperature.
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Figure 7.7 : Fraction of site above various temperatures. 10 netres
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When considering these results it should be remembered that the degradation rate,
as modelled, only depends on temperature. Other factors such as the availability of sufh-
cient degradable materials are not taken into account. Reaction rates, and therefore peak
achievable temperatures, would thus be expected to be somewhat below those predicted
here when the site ages — and this is dealt with in the next section.

Considering the curves of Figures 7.6 and 7.7, we recommend that sites should have a

minimum depth of 15m, and preferably greater than 20 m.
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7.3 Combined Model of Heat, Gas and Moisture Flow.

In order to investigate different strategies for controlling the moisture content of land-
fills we need to consider a combined model for the flows of heat, gas and moisture within
the site. This is derived in Chapter 3. Although it is only practicable to compute solutions

to a one dimensional model, this degree of complexity is sufficient to yield valuable results.

7.3.1 Reaction Rate

We now model the rate of degradation within the landfill as a function of both tem-
perature and moisture content. Assuming that these two factors act independently, the
reaction rate R can be written as the product of two functions R(T,6) = Ri(T)R2(6). The
same temperature dependence curve is used as in previous sections, and the assumed de-

pendence of reaction rate on moisture content is illustrated in Figure 7.8 below.

Ef fect of Mdisture Content on Degradation Rate
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Figure 7.8 : Modelled dependency of reaction rate on moisture content.

To investigate the behaviour of a site over its active lifetime rather than over a relatively
short period (such as that required for the establishment of methanogenesis in Chapter 7),
the model must be adapted to take account of the changes occurring in the waste due to
decomposition. This is done by introducing an extra factor R3(4) in the rate determining
equation thus

R(T,6, A) = Ry(T)R1(8)Rs(A). (10)
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The form of R; is derived using the same assumptions as Chapter 6, so that the
waste is divided into three fractions: fast, medium and slowly degradable — labelled
G1, G2, G3 respectively, with no attempt to segregate them further by composition. Each
type decays independently with its own rate constant u;, and the net decay rate is shown
in Figure 7.9 as a function! of the active fraction A (ie. the proportion of the original

degradable waste remaining) defined below.

t
Total Gas Produced so far 1
A=1- Maximum Possible Gas Yield’ Alzt)=1- Yo /Q(z’T) dr. (11,12)
0
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Figure 7.9 : Modelled dependency of reaction rate as a function of active fraction A.

In computing the curve shown in Figure 7.9 we have assumed the same waste types
as in the main example of Chapter 6, so that the fast, medium and slowly degradable
materials are present in the relative proportions of 5%, 55%, 40% in fresh waste and have

half-lives in the ratio 1:5:30. Hence the examples given below show the possible types of

I The decay rate R; may is related to the active fraction A by the pair of parametric
equations A = ZGj exp(—p;7), R3 = Z,LL]'G]' exp(—u;7)/ Z,LL]'G]'.
J J J
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long-term behaviour which could occur in the site described in Chapter 6 under different

water management regimes.

7.3.2 Long-term Comparison of Wet and Dry Sites.

A key policy question in the management of landfills is whether (or to what degree)
rainwater should be excluded from sites. This determines the whole character and future
behaviour of a site. Here we use our model to investigate the effects of each strategy in
the long term, and discuss the advantages and disadvantages of each strategy.

Two examples are given, which show the way that the same site would react if the
amount of rainwater which is allowed to penetrate the cap (and only that parameter) is

changed.

7.3.3 Wet Sites.

Wet sites will obviously produce more leachate (than dry sites), but they also have a
larger gas production rate and consequently a shorter time to completion. If the leachate
and gas migration problems can be dealt with, wet sites would be ideal for gas exploitation
schemes.

As an example we consider a site with a 20m depth of waste, on a clay foundation
(nominally 10m thick) and with a 1m thick clay cap. The initial waste temperature is
25°C, the initial water content 20% by volume (ie. 200kg m~—2%), and the penetration rate
of water through the cap is Immd~'. The maximum possible gas yield is taken to be

200 kg m—2.
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Figure 10 : Temperature and water levels in wet site.

Figure 7.10 shows the temperature and water content throughout the life of the site.
There is an initial rapid warming period, after which a high temperature is maintained until
the degradation nears completion when the reaction rate and temperature fall. Figure 7.11
shows the amount of undegraded waste remaining at the end of the 50 year period and
the variation of the gas production with time. These demonstrate clearly that the drop in
the activity of the site is caused by the depletion of substrate. (The discontinuities in the

water content occur at the waste/clay interfaces due to their differing porous properties).
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Figure 7.11 : Gas production and active fraction in wet site.
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7.3.4 Dry Sites.

Dry sites with their low levels of leachate and gas production pose fewer problems in
their management. However they offer little potential for power generation and remain

active (even if only at a low level) for longer periods, thus requiring extra expenditure on

monitoring.
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Figure 7.12 : Water levels and temperature in dry site.

Figure 7.12 illustrates the results for our model site with an infiltration rate of 0.1
mm/day. Here, although the site warms initially, the reaction rate slows as the water
drains and consequently the temperature drops again. After 50 years the temperature and
gas production are similar to the wet site, but in this case it is the lack of water rather then
the lack of degradable waste that halts the reaction. Figure 7.13 shows that the waste in

the site has only degraded slightly by comparison with the same site under wet conditions.
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Figure 7.13 : Gas production and active fraction in dry site.

If a completely dry site could be created, by preventing any water from penetrating
the cap, it might be possible to limit degradation to the initial aerobic phase. This would
eliminate LFG and leachate problems. However such a site would retain the potential
to turn methanogenic should the cap develop leaks, thus leaving a huge legacy of sites

potentially capable of generating leachate and gas for many decades.

7.3.5 Conclusion on Optimum Site Moisture Levels.

It is our opinion that it would be far easier, safer and (ultimately) less expensive to
use landfills to process waste now, rather than creating sarcophagi to be forgotten about
until problems inevitably arise. This requires that the internal moisture levels be managed
so as to create optimum conditions for methanogenesis thereby eliminating the potential
hazards as quickly as possible.

The results of our simulations indicate that dry sites cannot fulfil this aim, and that
water management strategies aimed at creating a dessicated interior will produce ‘time-
bomb’ sites rather than safe repositories. We therefore recommend that site moisture is
maintained at sufficiently high levels that it does not become a limiting factor for degra-

dation.
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7.4 Enhancing Methane Production.

The easiest way to dispose of the unwanted methane is to burn it off in a flare, releasing
a great deal of heat which is lost to the atmosphere. At some large sites however the gas
is used as a fuel to power electricity generators, thus turning a troublesome waste product
into a valuable source of income. It is usually economic factors that decide whether or
not the gas is utilised in this way. At small sites the revenue that would be produced by
installing generators is not sufficient to justify the large capital costs incurred in doing so,
whereas at larger sites the payback times are much shorter. Hence there is a threshold
above which it is economically viable to exploit the landfill gas. This threshold is not
strictly a measure of the site’s size but also of the rate at which it is producing methane.

This section proposes a scheme for exploiting the landfill gas at those sites where flows
are below the current threshold for profitable electricity generation. Whilst there are ex-
isting examples of other small scale projects these tend to be fairly specialised and may
not be suitable to the majority of sites. The scheme discussed here involves using the
heat produced by burning the gas to warm the landfill site itself. This would increase gas
production in the site, possibly to a level above the threshold, when electricity generation
could begin. Of course, this scheme need not be confined to those sites below the prof-
itability threshold but could also be used to make viable generation projects even more
lucrative.

In accordance with the policy advocated at the end of the previous section, our pro-
posed technique will also reduce the long-term environmental impact of a site by increasing

the rate of degradation and hence shortening the time to final completion.
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7.4.1 Outline of Scheme.

In order to make the basic idea of raising the site temperature practicable, an efficient
way of distributing around the site the heat produced by burning the methane must be
found. The model has been used to simulate the effect of splitting the extracted landfill
gas into two parts, the first of which is burned in order to heat a water bath through
which the second fraction is passed. This second fraction emerges from the water bath
both warm and saturated with water vapour and is pumped back into the site. When this
hot, saturated gas encounters a cooler region of the landfill, it will cool and will therefore
be able to hold less vapour (see Figure 7.1). The excess vapour will condense, releasing
latent heat which warms the landfill. In this way the landfill becomes hotter and more
moist, both of which help to increase the gas production rate.

It should be noted that if the returned gas encounters a warmer region of the landfill
the opposite effect will occur: water will evaporate and the region will cool. Hence by
controlling the temperature of the gas pumped into the site, the model predicts that
we can control the temperature of that region of the site which is within the radius of
influence of the injecting well. In principle this should enable the optimum temperature

for the methanogenic bacteria to be achieved and maintained.

7.4.2 Large Sites

The strategy as explained so far is most likely to be applicable to completed sites where
the gas flow rates are not quite sufficient to warrant exploitation. Large sites would enable
and require more sophisticated management of the methane resource with a balance being
struck between one of three uses:

[1] burned to heat the water bath,

[2] passed through the water bath and pumped back into the site,

[3] utilised for electricity generation, etc.

The proportion of the gas put to each use would vary throughout the lifetime of the
landfill, with all gas being split between fractions 1 and 2 initially until the desired flows
are reached. Once levels of production are sufficiently high, utilisation would commence.
At this stage however it would still be possible to use some gas to bring areas of more
recently deposited waste up to the optimum temperature.

There are many other potential advantages using the scheme proposed above. These
include:

[1] The use of warmed landfill gas to heat the site maintains the anaerobic environment

required by the methanogenic bacteria and does not reduce the quality (methane content)
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of the gas yield.

[2] Faster reaction rates imply shorter times to completion. Once gas yields drop below
economically acceptable limits the generators could be moved to another site.

[3] The pumps and wells would be required to extract the gas for safety reasons in any
case.

[4] The system would be flexible: the gas flow pattern could be changed simply by
changing wells from extracting gas to injecting hot gas.

[5] The increased gas velocities inside the site would help to transport other materials
through the site. This might allow pollutants (eg. hydrogen sulphide) to be removed by
solution in the water bath, and could also help to relieve problems of non-homogeneity

such as perched water tables.

7.4.3 Energy Calculations

A landfill, if left undisturbed, will gradually warm up since the process which produces
methane from carbohydrates is exothermic. However this warming is very slow as only a

small amount of heat is released (as shown earlier in this Chapter).
CeH1,06 — 3CO;5 + 3C Hy, AHy = -138kJ mol™*. (13)

The combustion of methane is much more exothermic, hence the plan to use this reaction

to heat the landfill.
3C Hy + 60,5 — 3C0; + 6H,0, AHy = —2670kJ mol . (14)

The heat of combustion can be used to calculate the energy available from the gas.
An achievable gas generation rate for a mature landfill is 2 x 10-*m®m=3hr™ . So the
amount of methane produced per cubic metre per day is 24 dm®, which is approximately
one mole. Burning this in air releases 890kJ of energy, so the potential rate of heat output
is calculated to be approximately 10W m~2 of waste. The efficiency of the generators must

now be taken into consideration to calculate the potential generation capacity.
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7.4.4 Mathematical Model

Since most sites are constructed of cells separated by clay walls, we model an individual
cell of width w, length | and depth d, containing N vertical extraction wells at horizontal
coordinates (z;, ;).

In order to be able to examine the effects of different well positions and arrangements
we must retain the full three dimensional geometry of the model derived in Chapter 3. As
is stated there, this requires us to make some other simplification in order to reduce the
problem to a manageable size. We therefore model temperature and gas pressure and treat

the moisture content as being a uniform constant throughout the site. Hence our model is

9 .
20 = div(ve,) + QR(T) + B+ W, (15)
oT .
Cor= div(N.VT) + pcyu.V T + HoR(T) — LoE. (16)

Details of the method of solution of this model are given in Appendix 5B.

7.4.5 Simulation Results

We now use the model to examine various arrangements of pumps within the landfill
cell, to assess their effectiveness for a range of other parameters. The way that the wells,
both injection and extraction, are arranged in the site will greatly affect the effectiveness
of the scheme. The criteria by which the layout is designed are:

[1] No gas should escape from the site, both for reasons of safety and efficiency.

[2] The temperature distribution achieved should be as even as possible.

[3] As few wells should be drilled as possible, in order to keep installation costs low.

[4] The injection and extraction pressures should be as low as possible, in order to keep
running costs low. This might mean using very large diameter wells.

Obviously consideration of [3] and [4] will lead to compromises being necessary in

finding the best layout for a particular site.
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7.4.6 Example

As an illustrative example we consider a site 40m x 24m x 20m deep (approximately

the size of a test cell at the Brogborough site). After trying various configurations it was

found that a suitable layout would be a large bore injection well in the centre of the site

at (z,y) coordinates (20,12) and towards the bottom (say with the perforated part of the

well between depths of 12m and 18m), with two smaller extraction wells symmetrically

placed either side at (8,12) and (32,12). These extraction wells are placed less deeply than

the injection wells, both to ensure no leakage and to draw hot gas up through the site.

Initially the site has an average temperature of 27°C and is gen

at a rate of 15.3m3hr".

Figure 7.14 : Initial site temperature.

Figure 7.14 shows a 3-dimensional contour
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ature distribution. Hot saturated gas at 65°C is then pumped in through the central

well at a rate of 216 m*hr™', requiring an injection pressure of 20k Pa. This rate of pump-

ing is maintained throughout the trial simulation. If the heating were perfectly eflicient

only 6.5m3hr™" of the gas generated would be needed to heat the water bath, so even in

practice it should be possible to utilize some of the gas immediately.
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Figure 7.15 : Temperature after 30 days.
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After 30 days the area around the injection well has been heated to the optimum

temperature (see Figure 7.15). This raises the average temperature to 29°C and the gas

yield to 16 m3hr™".
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Figure 7.16 : Temperature after 100 days.

Figure 7.16 shows that after 100 days the area of optimum temperature has spread
further, raising the average temperature to 34°C and the gas yield to 18m3hr™".

One year after recirculation was started the region at optimum temperature has spread
to cover most of the site. By this time the temperature around the extraction wells has
risen, so slightly less energy is used in heating the gas extracted to the required 65°C. The
average temperature has been raised to 44°C and the gas yield to 22m®hr™", an increase

of almost 50% over the original gas production rate.
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Figure 7.17 : Temperature after one year.

7.4.7 Conclusions on Enhancing Methane Production.

The simulation results indicate that the proposed scheme to recycle hot gas through
the landfill could be successful in raising temperatures in the site, and it may be possible to
raise them to thermophilic levels (~#60°C). This should raise gas production significantly
whilst in the mesophilic range and although no data are available on the growth rates
of thermophilic bacteria, their maximum production rate is thought to be several times
higher than that of mesophiles.

Note that no account has been taken of the fact that the increased moisture levels
within the site should boost gas production rates even further, so that the effect should be

even more favourable than predicted above.
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Chapter 8 : Additional Topics.

8.1 Introduction.

This Chapter gathers together topics which were considered during the course of the

investigation, but not felt sufficiently developed to warrant individual treatment.

8.2 Settlement.

Part of the original project brief was to look at the available data on landfill settlement,
attempting to explain the major factors effecting its rate and magnitude, and if possible
to produce a predictive model based on them.

However, whilst there is a general perception in the industry that a great deal of
information is available regarding settlement, none of it is useful for our purposes. All
of the monitoring that has been done to date (in the U.K.) has consisted of measuring
the degree to which the surface height of a given site decreases over time. Nothing is
usually known of the landfill interior, nor of the extent to which different layers within the
site have been compressed and displaced. Construction companies involved in building on
landfill sites were contacted and they revealed that they either excavated the waste before
beginning, or else drove piles through the site to support the weight. There is a total
absence of experimental evidence regarding the structural properties of waste.

The first step in predicting waste settlement must be an experimental determination
of the bulk modulus of various types of fill — ie. the degree to which a given load will
compress them. This is currently being carried out (September 1992) by the Department
of the Environment, but no results were available at the time of writing. Ideally, such
experiments should investigate several categories of waste and mixtures thereof, both fresh
and decomposed, so that a table can be constructed relating waste composition to its
structural properties. Such data would be immensely helpful to site planners, and could

be used to develop a predictive model as originally hoped.
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8.3 Methane Oxidation.

Aerobic bacteria within soil are capable of oxidizing methane escaping from landfills.
The rates of breakdown depend on local conditions such as moisture, temperature, diffusion
pathways, population size and methane/oxygen availability.

Properly applied these microbes could provide a means of limiting methane migration,
and a brief investigation was conducted into the feasability of modelling their behaviour.
It was concluded that most of the required parameters had already been incorporated into
existing models within the project, and that the major hindrance to progress was lack of
data regarding the metabolism of the actual bacteria, in particular how they respond to
different dissolved concentrations of methane and oxygen. Given a specifically designed
laboratory experiment, it should be quite straightforward to model methane oxidation and

produce recommendations for enhancing it.

8.4 Moisture Flow in a Doubly-Porous Medium.

Observations of water flow in landfills suggest that it may not always obey a Darcy’s
Law — which is unsurprising in view of the highly heterogeneous nature of waste. Two
phenomena in particular are difficult to reconcile without introducing a high degree of
non-linearity into the basic porous medium type model:

[1] The landfill may be fairly wet over its entire depth without any region being fully
saturated.

[2] Leachate production at the base of the landfill can increase within hours of water
being applied at the top surface (eg. heavy rainfall), whilst most of the time the flows are

very small.

CWMO039/92-134



8.4.1 One Dimensional Doubly-Porous Model.

To reconcile the existence of long-term stable states with the ability to respond rapidly
to transient conditions, we attempted to construct a doubly-porous model for landfill water
flow.

The concept of a doubly-porous medium is that it consists of two over-lapping media
with different physical properties. One of these media, the macropores, represents the
large flow channels in the overall system such as the gaps between large waste particles.
The other media, called the micropores, has a smaller length-scale and models the tiny
interstices within the ‘solid’ material — for instance, the interior of a soggy mass of paper
would be considered as part of the micropores. The flow in each of these two ‘sub-media’
is considered separately, and they are coupled only by the transfer of moisture between
them.

A general model for doubly-porous flow in three dimensions is developed in Young,
1989. Due to computational limits our numerical results were restricted to one dimension
(depth z), and so only a reduced model is considered here. This takes the form of a pair of
partial differential equations in «(z,t) and B(z,t), which are the volume fractions of water

in the macropores and micropores respectively. These equations are

da g

— =———+ T+ qq,

% _ Ovg Ty !
ot~ oz 18

where T is the intermedia transfer function representing the rate at which water moves
from the micropores into the macropores, and g¢., gs are the rates of moisture generation
from biochemical processes (this model did not include vapour transport).

The vertical Darcy fluid velocities v, and vz are computed from moisture potentials

elpha and ypeta as follows

m 81/)01

va = Kaa™ =7, Yo = haa 4 2 — dg, (3,4)
m OY .
vp = Kpf" =, dp=hpf" 2 —dy, (5,6)

with K, and Kz being the Darcian moisture-flow permeability coefficients. The values
of b and m depend on the nature of the medium, and for soils are generally chosen so

that m ~ 2b+ 3.
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8.4.2 Intermedia Transfer Function

The intermedia transfer function Y is difficult to estimate and we suggest

—Kap(57257)° 0 < B < Yay
T = (7)

~Kap {(5:25,) — (22207 5 7 <8,

Ys—V¢ Yi—Ya

as a trial solution, for some values of the constants K.g , ¢, and cg. The terms v,, v; and v,
represent the moisture levels at the absorptive, field and saturation capacities of the waste
respectively.

If we choose ¢, = ¢s (and denote their common value as ¢) then when the absorption
capacity (v,) is reached, the equilibrium water distribution (T = 0) is one in which the
excess moisture is divided proportionally between the remaining capacity in the micro-
and macropores. Taking ¢ # 1 would make the rate of intermedia transfer depend explicitly
on the saturations themselves and not simply on the deviation from equilibrium. Since

neither of ¢ > 1 nor ¢ < 1 seem more likely, ¢ = 1 was used for all the calculations.

8.4.3 Boundary Conditions

The conditions at the external boundaries may take the form of either

[1] known saturation (eg. fully saturated : & =v, — v, B=1¢), or

[2] known flux (eg. no flux : 22 =0, 2£ =0).

Landfills generally have a layered structure consisting of alternate levels of waste and fill
material used for daily cover (typically soil or clay). Water movement in the homogeneous
filler strata is best modelled as in a ordinary porous medium (with moisture fraction  and
potential ¢;, say). Three conditions are then necessary at each inter-layer boundary. One
of these conditions must be conservation of water flux across the boundary, but the other
two involve interpretation of the overall (or average) potential in a doubly-porous medium.

Gas generation within a landfill ensures that the landfill is very rarely fully saturated
with water. In the partially saturated case the flows of gas and water are partially un-
coupled with the water movement being assumed dominant. To combine gas movement

with this doubly-porous model, it is suggested that water flow is solved first and the gas

occupies the remaining volume.
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8.4.4 Wetting Example.
Numerical solutions to the model were found using our finite element method (see Ap-

pendix 3A) with purely implicit time stepping. The transient response of the model is
illustrated by considering a 10m deep site, which is initially uniformly wet, and has free

drainage at the base.
and the second demonstrates how a site might drain if it was capped so that no water

The first shows a site getting wetter due to moisture infiltration from the surface,
could enter from the surface. The transient is initiated by changing the flux at the landfill

surface, which causes a rapid reaction in the macropores, followed by a slower response

from the micropores as the they take up water and the equilibrium between the two phases

is regained.
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Figure 8.1 : Moisture profiles during wetting.
—  Macropores
———————————————— M cropores

The increase in the flux of surface water causes a ‘wetting front’ to move down the

site as seen in Figure 8.1 (in which the multiple lines show the moisture profile at equally

spaced time intervals).
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Figure 8.2 : Flux at base of site during wetting. Nacr opor es
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The wetting front gradually becomes less pronounced, but the time at which it reaches
the base of the landfill is still easily identified by the rapid increase in leachate produc-
tion illustrated in Figure 8.2. The nature of the front is also illustrated by Figure 8.3
which clearly demonstrates the transition between the two equilibria states being made at

different times at varying depths.
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8.4.5 Draining Example.
As a second example we consider the same site, but starting at a higher uniform moisture
level. The site is assumed to be sufficiently well capped that no new water can enter from

the surface
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Notable in this example is the ‘reluctance’ of the micropores to release any moisture,
illustrated in Figure 8.4. Again the reaction in the macropores is very rapid, with large
volumes of water draining away causing the huge bulge in leachate production seen in
Figure 8.5. The micropores retain almost all their original moisture over the short time

period examined, as shown by Figure 8.6.
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8.4.6 Conclusion on Doubly-Porous Media.

The most attractive aspect of the doubly-porous model for flow in landfills is the intuitive
notion that it is in some sense more true to what is actually happening inside the site
than a more conventional, but highly non-linear model. However, although the model can
illustrate qualitatively some of the behaviour seen in landfills, it inevitably suffers from
requiring twice the amount of data as well as some arbitrary intermedia transfer function.
At present it is an exploratory tool rather than a predictive system, but the rapid drainage
of the macropores suggests that for a capped landfill (so that there are no sharp transients
at the site boundaries) the long-term water movement can be adequately modelled by a

singly porous system.
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Chapter 9 : Overall Summary.

This final Chapter gathers together some of the main results from the report, and

presents recommendations for further research.

9.1 Gas Monitoring.

Some recent experimental evidence has suggested that there is a linkage between at-
mospheric pressure effects and the quantity and composition of landfill gas. Chapter 4
explored this issue to determine to what extent current gas monitoring practices represent
a reliable method of determining the status and safety of a site. The model demonstrated a
fundamental physical mechanism, common to all sites, which is able to cause such changes
even though gas production is constant.

The main theme of this Chapter was to demonstrate that the rate of change of atmo-

spheric pressure is much more important than the actual pressure itself.

9.1.1 Volumetric Changes.

The model’s results show that the void fraction is more important than the permeability
for determining changes in gas yield, and that differing values for the horizontal and
vertical permeabilities influence where the gas escapes rather than how much is vented.
The simulations give the following results for changes in volumetric gas yield:

[1] When the atmospheric pressure is steady, the rate of gas venting is constant and
independent of the pressure.

[2] When the atmospheric pressure is rising, the rate of venting decreases by an amount
proportional to the rate at which the pressure is rising.

[3] When the atmospheric pressure is falling, the rate of venting increases by an amount
proportional to the rate at which the pressure is falling.

The implications of these results are that gas emissions on or adjacent to landfill sites
are highest during times of rapid atmospheric pressure decrease. Also, the total amount
of extra gas vented over any period is proportional to the total decrease in pressure. This
effect will enhance the build up of methane and carbon dioxide concentrations in confined
or poorly ventilated spaces during such periods, greatly enhancing the risk of explosions

and asphyxiation.
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9.1.2 Compositional Changes.

A more complex model was used to investigate compositional changes in landfill gas
due to variations in atmospheric pressure. The following main conclusions were drawn
from the results of the computer simulations

[1] The composition of vented gas can exhibit large fluctuations even though the inter-
nal generation rates are steady.

[2] Although the effects are complex, the size of the changes is likely to increase as the
moisture content of the site rises, the pH of the leachate increases, or the void fraction
decreases.

[3] The size of the compositional fluctuations will increase as gas production decreases.
This means that gas composition measurements from older sites and regions adjacent to
landfills are especially prone to mis-interpretation.

[4] The size of the compositional fluctuations is greatest near to the site surface.

[5] Gas composition exhibits hysteresis — it has a ‘history’ which must be known to
make sense of any new measurement.

[6] It is impossible to gauge the state of degradation of a site from measurements of
gas composition taken at a single time or at too infrequent intervals.

[7] The frequency with which much historical gas data has been gathered renders it of
little value for risk assessment purposes.

[8] Future monitoring programmes must make provision for a period of frequent (at
least daily) monitoring of gas composition and external weather to evaluate the variability
at each monitoring location.

A field experiment was conducted at Sleap landfill, and agreed with the model predic-
tions regarding points [1], [4], [5], [6], [7] and [8], but could say nothing about the other
items. However, the degree of agreement between the model and the tested predictions
leads us to believe that [2] and [3] are essentially correct also.

In particular, in accordance with the field data, the model results show that the same
rate of change of atmospheric pressure (for instance 5k Pahr™!) can be associated with a
wide variety of concentration levels, that the Sleap site does not produce peaks of con-
centration, and furthermore that all instances of low LFG concentrations occur during
periods of rising atmospheric pressure (high LFG concentrations being impossible due to
the nature of the site). The similarity between the models behaviour and the sub-surface
field data gives us confidence that the much larger predicted changes in surface flux are
real.

Note that the permeability makes little difference to the stoichiometric behaviour,
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because it affects only the gas velocity, and cannot cause the individual molecules to be
vented in a different order. The gas composition is influenced not just by the instantaneous
pressure changes, but also by the history of the weather over the preceding days or weeks
which determines the initial position of the molecules of the individual component gases. As
a result, the time-scale for gas composition to approach equilibrium under steady external
conditions is several weeks, whereas the net internal pressure reaches equilibrium within a
matter of hours.

Any trace gases produced within the landfill are subject to the same mechanisms as
the CO, and CH, molecules, and will therefore show analogous alterations in concentration.
Highly soluble gases, such as H,S, should show less variation than relatively insoluble gases
like H,. Since the compositional variations decrease with depth, to assess the actual relative
fractions of gas being generated it is necessary to draw samples from deep within a landfill.

It would be useful to repeat the Sleap experiment on a site with lower gas generation
rates using monitoring points nearer to the surface. A method of measuring surface flux
should be found, since this may vary drastically even when the internal concentrations
are almost constantly at ‘saturation’ levels. A laboratory experiment to investigate the

tortuosity coefficient for waste would be useful.

9.1.3 Recommendations for Future Monitoring Practises.

The existence of these short term variations mean that the prevailing barometric con-
ditions should always be taken into account when using field data to assess gas generation
rates and pollution hazards, and pressure data must be collected simultaneously with other
readings. Since continuous barometric pressure monitors are cheap, all sites ought to have
one installed immediately. As a general guideline, the model suggests that if only a small
number of measurements can be made then they should be conducted during periods when
the atmospheric pressure is falling — ideally when it has been falling for several days to
allow CH; and CO, to migrate to the surface. With more resources, a period of frequent
monitoring should be undertaken to assess the range of behaviours possible to a site, cov-
ering an interval sufficiently long that there are several rapid falls and rises in atmospheric
pressure. Ideally some form of continuous (at least daily) monitoring should be installed
in sites for the majority of their active phase.

Predictions of internal gas concentration based on x* methods are seen to be inadequate
for the Sleap data-set. It is currently normal practice to attempt to infer gas production
rates from much smaller data-sets (or even single measurements), and this experiment

has proved that such procedures are unreliable. The only way to assess a site properly
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is to gather a large data-set (at least the size of our Sleap data) and perform a simple
statistical analysis in terms of means, extrema, Standard Deviations, and (for the near
surface) Correlation coefficients. Our graphical method of illustrating gas concentrations
as scatterplots is a very useful way of characterizing site emissions, and I would recommend

that it be adopted as a standard method of presenting monitoring results.

9.1.4 The Effect of Aquifers within a Site.

The model simulations indicated that the presence of aquifers can cause enrichment
of the methane content and some lowering of internal pressure. The magnitudes of these
effects cannot be determined without additional experimental evidence, particularly the

rate at which gas molecules pass into and out of aqueous solution.
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9.2 Network Pumping Installations.

This section develops a computer program which may be used by site operators to

assess the efficiency of a gas extraction system while a site is still in the planning stage.

9.2.1 Yield Reduction Coefficients.

Most practical extraction schemes consist of several wells, which will interact with each
other, so that the effective ROI of a well depends on the status of any neighbouring wells.
We have quantified this interaction by introducing a parameter called the ‘yield reduction
coefficient’ (YRC), which enables the flux through any single well to be expressed as a
function of the suction pressures at all of the wells (u;; measures the extend to which
well j reduces the yield from well ;). For instance, if the YRC at well 4 due well B is 0.15
(rap = 0.15) then an increase in extraction pressure of 100 Pa at well B causes the same
decrease in flux at well 4 as if the suction at the latter were reduced by 15 Pa.

The YRCs depend only on the physical properties of the site, and are not affected
by the rate of gas generation. The model predicts the following properties for the YRCs
between two identical wells, labelled 4 and B:

[1] As the separation of the wells increases, the YRCs decrease.

[2] Increasing the depth of the perforated sections (but not their overall length) results
in the YRCs increasing.

[3] If well A is situated nearer to an impermeable landfill boundary than well B then
pap > ppa indicating that well B has a greater influence on well 4 than vice versa.

[4] As the vertical permeability decreases, the YRCs increase.

[5] As the horizontal permeability decreases, the YRCs decrease.

[6] If the perforated section of well 4 is located at a shallower depth than that of well B
then pap > ppa.

[7] If the length of the perforated section of well 4 increases then u,p increases slightly
while pp4 increases by a much larger factor.

[8] If the radius of the perforated section of well A increases then u,p increases slightly
while pp4 increases by a much larger factor.

[9] If the thickness of the cap is increased, or its permeability decreased, then the YRCs
increase.

When the two wells are a sufficiently distant from the site boundaries, it is possible
to formulate these relationships in a more precise manner. Firstly, the YRCs decrease
exponentially with distance, except when the wells are extremely close together, or when

they are near to impermeable boundaries. The YRCs increase linearly with increasing
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horizontal permeability, and are inversely proportional to the vertical permeability of the
landfill strata. There is a linear increase in the YRC as the resistance to flow of the cap
decreases.

As extra wells are introduced into a landfill, all of the YRCs will change — generally
decreasing, this effect being greatest for those wells nearest to the new one. Conversely
the YRCs will increase when one of the wells is removed or blocked.

To precisely determine the YRCs for a real site by experimentation would require as
many pumping trials as there are wells, which would be impractical on a site having many
wells, though the problem is reduced if the wells are connected in clusters, (assuming
each cluster is at the same extraction pressure). Additionally a well/cluster will only be
significantly affected by its nearest neighbours, so simultaneous pumping trials could be
carried out on different regions within the site.

Our quantification of changes in YRC with respect to separation, location, permeability
and well construction should enable landfill operators to transfer field experience gained
from present sites to future ones with more accuracy. However, we feel that a field trial
(involving say 3 wells and 5 pumping tests) is required to validate the model, so that

engineers have sufficient confidence in it to use the generated predictions.

9.2.2 Comparison of Surface Installations.

The Network Pumping model allows different gas extraction schemes to be compared
before installation, and the effects of changing gas production and component failures to be
assessed in advance. Without the concept of YRCs developed in this project, limitations
in computer power would make it impractical to predict the gas fluxes within an extraction
system.

To fully exploit the power of the model requires more detailed attention to monitoring
individual extraction wells that is common practice. However, if the user can estimate the
well yield parameters roughly (either from measurements or previous experience) then the
program will be able to produce valuable information about the comparative effectiveness
of various installations. Forinstance, in addition to illustrating the program, the simulation
results demonstrate the usefulness of installing relief pipes — both for everyday use and
as a contingency against failures elsewhere. We feel that it would be useful to perform a
further series of model calculations to compare generic site layouts (such as ‘radial’, ‘daisy
chain’, ‘clustered’ and ‘herring-bone’).

Several extensions are possible to the basic model, and these would require calibra-

tion experiments if manufacturers where unable to supply the relevant data. For instance,
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attaching generators causes a back-pressure, booster pumps may be used to aid gas flow
through very long routes, condensation ‘knock-out pots’, valves and flame traps cause pres-
sure drops, and entrained water may interfere with flow. In long pipes some condensation
may take place in cold weather, but since the gas velocity is known at all points it would
be possible to calculate the rate at which it cools on the way to the pumps, and hence to
determine the amount of condensation likely to take place at any location (and thus the
potential for blockages and ice-plugs).

There is no theoretical limit to the complexity of a site which can be modelled by the
computer program. Without modification the procedure can cope with multiple networks
being installed on the same site — for instance a utilisation scheme surrounded by a
second un-connected network which over-sucks to prevent gas excursion. The program
devised during the project is fast enough to be used by engineers on an interactive basis.
With additional development work and the creation of a larger database describing landfill

components this system would be an invaluable tool for site planners and operators.

9.3 Biological Processes.

The action of the bacteria within a site is a primary mechanism regulating its temper-
ature, chemical composition and physical structure (ie. the saturation, permeability and
density) and these factors in turn determine the viability of the many microbial species
present. One of the primary goals of the project was therefore to develop a model to study
the establishment of the landfill ecosystem, and in particular the methanogens since they
seem to be more sensitive to adverse conditions than the other species.

When the model was subjected to a variety of initial conditions it responded in a sensi-
ble fashion and eventually settled down to some steady state, though without methanogen-
esis under the harsher starting regimes. Given the amount of variance between real landfill
sites, the behaviour of this model falls well within the range of observed characteristics.

The lack of data which prevented fully incorporating feedback effects into the pH
and temperature means that the model has little predictive power regarding acidogenesis.
In particular, we were forced to incorporate the ‘standard’ division of waste into three
different ‘half-life’ categories. However the simpler nature of methanogenesis allows much
useful information to be extracted about it. The inclusion of spatial effects did not seem
worth attempting until some of the biological and chemical problems highlighted by the

model have been satisfactorily resolved by experimentation.
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9.3.1 Laboratory Study.

A special study at Strathclyde University (Watson-Craik and Goldie, 1991) found that
the temperature behaviour of methanogens agreed with the literature, but that the bacteria
are significantly more tolerant of acidic pH conditions than is normally assumed. It was
impossible to assess the relative importance of direct substrate inhibition versus indirect
pH-inhibition effects in the acetoclastic reactions. It would be valuable to extend the scope
of these experiments.

Also, it would be valuable to conduct experiments on the effects of moisture content
within waste, especially as the newer containment landfills may have quite arid interiors
while laboratory studies have generally confined themselves to very wet waste for reasons
of speed and convenience.

Field observations generally do not distinguish whether methanogenesis from acetate
cleavage or carbon dioxide reduction comes first. Knowledge of the links between these two
processes would be useful — for instance it may be that monitoring hydrogen concentration
can provide information about the establishment of acetate cleavage and hence give early
warning of sites behaviour. This is especially important if both reactions are performed
by the same species, in which case microbiological research on the switching mechanisms

and critical concentrations should be carried out.

9.3.2 Thermal Effects.

It seems that thermal feedback effects within a landfill cannot be realistically incorpo-
rated into a model without introducing a spatial dimension. However, calculations indicate
that during the critical period in which methanogenesis is established (or fails) anaerobic
decomposition is producing insufficient heat (under typical U.K. conditions — see the sec-
tion in Chapter 7 on gas enhancement) to significantly change the temperature in any

case.
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9.3.3 Aerobic Pre-digestion.

Increasing the amount of readily-degradable waste indefinitely does not increase the
rate of the establishment of methanogenesis, and indeed if there is too much readily-
degradable waste present then the initial acid production will kill the methanogens.

At some landfills taking pulverized waste which has gone through an initial aerobic
phase, it has been observed that methanogenesis is established faster, and this may be due
to the high rate of aerobic degradation removing much of the readily-degradable substrate
and/or the higher initial temperature (and possibly also due to increased availability of
metals — see below). Some experimentation is required here, as it may be beneficial to

adopt a policy of exposing some or all of landfill waste to oxygen before infilling.

9.3.4 The Influence of Metals.

Low alkali metal concentrations are frequently associated with a failure of methano-
genesis to develop, and this has been attributed to some of these metals being essential
nutrients for the bacteria. The model shows that low alkali metal concentrations mean
the leachate is poorly buffered against the carboxylic acids so that the pH may fall too
quickly for the methanogenic population to reach a self-regulating size, and furthermore
that this effect is more important than nutritional aspects, since the levels required for
adequate buffering are above those at which the bacterium’s nutritional requirements are
satisfied. Also, the model implies that the landfill system requires both ‘permanent’ buffer-
ing (cations which remain in solution at neutral pH levels) together with ‘variable’ buffering
(cations whose solubility increases enormously as the leachate becomes more acid) if the
methanogens are to prosper.

This pH dependent nature of the cation concentration greatly enhances the homeostatic
influence of the bacteria, and allows them to maintain the leachate in a near-neutral
state while still having adequately high levels of acid present to act as substrate. Some
experimental work is required to assess the availability of alkali metals within waste, and
the rate at which they come into solution — which, if they are initially bound within the
organic fraction of the waste, will be affected by the amount of degradation which has

taken place, and perhaps also by any initial aerobic phase.
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9.3.5 Diffusion.

Diffusion limitations within the liquid mean that the levels of dissolved gases present
in the water held within the smaller waste pores (eg. soaked into paper) will be above the
equilibrium values predicted from Henry’s law, and could even be several times higher.
The dissolved concentration is highly relevant to bacterial metabolism, and the present
practise of inferring bacterial activity using gas samples from the void space has not been
validated experimentally, and is therefore unsound. A laboratory experiment is essential to
determine the rate at which gas molecules are evolved from the waste mass and pass across
the liquid-gas interface — an initial step would to isolate samples of waste in a vacuum
chamber to determine the amount of dissolved gas actually held within them. This data

is also required to improve our models of Chapters 4 and 7.

9.4 Thermal Regulation.

The internal temperature of landfills has long been thought to be one of the primary
factors affecting their behaviour. Chapter 7 explored the physical and biological processes

controlling landfill temperature.

9.4.1 Natural Warming of Landfills.

First we considered the thermodynamics of the degradation reactions whilst ignoring
spatial variability to give an estimate of the maximum possible rate of warming. It was
assumed that all gas inside a landfill is saturated with water, so that for each mole of LFG
produced the requisite amount of water must be evaporated to saturate it (this amount
being highly dependent on the temperature). Under these assumptions, the theoretical
maximum temperature that may be achieved in a fully anaerobic landfill is 73°C.

This implies that any landfill approaching 70°C cannot be completely anaerobic. The
occurrence of such temperatures in sites (especially shallow ones) is an indicator that
oxygen is reaching the interior, and operators should check for over-pumping and cracks

in the cover material.
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9.4.2 Rate of Temperature Rise.

The depth of a site greatly influences both the rate of warming of the site and the final
temperature that it reaches. Numerous runs of the model show that the rate of warming
is fairly slow, only a few degrees per year. We conclude that the early temperature of any
particular site depends to a large degree on the temperature reached during the earlier
stage of aerobic degradation, and that methods of raising this initial value should be
investigated.

Consideration of insulation effects leads us to recommend that sites should have a

minimum depth of 15m, and preferably greater than 20 m.

9.4.3 Long-term Comparison of Wet and Dry Sites.

A ke question in the management of landfills is whether (or to what degree) rainwater
should be excluded from sites, and the model was used to investigate this. In order to
investigate different strategies for controlling the moisture content of landfills we need
to consider a combined model for the flows of heat, gas and moisture within the site.
An age factor was incorporated to allow for the changes occurring in the waste due to
decomposition.

The model predicts that wet sites undergo an initial rapid warming period, after which
a high temperature is maintained until the degradation nears completion when the reaction
rate and temperature fall. The model shows clearly that the cause of the drop in the activity
of the site is the reduction of waste mass though anaerobic degradation. After 50 years
the temperature and gas production of a dry site is similar to that of a wet site, but in
this case the model indicates that it is the lack of water rather than the lack of degradable
waste that halts the reaction, and adding water (which may happen accidentally if the cap
cracks) restarts the processes once again.

Dry landfills with their low levels of leachate and gas production pose fewer problems
in their management than wet sites. However they offer little potential for power gen-
eration and remain active (even if only at a low level) for longer periods, thus requiring
extra expenditure on monitoring. It is our opinion that it would be far easier, safer and

(ultimately) less expensive to use wet landfills to process the waste now.
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9.4.4 Enhancing Methane Production

It is usually economic factors that decide whether or not LFG is utilised or simply flared
off. This section proposed a scheme for exploiting the landfill gas at those sites where flows
are below the current threshold for profitable electricity generation. The scheme involves
using the heat produced by burning some of the gas to warm the landfill site itself, thus
raising the internal temperature and thereby increasing the rate of gas production. By re-
injecting unburnt heated LFG into the site, the anaerobic environment is not compromised
and the quality of the gas yield is maintained.

In addition to controlling the temperature within the radius of influence of the injection
well, the process allows the moisture level within a site to be regulated by introducing or
excluding water vapour. The model predicts that the increased temperature and controlled
moisture should enable the optimum environment for the methanogenic bacteria to be
achieved and maintained. The faster reaction rates would give shorter completion times,
and the large throughput of gas could be used to ‘scrub’ some of the pollutants out of the
waste before they could reach the leachate.

We feel that this scheme should be carried out on a trial basis after some smaller
scale experiments. Firstly it is necessary to carry out pumping trials to investigate the
forces required to re-inject gas into a landfill, and also some laboratory work is needed to
assess the response of methanogens to rapidly rising temperatures and the possibility of

establishing a thermophilic culture.

9.5 Miscellaneous Topics.

9.5.1 Settlement.

At present there is no useful scientific evidence with which a model of landfill settlement
can be constructed. As a preliminary step, an experimental determination of the bulk
modulus of various types of fill is required, ideally investigating several categories of waste
and mixtures thereof, both fresh and decomposed, so that a table can be constructed
relating the physical properties of waste to its composition. Such data could be used to

develop a predictive model as originally envisaged.
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9.5.2 Methane Oxidation.

Aerobic bacteria within soil are capable of oxidizing methane escaping from landfills,
and properly applied could provide a means of limiting methane migration. It was con-
cluded that most of the parameters required to model the processes are already known,
and that a laboratory experiment is required to determine the metabolic parameters of the

bacteria.

9.5.3 Doubly-Porous Media.

The doubly-porous water flow model can illustrate qualitatively some of the behaviour
seen in landfills, but due to difficulties in obtaining calibration data (in particular the rate
at which water moves between the major and minor voids) it cannot be used as a predictive
tool. The results suggest that that for a capped landfill the long-term water movement

can be adequately modelled by a more standard singly-porous approximation.

9.6 Afterword.

This project can only be considered successful if its conclusions are widely dissimilated

and acted upon.
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Appendix 3A : Finite Element Algorithm.

In this appendix we give a brief sketch of the numerical algorithm used to solve

equation (3.11), a more rigorous treatment of finite element methods may be found in

Davies (1980). The extensions for convection terms are simple.

Our aim is to find solutions P of the 2¥? order parabolic equation
0A 3] 0A
c==— <D§> +a, (1)

where t is time, z is depth, and C, D, G are functions of z,¢,4. The equation is to be
solved on the region 0 < z < d subject to initial and boundary conditions, with the latter
possibly varying with t. We divide this region into n— 1 elements by taking taking » points
0=d; <ds<...<d,=d across the depth, and attempt to represent P as a piecewise linear

function, of the form

=Y Aa)Mi(2), (2)
i=1
where the A; are triangular ‘hat-functions’, defined as
z ;:lz_l, di_1 <z <dy;
Ai(z) = dH’}%_z, d; < z<diy1; (3)
0, ' elsewhere,

with [; = d;;1 — d; being the length of the ith element. Thus the value of our approximation
to P at the ith node is exactly 4,(¢), with P changing linearly between the nodes. The use
of these triangular basis functions gives good mass conservation in regions where P varies
sharply with z. Given a set of coefficients 4{”,..., A" which describe P at time t,, we wish
to compute another set 4,,..., 4, to approximate P at the later time ¢, + h, and this may
be done as follows :

Multiply (1) by A; and integrate (using the method of ‘parts’) over the full depth to

get the exact expression

d
aP
/CWAjdz: [ — ] /D—A’d —I—/GAjdz. (4)
0

Assume next that ¢, D, G are approximately constant across each of the elements, so that
C ~ C; for d; < z < di+1 etc. Substitute (2) into (4) using (3), noting that A; and A; have

no interaction when i and j differ by more than +1, to get the equation

1 A, 1 1 9A; 1. _9A; 1. 9Ai.q or 1¢

1L Ca J 21 1 Ci LN W0 Mndei RN g M’ R I Sufullly

g1 i1y T3ttt gl 8z 7], _, %)
1 1

+—Dj_14; 1 —

1 1 1 1
] —Dj_lA]' — —D]'A]' + —D]'A]'_|_1 + Elj_lGj_l + Ele]’.
7—1

li_1 I; I;
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The time derivative may be approximated by the formula

04; _ Ai— A

N — 6
o — (6)
and for an internal node (j = 2,...,n—1) the contribution from the boundary terms vanishes,
to give the recurrence relation
lj_le_l _D]'_l lj_le_l _D]'_l l]'C]' _D]' l]'C]' _D]'
— A 1) A, Wt Rt N N
< 6h L, )it sh T, " sn g )t e T ) -

Li1Cj1 (0) 1Ci-1 LG (0) ;;C; (0) 1 1
=T en AT T e Toan ) T e At gl ahic

At the end z = 0, P must have the known value P,,,, and this is imposed on our solution
by fixing
A]_ = Patm- (8)

At the lower end, it is assumed that there is no gas flux through the landfill base, so that

oP
D —

=0 at z=4 (9)

and using equation (12) this corresponds to

ln-1Ch—1  Dyp_y ln_1Ch_1  Dyp_q ln_1Cn_1 (0) ln_1Ch_1 1
— A, A, = ——=A nolnzl p00) —1_1Gp1.
< 6% I > Lt < 3 Tus > T A VR A St
(10)

The relations (8,9,10) form a tri-diagonal system of n simultaneous linear equations for the

variables A4y,..., A4, and these may be solved by Gaussian elimination.
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Appendix 3B : 3—Dimensional ADI Method.

The Alternating Direction Implicit method is based on the idea of operator splitting,

whereby a difference equation with several implicit steps is approximated by several sub-
equations which each have only a single implicit step.

The basic equation under discussion is

C‘Z—f +(V.V)® =div(DV ®)+ F®+G, (1)

where C, D, V, F and G are independent of ¢t and ¢. The diffusion tensor D is assumed to

be in diagonal form, so that equation (1) may be expanded as

9 9 (_ a8\ 9 [ 093\ o [ 3% 98 0% 9%
¢ -2 (p, )y 2 (D, 4 L (022 2 w2 Lreta, (2
a1 3:c< 13:c>+¢9y< 23y>+3z< 3¢9z> 19; " Ve, Vg TFETG ()

taking r = (z,y,2) = (z1, z2,z3) to be a triad of right-handed orthonormal axes. We seek to

solve this on a rectilinear domain Q defined as
Q:{£|a1<£1<blﬂag<£Cg<bgﬂa3<£c3<b3}zﬂlXQZXQg,, (3)

subject to a mixture of Dirichlet, Neumann, Radiation and Flux boundary conditions.
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3B.1 Basic ADI Algorithm.

Define the operator A; as

0] 0] 0] 1
Ai(y) = oz, <Dia;i> —V;a;/; +§F1/), (4)
then equation (1) becomes
9%
C% :A1(<I>)—|—A2(<I>) —|—A3(¢)+G (5)

Divide Q by a rectilinear mesh and let ¢ be a discretisation of & upon this mesh, and £ a

finite difference operator, such that

then a semi-implicit difference equation approximating (1) can be written as

x @ 3
T =3 (6807 + (1- 81669 +6, (")
=1
where each the superscripts ‘«’ and ‘g’ refer to the new and old values of ¢, and the 6;
are constants in the range [0,1]. Note that for 6, = 0 the method is fully explicit along
the z; axis, and for 6§, = 1 the method is fully implicit along the z; axis.
This may be decomposed into 3 consecutive operations over the pseudo-time intervals

(@, 81], [@1,82], [#2,%], so that during the overall updating process ¢ passes through two
intermediate stages ¢? — ©%: — %2 — ©*, thus

C

5(80le — 90¢) :91151(90¢1) + 91252(90¢) + 91353(90¢) +n1G,
C
5(90sz - 90¢1) :92151(90¢1) + 92252(90¢2) + 92353(90¢1) + 712G, (8)

C

5(90* — 90¢2) :93151(90¢2) + 93252(90¢2) +033L3(¢") + G

where
3

0i1 + 0;2 + ;3
Ti = f’ 9, = 9,’,’, ]Z:leﬂ =1. (9)
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3B.1.1 Form of the £ Operator

The £ symbol is a difference operator in one space dimension along the z; axis. We
subdivide this axis Q; into K parts, labelling the junction nodes as zo,zi,...,25x-1, and
writing

hj = zj — zj_1, for j=1,...,K—1. (10)

Denoting the value of ¢ at z; by U for clarity, allows £ to be decomposed as follows: use

central differencing for the diffusion term* to give

Upy1 — U, U, - U
D k41 k k E—1

oz oz %(hk+1 + hi) ’

~ hit1(hetr + hi) ket his1(hesr + k) he(hesr + hi) * hi(hr1 + hi)

=Dy Uk — (0, Dy + B Di—1)Us + Be Di—1Us _1, say.
(11)

where D; is the average value of D across z;,z;41. Upwind differencing is employed with

the convection term thus

Up —Up_
or Vk%, for v, > 0;
Voo & - ’“_U (12)
* Vi — =2k for Vi < 0;
hr41

noting that V(z;) = V4 > 0 corresponds to flow in the positive direction. The remaining part
of £ is simply

1

SFU;. (13)
Using the formulation of (11,12,13) means that the implicit sections of (8) form a tri-

diagonal system, and the explicit sections may simply be evaluated immediately from the

known function values.

* We use D; to denote the mid-point/mean value of D between z; and z; 1.
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Appendix 4A : The Loscoe Explosion.

The explosion at Loscoe in 1986 brought the dangers of uncontrolled landfill gas migra-
tion dramatically to public attention, and it has figured prominently in discussions about
landfill hazards ever since.

However, despite a public inquiry the exact reason for the explosion was never de-
termined. The weather was suggested as a probable cause, but there had been little gas
monitoring prior to the explosion and this hypothesis could not be substantiated. In this

Appendix we apply the computer model of Chapter 4 to this event.
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4A.1 Events at Loscoe.

The landfill site at Loscoe had previously been used as a brick quarry for over a century,
and during this period housing developments had come to surround it on all sides. After
the closure of the brickworks, a licence was granted for limited tipping which began in
1974. This licence was extended, so that when disposal ceased in 1982 the site contained
200,000 tonnes of waste, almost 60,000 tonnes of which were domestic and commercial
wastes.

After closure the site was capped and some landscaping work carried out. However
there was no active ventilation installed, so that the cap encouraged gas to migrate laterally
along adjacent strata. From 1981 onwards several nearby residents began to notice unusual
changes in patches of soil, particularly the death of vegetation and local heating, and
eventually these were reported to the District Council. As first it was assumed that a coal
seam was responsible, but by 1985 an analysis of the gas composition had thrown suspicion
onto the landfill. On 24th March, 1986, a gas explosion completely demolished 51 Clarke
Avenue.

After the incident a considerable site investigation was carried out. It was estimated
that the landfill was producing over 1300m? of gas per day, and surface measurements
near the demolished region showed levels of methane ranging from 0.025% to 32.9% over
the following month, with carbon dioxide varying between 0.1% and 30.1% over the same
time.

The main gas migration pathway between the landfill and the explosion is likely to
have been a 60m long block of sandstone which inclined upwards from the side of the
landfill towards the surface at Clarke Avenue. Using the best available data for the physical
properties of this slab, we have used the model to estimate the volumes and concentrations
of gases moving through it during the period prior to the incident.

Figure 5A.1 shows the atmospheric pressure over Loscoe during 60 days covering Febru-
ary and March 1986, together with the simulated gas flux passing through the sandstone
layer and out of the ground surface during the same period. Note the sudden large drop in
barometric pressure on day 52 when the explosion occurred, and the simultaneous surge
in gas movement — this surge is five times the average level, and over twice the size of the

largest of the other peaks.
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Figure 4A.1 : Barometric pressure and predicted surface flux at Loscoe.

Compositional predictions show that the fraction of methane in the gas would also have
been raised slightly, but this is much less significant than the total flux increase. Thus, all
other factors being equal, the computer reconstruction provides very strong support for
the belief that a sudden drop in atmospheric pressure was the primary trigger factor for

the explosion.
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Appendix 4B : Experimental Results from Sleap.

This appendix tabulates results from the gas monitoring program at Sleap Landfill. The

Standard Deviation of the gas concentration measurements {Cy,Cs,...,Cn} is defined as

where C is the mean Y C;/N of the sample. The correlations given are those between the
gas concentration and either the atmospheric pressure (P;) or its rate of change (dP;/dt),

thus

Cor(P) = —=L : (2)

with a similar formula for Cor(dP/dt). Note that Cor= +1 implies that there is a pure
linear relationship between the two sets of variables, and lesser values (i.e. closer to zero)
indicate that a linear fit is less applicable. A positive value for Cor(P) indicates that
high gas concentrations tend to be associated with period of high atmospheric pressure,
whereas a negative value means that high gas concentrations are more common when the

atmospheric pressure is below average.

Table 4B.1 : Total Pressure Against Depth.

Depth Minimum  Maximum Range Mean St.Dev Cor(P) Cor(dP/dt)
1 982 1034 52 1013.5 11.3 0.995 0.375
2 982 1033 51 1012.9 11.5 0.992 0.385
5 983 1033 50 1013.2 11.3 0.995 0.390

Table 4B.2 : Methane % Concentration Against Depth.

Depth Minimum  Maximum Range Mean St.Dev Cor(P) Cor(dP/dt)
1 15.7 72 56.3 62.97 6.71 -0.040 -0.336
2 33.4 75.5 42.1 65.5 3.72 -0.107 -0.180
5 23.9 69.8 45.9 61.1 4.38 -0.060 -0.059
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Table 4B.3 : Carbon Dioxide % Concentration Against Depth.

Depth
1
2
5

Table 4B .4 :

Depth
1
2
5

Table 4B.5 :

Gas
CH,
COq
0,

Table 4B.6

Gas
CH,
COq
0,

Minimum  Maximum Range Mean
6.5 29.1 22.6 24.5
12.8 27.1 14.3 24.3
11.4 31.2 19.8 28.1

Oxygen % Concentration Against Depth.

Minimum  Maximum Range Mean
0.4 15.2 14.8 0.88
0.3 10.0 9.7 0.619
0.2 11.9 11.7 0.696
% Concentrations at 1m Depth.
Minimum  Maximum Range Mean
15.7 72 56.3 62.97
6.5 29.1 22.6 24.5
0.4 15.2 14.8 0.88
: % Concentrations at 2m Depth.
Minimum  Maximum Range Mean
33.4 75.5 42.1 65.5
12.8 27.1 14.3 24.3
0.3 10.0 9.7 0.619
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St.Dev
2.71
1.34
2.04

St.Dev
1.59
0.81
1.167

St.Dev
6.71
2.71
1.59

St.Dev
3.72
1.34
0.81

Cor(P)
-0.090
-0.104
-0.009

Cor(P)
0.022
0.004
0.013

Cor(P)
-0.040
-0.104
0.022

Cor(P)
-0.107
-0.104
0.004

Cor(dP/dt)
-0.162
-0.023
-0.032

Cor(dP/dt)
0.200
0.063
0.096

Cor(dP/dt)
-0.336
-0.023
0.200

Cor(dP/dt)
-0.180
-0.023
0.063



Table 4B.7 : % Concentrations at 5m Depth.

Gas
CH,
COq
0,

Total Pressure (Pa)

Minimum  Maximum Range Mean St.Dev Cor(P) Cor(dP/dt)
23.9 69.8 45.9 61.1 4.38 -0.060 -0.059
11.4 31.2 19.8 28.1 2.04 -0.009 -0.032
0.2 11.9 11.7 0.696 1.167 0.013 0.096
Total Internal Pressure
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Figure 4B.1 : Gas pressures within borehole at 1m depth.
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Figure 4B.2 : Gas pressures within borehole at 2m depth.
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Figure 4B.3 : Gas pressures within borehole at 5m depth.
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Figure 4B.4 : Methane at 2m Depth.
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Appendix 5A : Solution of Network Equations.

For convenience we re-write equations (5.4—05.7) in the form

Fie—\I’i(Pk), 1=1,...,Ng;
Fy — Cj = Di(Ps + Yy Bi), i=J+Ney J=1,..., Nuj

Gi={ . : (1)
Fl — ®;(Pra — Pip), t=J+Ne+ Ny, Jj=1,...,Np;
EF;—I—EF,?— E FY — EF,f, 1=j+N,+ Ny +Np, j=1,...,N
kecE; keAj kew; kEB;

and re-label the variables as follows

g:(:cl,...,:cN):(Fle,...,FK,p,F{”,...,F;\’;W,Ff,...,FJI\),p,Pl,...,PNC), (2)

where N = N, + N, + N, + N, giving the system of simultaneous equations
Gi(z1,22,...,25) = 0, 1=1,...,N. (3)

This system may be solved using a Newton-Raphson scheme described below (for more
details see Fletcher, 1980) which, since the functions ¥ and & are monotonic, should
converge well provided a suitable initial trial solution is chosen. The actual program
interpolates the values of ¥ and & from data points using cubic splines.

Suppose that z = (z1,..., zx) is the solution of (3) and let & = (h4,..., hx) be the deviation

from this of a trial solution, then we can write
Y. aG;
: —a oG 2
Gile +1) = Gi(2) + 3 he ot (2) + O(h) (4

Assuming that h;, is sufficiently small the term O(hZ) can be neglected, and since G;(z) =0

this leaves a set of N simultaneous linear equations

9G; » 9G; » 0G;
h1+ ho+ ...+

G; h) =
(z+h) oz dxo oz

ha, i=1,...,N. (5)

the solution A being approximately equal to h. The vector A may be subtracted from z + A
to yield a new trial solution, and the process repeated until it converges sufficiently close
to z. Written in matrix form this system looks like
(A B)[5) (%)
hy GN/ (2t
where A, B, C and 0 are matrices. The order of writing z;,...,zy and the form of G; result
in several simplifications since A is an identity matrix of dimension N, + N, +N,, C is sparse

with scattered entries of +1 and zeroes elsewhere, and 0 is the zero matrix.
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Since the four sub-matrices have different formats they are most efficiently represented
by differing structures in the computer program (only D needs to be stored fully). This
means that pivoted Gaussian elimination, rather than the more usual LU-decomposition,

is the optimum algorithm for solving the system in an economical fashion.

CWMO039/92-175



Appendix 5B : Analytical Gas Flow Solution.

Consider a rectangular region of waste which is generating gas and contains M vertical
cylindrical boreholes. Take Cartesian axes z,y,z with 2 vertically downwards. Let the
M wells be at horizontal co-ordinates (z;,y;), with collection zones (typically perforated
sections) between depths z; and z,. This satisfies the condition that the wells occupy
only a tiny proportion of the landfill volume and thus (if blocked) would not significantly
impede the flow due to the other wells.

Then equation (6.1) for the deviation from atmospheric pressure becomes

o*p o*p o*p

+ K, + K

K v
Wy Oy? 022

+Q(z,y,2) = Zvi(z)cﬁ(:c—:ci)é(y—yi), (1)

=1

where K;,, K, are the horizontal and vertical permeabilities, and v;(z) is the strength of the

ith well, defined as the mass of gas extracted per unit length per unit time.

Vi(Ui + s*) cz<
ey %l <z < zizj

vi(z) = { 2(Ui +1/5) ! 2 (2)
0, otherwise.

where s is defined on (z, zi2) by s = (22 — zi2 — 2i1)/(2zi2 — 2zi1), and U; ~ 1.65 is an adjustable

parameter which ensures that the pressure is roughly constant along the length of the well.
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5B.1 Separable Solution by Transforms.
Let the landfill have length w;, breadth w., and depth d, with impermeable base and

sides, and a capped top of thickness I and permeability K;. Hence the rate of gas migration
through the site walls depends only on either the pressure, the pressure gradient, or a sum

of the two, so that equation (6.3) can be expanded to give the boundary conditions

op 0 on 0 op 0 on 0 op 0 on d (3)
—_— = T = wi: —_— = = wo: —_— = z =
oz y W1y ay Yy y W2y 9z )
oP lK,
L— =P on z=0, L= . (4)
0z K,

The problem can be broken down by considering the pressure as the sum of several parts,

P(z,y,2) :Po(:c,y,z)—i—ZPi(:c,y,z), (5)

where P, is the solution in the absence of any wells and P; is the perturbation caused by the
ith well. Substituting expression (A5) into (A1) shows that the the background pressure
Py can be found by solving

9?2 Py 9?2 Py 9?2 Py

QR AN (] Ly, 2) =0, 6
h gz T hay2+ 9.2 + Q(z,y, 2) (6)

which may be done using a Green’s function. The other components of the overall pressure
field satisfy the relation

&’ p; &’ p; &’ p;
92 +KhW+K =v(2)6(z — 2:)é6(y — vi)- (7)

K v ——
h 0z2

where § represents the Dirac delta function. The equation for P; is solved by taking finite

cosine transforms in first z then y, defining

gi,m,n(z) = / {/ P’i(:cayaz) COS()‘n:c) d:c} COS(/J'my) dya An = — HPm = — (8)
0 0

with the result that
Ajelmnt | Ble—lfm,nz; 0<z< 2,1

_ _ V; cos(Az;) cos(py; 12s2¢2 243
FumnlZ) = ) Agennt 4 Byemvnnt — o (KEI)J.+(1/§; <U"+ Pt et ) s <2 <
m,n-*Y e m,n m,n
Azelmn® 4 Bse—um,nz, zi2 <2< d;

(9)
where v2,,, = Ky (42, +22)/ Ky, and & = 2/(zi2 —zi1). The A’s and B’s are constants determined
by the continuity of g; m.. and g;,, ., at z;; and z ; and the two external boundary conditions

on z = 0,d. Sequentially inverting the transforms gives

ad nwe
+2 gi,0,n(2) cos <—>
) 3 siaate)oos (5

S mmy nwe
155 o (22 o (22)

n=1m=1

1 oo
Pi(z,y,2) = m{gz’,o,o-l-Z Z Gi,m,0(2) cos <
m=1

mny
w2
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The linear boundary and continuity conditions on g; ., mean that all of the 4,,...,B;

will be multiples of V;, and (A5) can be rewritten as

Pi(z,y,2) = ViFi(z,y,2), = P =P+ iVEFm (11)
i=1
as indicated in the main text. This expression gives the pressure in terms of the amount
of gas being extracted by each well — whereas we require the opposite relation.
Define F, ;, W; and P, ; as the mean values of F;, P and P, respectively evaluated over
the interface where the perforated section of well ; meets the landfill. Hence W; is the

pressure at the ith well, and we have M equations which can be written as

1?1,1 1?1,2 F'l,M |4 Wi 1?0,1
F271 F272 Vs W, P072
F'MJ FM72 FM,M Vn WM po,M

The matrix of F;; entries has an inverse, with entries &;; say, and pre-multiplying (A12)

by this inverse gives the final solution
M M
V;:Oéi—l—z:hijo, ai:_zhijpo,ja 1=1,..., M. (13)
j=1 j=1

Writing 8; = hy; and p;; = —hi; /B8 produces the relationship proposed in the main text, and

gives p;; = —1.
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5B.1.1 Convergence of Series for P

A convergence estimate is required for the series for P;, in order to know how many terms
are required for accurate numerical evaluation. The vertical distance z; .(z) of a point from

the nearest end of the ith pump is the primary factor determining the convergence rate.
ze =min(|z—2z1 |, |2—2i2])- (14)

If 2z € [2:1, 2 2] convergence is much slower than otherwise, since the particular integral from
equation (9) is then zero.
When z ¢ [21,22], then if the computer evaluation neglects all terms such that
m2 n2

Vmn = Tt 3 <R (15)

the error (P;) caused by this satisfies the relation

Vi
’ wkp,

where E; is the Exponential Integral function, described in Abramowitz & Stegan (1964).

For the case where z € [z;1, 2] the solution does not converge at the § function sin-

gularity. Then an approximation to the error caused by ignoring terms with v, , > R
is N

Pipw 27rVTkh /R %sin(r:cc)dr. (17)

where z;. is the horizontal distance to the singularity. Hence best results are obtained

from choosing R so that the integral is zero. These values are given by Abramowitz &

Stegan, and are approximately z.R = (n + ).

CWMO039/92-179



Appendix 6A : Biochemical Approximations.

The composite substances were grouped to reflect the fashion in which they are assumed

to break down, rather than according to more sophisticated biochemical definitions.

6A.1 Main Biochemical Scheme.

Carbohydrates : This is any substance having the formula
(CH30)m, (1)
it was assumed to decompose into dissolved glucose and alcohols.

Proteins : This formula is based on an rough statistic that an ‘average’ protein contains

50% carbon, 25% oxygen, 15% nitrogen, 7% hydrogen and 3% sulphur by weight.

Cu6H77017N12S. (2)

Fats : The wide variety of landfill waste makes this substance especially hard to formulate,
and it was decided to take it as being composed of equal quantities of palmitic, stearic and
oleic residues.

Cy5H10406. 3)

Acetic Acid : This is treated separately from the other acids because of its importance in
methanogenesis.

CH;COOH. (4)

Carboxylic Acids : These are assumed to be an equal mixture by weight of the propionic,
butyric, valeric and caproic species. The absence of the longer chain acids is compensated
for by having more of the latter two types than are normally found. These have the group
formulae

H(CH,),COOH, n=23,4,5, (5)

which may be combined to yield an empirical approximation for the composite carboxylic
acid

Ce9H138033. (6)

Alcohols : The formula for alcohol was picked so that it would decompose to acetic acid
and the composite carboxylic acid in the proportions of 1:2 by weight. It is thus a mixture

of substances with the description
CH;(CH,),0H, n=1,...,5 (7)
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having an overall empirical approximation

Cr07H13200153. (8)

6A.2 Alternative Biochemical Schemes.

This section details the alternative schemes considered during the biological modelling,
and gives the calculated energy values associated with them as used in the thermal-feedback

modelling. The values of AG® and AH® are given in K J mol .

Overall methanogenic reaction

CGH1005 —|— Hgo — 3CH4(g) —|— 3002(g), (9)

The free energy equations for the breakdown of butanoic and propanoic acids respectively

are
e 12[H+][H,]?
AG = AG® — RTIn <[1?031r{[fé0][01{]] > (10)
AG = AG® — RThn <[Ac_][%{zoé£gjw2]3> (11)

Starch to butanoic, propanoic and acetic acids, plus carbon dioxide and hydrogen.

CeH1005 + HyO — CoHsCOOH + CH3COOH + CO3 + Ha, AH® = —177.8 (12)
CeH1005 + 2H,0 — C2,H;COO™ + CH3CO0™ + HCO3 + 3H™ + Hs(ag), AH® = -165.8 (13)
{1000} CeH 1005 + {111}H,0 — {457}C,HsCOOH + {370}C H;COOH + {272}C0, + {12.3}H,, (14)
CoH1005 + Ho0 — C3H:COOH + 200, + 2Hy,  AH® = —129.6 (15)
CsH1905 + 3H,0 — C3H,COO~ + 2HCO3 + 3H* + 2Hy(aq),  AH® = —112.3 (16)
£1000}CsH1005 + {111} H,0 — {543}C3H;COOH + {543}C0, + {24.7} H, (17)

Fat to equimolar mixture of butanoic and propanoic acids
CssH10406 + 34H:0 — TC3H,COOH + 7C3HsCOOH + 6COy + 37H,, (18)
Cs5H10406 + 40 H,0 — TC3H,COO™ + TC,HsCOO™ + 6HCO; + 20H+ + 37Hs(ag), (19)

{1000}Cs5H10406 + {712} H,0 — {716}C5H,COOH + {602}C2 HsCOOH + {300}C O, + {86} H,, (20)

Protein to equimolar mixture of butanoic, propanoic and acetic acids
13 13
C44H75017N11.5 4+ 19H,0 —>?C'H3C'OOH + ?C2H5C’OOH
13
+ ?C'3H7C'OOH +5C0,+ 11NH3 + H, S,
{1000}CaaHrs017N11S + {322} H0 —{245}C H;COOH + {302}CoHs;COOH

(22)
+ {359}C5H;COOH + {207}C O3 + {176} N Hs + {32} HS
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6A.2.1 Acetogenic and Methanogenic Reactions.

Butanoate to acetate

C3H7;COOH + 2H,0 — 2CH3COOH + 2H3(aq), AGP = —99, AH® =124

C3H7,COO™ +2H>0 — 2CH3;COO0™ + HT + 2H,(aq), AGP = —56, AH® = —126

{1000}C5H,COOH + {409}H,0 — {1364}CHsCOOH + {45.5} H,

Propanoate to acetate

C:HsCOOH + 2H;,0 — CH3COOH + CO; + 3Hz(aq), AG® = —113, AH® =172

CyH;CO0™ +2H,0 — CH3COO™ + HCO; + H 4 3H,(aq), AG® = —170, AH® = —180

{1000}C2H;COOH + {486} H,0 — {811}C H;COOH + {595}CO; + {81.1} H,

Acetate to methane
CH3;COOH — CO, + CHy, AG® = —23.8, AH® = —44.13
CH;COO0~ — HCOj3 + CHy(ag), AG® = —14.6, AH® = -9.2

{1000}CH3COO0H — {733}CO; + {267}C Hy,

Reduction of carbon dioxide to methane
002 + 4:H2 — CH4 + 2H20,
COs(aq) + 4Hz(aq) — CHa(aq) + 2H-0, AG® = —193.2, AH® = —-230.2

{1000}CO5(aq) + {182} Ha(aq) — {364}C Hy(aq) + {818} H-0,

6A.3 Thermal Parameters for Gas Evolution.

CHa(aq) — CHa(g), AG® = —16.35, AH® = +14.2
COs(ag) — COx(g), AG® = +8.4, AH® =+4203
HCO3 + Ht — H,0 + CO5(ag), AG® = +36.4, AH® =476
Hs(aq) — Ha(g), AG® = —17.6, AH® = +44.2
H,0(lig) — H,0(g), AG® = +8.6, AH® = +444.0
H,S(aq) — H2S(g), AG® = —5.7, AH® =+19.1
N H3(aq) — N H3(g), AG® = +10.1, AH® =437.1
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Appendix 6B : Effects of Temperature and pH.

This Appendix summarises the work performed by Dr. Irene Watson-Craik and Sandra
Goldie at the Department of Bioscience and Biotechnology in the University of Strathclyde.
The full report is entitled “The Effects of Incubation Temperatures and pH on the Refuse
Methanogenic Fermentation”.

The main aims of this 10-week project were to investigate the effects of temperature,
low leachate pH and high volatile fatty acid (particularly acetate) concentrations. The
experiments were designed to produce data both on methane release rates, and the turnover

of intermediate metabolites.

6B.1 Effects of Temperature.

Experiments were conducted at intervals of 5°C from 10°C to 50°C.

6B.1.1 Experiment.

Triplicate closed culture bottles (500 ml) were filled with 20g waste and 150 ml phos-
phate buffer. To eliminate problems due to substrate availability, some of the bottles were
supplemented with 1ml sodium acetate after 29 days. The buffer maintained the pH at
around 6.5.

The bottles were initially over-gassed with OFN (oxygen free nitrogen) and at regular
intervals (3—-6 days) headspace samples (50ul) were withdrawn through the subaseals for
GC (gas chromatograph) analysis. After gas analysis the bottles were again over-gassed
with OFN. At intervals of 5-7 days small liquid samples (0.9ml) were withdrawn from
one randomly-selected bottle at each temperature and the concentrations of acetate, pro-

pionate, butyrate and valerate determined by GC.
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6B.1.2 Results.

No significant rates of methane release were recorded at incubation temperatures be-
low 20°C within 43 days (NAS, no acetate supplementation) or 36 days (AS). With a lag
period arbitrarily defined as the time required to achieve a headspace methane concentra-
tion of 0.2umolml ™, the shortest lags were recorded at 35°C.

The maximum rates of methane release were 1.72mmold " at 35°C (NAS) or
1.99mmold™" at 30°C (AS). Although the maximum release rates were comparable in
the NAS and As cultures, methane release rates from replicate bottles varied considerably,
presumably due to heterogeneities in the small waste samples.

Acetate was usually the VFA present in the highest concentrations. At temperatures
below 25°C the concentrations of all the acids (particularly acetate) increased with time,
suggesting that acidogenesis and acetogenesis are less sensitive to low temperatures than
methanogenesis (a similar effect was observed above 40°C).

At incubation temperatures of 30°C and 35°C acetate concentrations initially increased
then decreased significantly, presumably due to elevated methane release rates, and a week

later methane production also declined probably due to substrate limitation.

6B.2 Effects of pH and Organic Acid Concentration.

Experiments were conducted at pH intervals of 0.5 from 5.5 to 8.

6B.2.1 Experiment.

Triplicate closed-culture bottles were set up as for the temperature investigation, with
the phosphate buffer adjusted to provide pH values over the range 5.5-8.0. The NAS
bottles had 150 ml of phosphate solution added, whereas the AS bottles had 140 m. After
26 days, 10ml of either 0.15M or 1.50M sodium acetate solutions were added to the AS
cultures. All the bottles were incubated at 30°C.
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6B.2.2 Results.

The pH effects over the interval 5.5-8.0 were seen to be less than the temperature
effects over the range 10-50°C. Significant methane release rates were recorded in the NAS
cultures over the range 5.5-7.5 Variations in lag-time were also less, with no significant
differences observed over the interval 6.0-7.5.

This investigation, together with other experiments carried out by Dr.Watson-Craik,
indicates that methanogens have much broader pH optima than generally quoted in the
literature. Methane release rates seem comparable over from pH 6.0 to 7.5, with a minor
reduction at 5.5 and a significant at 8.0.

It was unclear whether acidogenesis and acetogenesis were also partially inhibited,
since elevated VFA concentrations were observed in some of the duplicate bottles at the
ends of the pH range tested, but not in others. Immediately after the addition of the
acetate supplements there was a 1-2 day period of reduced methane production, and
the introduction of oxygen dissolved in the liquid supplement was suggested as a likely
explanation.

There was no evidence of methanogenic inhibition due to the acetate supplementation
in the pH range 6—7. This corresponds to peak acetate concentrations of 100 mmol (equiv-
alent to 5000mgl™"') and it is therefore thought unlikely that methanogenesis in landfill
sites is inhibited by high acetate levels per se.
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6B.3 Analysis of Landfill Waste Used in Experiment.
Below is the analysis of the 2kg waste sample (from the Wilderness Landfill, Bishopriggs)

used for the bottle experiments. All units are mgkg " except where stated.

pH 6.76 Cd <0.1
TOC 27.2% Cr 8
calorific value 42277 gt As <0.1
moisture content 32.3% Pb 59
cellulose 33.3% Hg <0.1
lignin 9.92% Cu 296
fluoride 26.2 Ni 102
chloride 650.8 Zn 114
nitrate 2.9 B 17
phosphate 87.4 Fe 44480
sulphate 1484.0 Mn 268
carbonate 25.1% Al 16590
VFA 26 Ti 172
A" 494
Mo 1
Sb <0.1
Mg 5695
Na 28
K 36
Ca 24650
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Appendix 7TA : Solution of Gas Flow Equations.

It has been observed that the permeability of landfills to gas flow is often much greater
in a horizontal direction than in a vertical direction. The problem considered here is the
flow of gas under pumping in such a landfill (using cylindrical polars with axial symmetry).
A small parameter ¢ = K, /K}, is introduced and the solution for the pressure obtained as a
series

P(r,2) = Po(r, z) + ePy(r, 2) + O(c?). (1)

The equation governing gas flow under the above conditions is

18,6 8P o*p
;E(rﬁ)-l-eg + H(z)é(r) = 0. (2)

where H(z) represents the pumping from the line » = 0 and need not be continuous. A crucial
factor in solving (1) is the magnitude of this pumping term which must be consistent with

any boundary conditions applied.

7A.1 Sealed Site.

Use of a no flux condition at r = a say, forces H(z) = O(¢). This can be seen from solving

(1) to O(1). If H(z) is O(1) the solution is
Po(r, z) = b(z) — %H(z)log . (3)

But imposing &€ = 0 on r = a requires H(z) = 0. Hence H(z) is O(e), and the first order
solution is simply

Po(r, 2) = b(2), (4)

with b(z) to be determined by the examination of higher order terms.
Write H(z) = eHi(z) and consider terms in (1) of order e. This gives

19, 0P,  d°P B

which can be integrated twice w.r.t. r to yield the result

2d*P
Pi(r,z) = —TZW;—i—cl(z)logr—l—dl(z), (6)
where ¢;(z) = — ;L Hi(z). Applying the no flux condition on r = a now provides the required
equation for P, ie.
d’Py 2
o2 = g2l®) (7)

This result can be fed back into the equation for Py(r,z) to give

Pi(r,2) = c1(2) [log r— %] + da(2). (8)
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7A.1.1 Gas Velocity.
The gas velocity u is given by

The radial component is found (by differentiating equation (9)) to be

1 1
up = eKpe1(2)r [r_z — a_z] , (10)

and the vertical component u, is found by integrating the pump strength c(z). In areas

where there is no pumping (c(z) = 0) the velocity is seen to be constant and vertical (u, = 0).

7A.2 Practical Problems.

In practice it is virtually impossible to ensure a no flux condition on the boundary
r = a, so a more feasible condition needs to be used. One possibility is the standard leaky

boundary condition
Lop
a Or (
where L is a measure of the integrity of the boundary. For large values of L (ie. if L= 0(%)

a,z) = P(a, 2), (11)

similar gas flow patterns to those in a sealed site are observed.

7A.2.1 Slightly Leaky Boundary.

The problem is now considered with the leaky boundary condition ().

If L is O(1) the problem is trivial with the first order velocity being simply (<2,0).

T

However for L = L;/e the structure of the no flux solution is retained, and

P(r,z) = Po(z) + ePi(r, 2) + O(e?), (12)
where ;
e (13
and
Pi(r,z) = _g <% + :—;> +erlogr + dy(2). (14)

7A.2.2 Consequences

If the low flux boundary could be achieved in practice the even velocity distribution
achieved would be extremely advantageous in any ‘hot gas recycling’ scheme. A suitable
arrangement would be two pumps (one sucking, one blowing) placed at any convenient

(x,y) coordinates, but at depths which differ by the greatest possible amount.
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Appendix N : Main Notation.

This appendix lists the variables used for the mathematical models in each Chapter,

and the associated sections of Chapter 3.

N.1 Notation for Chapter 4.

k decay factor for gas evolution/solution rate, s=1.

Qi mass rate at which molecules of gas i are evolved, kgm=3s~1

t time, s

u Darcy water velocity, ms~1.

v net Darcy gas velocity, ms~1.

2 depth co-ordinate, positive downwards, m.

C; dissolved concentration of solute i, kgm~3

D}, binary diffusion coefficient of gases i and j in free space, m?s~1.
D;; modified binary diffusion/dispersion coefficient of gases i and j, m?s~?.
E; combined diffusion and dispersion coefficient of gas i, m?s~1.
EY combined diffusion and dispersion coefficient of solute i, m?s~1.
H Henry’s constant, kgm—2Pa ",

K permeability of site to gas flow, m2s~!Pa".

K, vertical permeability of site to gas flow, m2?s—*Pa™".

P total pressure of gas, Pa.

P; partial pressure of ith gas, Pa.

Q total rate of gas evolution, kgm=—3s-!

S; rate at which molecules of gas i are created by biochemical activity, kgm=3s-!
T2 half life for gas evolution/solution, s.

14 an arbitrary volume within the landfill.

v surface surrounding volume V.

Y conversion factors from gas densities to pressures, Pam®kg ™’

© void fraction occupied by gas.

6 void fraction occupied by water.

oi density of ith gas, kgm=3

T, T tortuosities for diffusion in gas and water phases.

Q rate of gas evolution/solution, kgm=3s~1.
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N.2 Notation for Chapter 5.

A;, B;

the set of pipes having end 4, B connected to node ;.
the set of extraction pumps connected to node .
fluxes through pumps, wells and pipes.

permeability of landfill.

horizontal and vertical permeabilities of landfill.
vertical permeability of capping layer.

capping parameter.

number of wells in site

total number of components and nodes in a network.
number of pumps, wells, pipes and nodes in a network.
pressure at point r, within site, Pa.

pressure at connection node i in Network analysis, Pa.
deviation of pressure from atmospheric value.
atmospheric pressure.

component parts of pressure field in YRC derivation.
volume-averaged rate of gas extraction.

rate of gas extraction at well : per unit length.

the set of wells connected to node .

thickness of capping layer.

location of a point within site

flux at well : when no suction is applied to any of wells.
flux proportionality at well ;.

void fraction available to gas.

yield reduction coeflicient due to well j acting on well ;.
flux function for pump i

flux function for pipe i in A — B direction.
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N.3 Notation for Chapter 6.

E rate of substrate utilisation in Monod’s Law;

Gij mass of the ith primary substrate, of decay speed j;

H rate of gas evolution from the leachate;

K; half rate constant in Monod’s Law;

kq endogenous death rate in Monod’s law;

N smoothing interval;

Q net rate at which a solute is created by biochemical activity;

t time;

T temperature;

14 rate of excess gas venting;

Xy, Xu, Xa mass of alcohol, acetic acid and organic acid per dm?’;
X4y Xp mass of acetoclastic and H,-methanogens per dm?;

Y growth yield coefficient in Monod’s Law;

Z; concentration of substance i per dm’ of landfill liquid;

6 the fractional volumes occupied by water;

© the fractional volumes occupied by gas;

v, empirical decay rate coeflicients;

Phs Pes Pgs Prs Ply Ps the densities of H,, CO,, CH4, N», NH; and H,S in the void space;
Q net rate of water inflow/outflow.
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