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ABSTRIACT

A two phase experisental program was conducted on a high
rate anaerobic downflow stationary fixed filam (DSrr) pilot
plant onr< a period of four months to allov evaluation of
three  “4nput varisbles: influent COD concentration,

volumetric organic loading, and hydraulic retention time.

It was éound from txh. tcsu}t:— of the first phase
experimental progras that the perforsance of the DSrr
reactor treating d:iry wastewater is lisited by the levels
of 7011(!: and volatile fatty acids content of the effluent.
Bovever, COD removal ‘ofticionciu up to 85%and s rate of

gas production up to 8.30 wn3/m3/day were achieved depending

. on operational conditions.

The statistical analysis of operating data resulted in
the conclusion that wohcn individual control variables, je.’
influent COD comcentration, flow rate, and volumetric

organic loading, were used a relation between the individual

‘"ccontrol variables and ottlgont conconttaticﬁa does not exit.

Bovever, vhen the control variables were analyzed together,
60% of . the variance of effluent filtered COD, 82% of the
variance of acetic acid content of the effluent, 77% of the

wvariance of gas productioi, and 85% of the variance of
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substrate resovil rate were explained by the threse coatrol
variables, The Tresaiming unexplained rwvariations are

L)

+ imherent to the process itself.

2

Box - Jenkins tise series modelling emables to predict

the effluent filtered COD using both’“voluntti‘c organic

loading and influent filtered COD cénconttdtion.
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Un prcq;.--’o exp@risental fut mené lors d::mc étude
pu:oto consistant en un digesteur anaoroﬁique de haute
performance hLbiotun fixe (DSrr), sur une periode ﬁde\quatre
gols divisee en deux ph;sos. persettant 1'evaluation de
ttoisa variables: concentration de la DCO 2 1lv'influent,

s

charge organique volusstrique et tetips de —retention

Aydraulique.
) \

RN .

A partir des résultats obtenus lors de la ptoli';to phase’

expeTrinentale, nous .avous " trouve que 1la p'otfot’anco gu’

teacteur DSF? traitant des eaur. residuaires de lajterie est

lisitee par les niveauxr de solides et acides organiques

+  volatils 'daps 1'effluent. Cependant, 1°'éfficacite de
'

tzaltement de la DCO a atteint 83% et un niveau de

production de gas de 8,30 m3/n3/jour dépendant des

conditions d'operation.

Les analyses statistiqgues des donndes eampirigues ont
permis de¢ conclure gu'aucune relation consistante n'existe
atre 1:, variables individuelles de controle et 1la
concontr;tion de l'cfgluunt. - Cependant, quand les variables
de controle sont analysees enseable, 66% de 1la variance de
ncol ‘-!utrao, 82% de lia nr'ianc. du contenu en acide acetigue
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- 3¢ 1cefflueat, 76% de la varisace de la .production de gaz,
. - 85% de la variamce des vitesses d°dlimation sont expligquees
per . les trois variables de controle. La' wvariance
aon-expliques est due ad procedé de traitement ., ' ,
L'stilization de la.sethode Box ~- Jenkins perset de
.. /.
T prevoir le DCO filtree a la sortie en utilisent 1la charge
. orgmumigue volumétrique et la concentration de la DCO filtree
- 8 lviafluent ‘
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1. INTRODUCTION .

The anaerobic sludge digestion process is not a recent
development. At least 100 zeirs agQ in rrance, Louis Houras

designed and constructed fermenters to liquefy the sludge

obtained from domestic wastes (Bnéuéll, 1964) . Since the

turn of the century, the anaerobic fermentation process has
been used éxtensively in the treatment of vastewater solids,
~ie. sludge. hciovet. the first digesters vere used
primarily as storage basins, It has only been t.COhti] tgat
" new anaerobic digestion processes have evolved either up to
pilot or full scale operation for application to 1lovw,
medium, anh high strength %annic wastes, and for methane
production from biomass as a roneiaglo source of energy.

-

It Dhas hodi\~pOin€od out that anaerobic treataent of

. orgamic vastes may be described as a sequential three step
[N »

process involving the conversion of complex organic material
found in the wastes to sispler soluble organic compounds
(Korsanik, 1968). The soluble organics are then converted
by acid forming bacteria 'into short chain fatty acids,
called volatile acids, 1ie, ultisately acetic acid, as wvell
as carbon dioxide, hydrogen and other end products.

Pinally, the volatile fatty acids are converted into methane

_and carbos dioxide by methame forsing bacteria. Other aciids

A
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aust tirst”bo fermented ‘to acetic ' acid (Kor,anik, 1968;

Toerien and Mattingh, 1969; Henze and Harremoes, 1983).
l‘ " N
Studies on anaerobic digestion treatsent and its

application over a nusber of 'yéats have demonstrated that

certain factors influence dibestion. It haSJbeen foua? that
the potential 1£actors influencing the perfornancé of a
specific diqestor' are organic and hydraulic 1loading, torxic
overloading, the ggnperatuté of operatfon, the dqsign of the

digester, the mode .of operation, and the source of inoculum

of microorganisas required to digest the .substrate (Kotze et

al, 1969; Gtact' and Andrews, 191‘;‘ Henze and: ﬁarre-oes,'

2]

"03).' ! , f ' .

The following factors are most' frequently used to
» c \
characterize a diqsgter and arﬁ' norsally used to indicate
the course of anaerobic digestion: pH, alkalinity, volatilq

3

fatty acid concentration,” the rate of gas production ahd gas

A -

cosposition. , ‘ S ’ ,

The development of high - rate .methane ‘fermentation has

'meed for/greater effipicnc} and AQCQﬂOI] in the treatment of

municipal and industrial vastes. Several have been St;died
S

oR itborntory scale, 'and only a few have been demonstrated

o Y —pe

' produced a variety of pgocoss configurations to satisfy the

P
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aé;fnll scale (ﬂéettjes and Van der r, 1979)., A common, <
aspect among these systems is the rétention .of active
aicrobial biomass in the digester, instead ?f allowing it to
escape with the treated effluené, thu; d;veloping a 1onq’
solids retention time which allows operation~ ;ith a
relatively short hydraudlic retention time, increasing

process stability and decreasing reactor volume (Young and

McCarty, 1969; Van den Berg and Lentz, 1979). : \

o
) LY

The present project is concerned only with a high - rate

s}

downflow stationary fixed filn,.(DSPrl anaerobic ‘Féactor.
The downflow stationary figgd fill renZt?% iztentlya
dcveioped at the laboratories of Canada's National R%}earch
Council has alleviated wmany of the problems that are
associated with conventional a;aerobic digestion. Accordiﬁga
to" Van den Berg and Lentz (1979), Kénnady and<:Vaﬁ°den Berg
(1981, 1982), and vYan den Berg a;d Kennedy (1981, 1982), the

process has provided adequate treatment of medium ‘and high

strength wastes, c¢ould be changed over from one waste to
another without adverse effects, Eould be operated at

. Q
temperatures as lov as 10°C, and could handle severe organic : \\\\

and hydranlic‘overloadinq,'both(interlittent andlcomtinuous.
r;rtherlote. these studies have implied that the process is
availﬁble to treat soluble and concentrated vaftes, without
the need for solids recyc{g.’ q T - l

-4 N
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‘Bany food an? dairy ‘opetations produce ,iatqe quantities
(;f high strength waste (effluents that constitute a. major
d‘ispdsal problea. Hany of these =streams are soluble, yet
have a BOD, and/or COD in the range of 40 mg/1 - 48000 mg/1

&
(Rarper et al, 1971; Brown and Pico, 1979). The high

strength of the wastes makes conventional aerobic treatment

very difficult and eaxpensive.~ Ther;efore, the DSTr's ability

makes it ideally suited for such applications,

]
v

Despite the widespread application of the anaerobic .

digestion pProcesses and its theoretical benefits, the design
and operation of these systems 'have been very conservative,
'ptinatily because of the debate that exists anmongst
researchers about the degree of empiricism that prevailed in

the design and operation, "While recent studies have

~siquifi.cant].y increased the understanding of the

microbiology and biocheaistry, and factors infiuencing

* anaerobic digestion treatsent, a.more rational approach to

the design and operation olf the systen is possible.
-7

w

A survey \(}f design and operation approaches presently

*

being ‘used to describe t{:e anaerobic diqest:[on process

]
indicates that kinetic reaction relationships have been uged

successfully in predicting the performance of anaerohic

processes treating sunicipal and industrial vastes.

o

]
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rh.‘nthonti‘.cal sodels are based on the assuaption of

n

steady state and/or use equiiibtiu- relationships,

stoichionettic, coefficients, material balance relationships,

mass transfer eguations, and diffusipal coefficients tg‘

reflect the interactions which occur in and betveen the
bioioqical, liquid, and gas phase (Andrewvs andacraef, 1971).
The extention“of this approach to anaerobic fired films
toact?rs has provided:a weans for unifying the abvailable
data and serves as a gquantitative basis in describing future

process performnce.
4

These podels havé broven their value on a qualitative
basis by indicating needed changes in system analysis
(Huller and !!anncini. 1975; DeWalle and Chian, 1976; Rittmann
and NcCarty, 19803. fowever, in most instances, they are
not adequate to'deséri!;e‘ process operation since the inputs
are far from constant, and there are considerable variations
in the effluent response with respect _ to T timee. An
alternative to these ty};es of -models, although not
necessarily a competing one, is dynamic nodclli;xq. one such
method is the Box - Jenkins Tiie Series Analysis (Box and
éenkins. 1976). This method has been successfully applied
to aorol;ic proéesses snéh as: activated sludge (Berthouex et

al, 1973: Kenneth and Sims, 1981), rotating bioloéical

contactor (filion et al, 1979), suspended growth systeas

' }

i

. o
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(Bmrphy et al, 1977), and to the biologiacal fluidized bed
process (Mutt et 2al, 1981). It was used to determine the
extent to which treated effluent is related to' the influent,

-

and, to predict effluent response under different

. operational conditions. < . ' ,

-

The objectives of this present vork were, ‘t'herefore, to
assess the influence of control variables on the perforsance
of a'hiqh rate DSPY anaerobic reactor under different
operating conditions; to detersine the nature and extent of\ .

the variability in effluent quality and gas production; to
identify factors contributing to this variability through
statistical analysis of pilot plant data; to ipply Box -

" Jenkins tine series transfer function -~ noise models to
y " characterize the dynamic response.of a DSI?F rgactor undejx a

given organic loading condition; and to develop a tiwme
series model to predict effluent response of <the DSFr
‘ reactor. The resultaat model, vhich relates effluent
”rcsponse to variations in the influent vatiables,xdefinesq
indicators of process response such as the process gine

constant, the process steady state'qain. and the process

dead tine.
. A

To achieve the above objectives,. a two phase

(" / * experisental program was conducted on a high rate anaerobic

PR VR KN cin i
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nsrr‘ pilot plant at the Wastewater roc.hnoloq'y Center, Canada
Center for Inland Waters, Burlinqt&x. Ontario, over a‘perio’d
of four sonths, (December, 1983 to April, 1984&), to allow
ovalnatiol'i 9f thllroe‘ input variables: influent substrate

concentration volumetric 1loading (kg

(mg/l
éon@:a/day). and hydraulic retention time (days).

as CoD),
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2, AVAEROBIC DIGESTION PHOCESS OVERVIEW

-
4

" . 2+1s A Brief History of the Anaerobic Digestion

Process

~

\

Anaerobic digestion, as applied to lastelat;r treatment,

appears to date froa the Austin Tank by HNetcalf, having

~£irst been

(1860) , Louis H.

"Nauras Autonmatic sbavenqet".

constructed in 1857, About the

-

same tinme,

/

Mouras, a TFrench engineer, budlt the

Liquifaction of organic
-’

so0lids was the. re&oqnized effect of the action in these

tanks aﬁd this

vas early attributed to anaerobic organisss

by bacteriologists of the time (Buswell, 1964), |

Separation of sedimentation and digestion by means of a

" two storey tank was the next development,

The Travis Tank

4

built in England and the Imhoff tank of Germany, circa 1907,

were the most successful examples,

The Imhoff tank found

° wide use in the U.S. largely because of its suitahility to

the hot summer climate (Buswell, 1968),

-

4

In the meantime, Imhoff and co-workers in

chenistry ané

(o

<@

chtotidloqy required . for

Geraany, and

O'Schangiessy in, "England had dove;oﬁod much of the  Dbasic

.

-

starting and

operating an;crobic sludge in either two storey or separate

v — " oy — o S 2t
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tanks (Buswell, 1968).,

Y ]

To susmarize the sitnatiol'x. as of 1925, anaerobic

d'idcstion had the following characteristics : (1) It

produced an inoffensive stable sludge vwhich dried egsily to

a Jdisposable consistency: (2) Approximately half of the
organic matter vwas converted to a gas and . the BOD of the
sluwdge was reduced by an egquivalent amount; (3) The process
required a large inoculum and thorough  wmixing; (8) If
insufficiently seeded, acids developed and th; forsation of
methane vwas partly or completely inhibited; and (5) The
tanks to accomodate the proper amount of seed were large and
hQI;CO the capital cost was high. Anaerobic digestion was
attractive because the products vere completely disposable.

The gas could be burned for heat or pover (Buswell, 1964).

-

]
During the more recent past nev anaerobic process

contiqutat;o;:s have evolné for application to bath
sunicipal and industrial wastewaters, The need for qr‘:oa!:er
efficiency and economy in the‘ treatment of industrial and
municipal liquid wastes and interest in methane production

‘from biomass as a2 renevable source of energy has led to

‘reneved interest in ana'erobic digestion and the study of new

types of fermenters., These new types have in common the

ht.tcntian of active namicrobial biomass in the fersenters,

o
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10
instead of allowing it to escape with the' treated effluent
\(Vn der Bergq and lentz, 1979), In order to meet the
various needs of municipal a“nd industrial vaste treatment a
wide variety of systess have evolved either up to pilot or
full-scale operation, These include the follovwing:

attached film expanded bed reactor (Switzenbaums and Jewell,

'1900): anaerobic fixed file reactor (Vvan den Berq and Lentz,

1979); anaerobic filter (Young and HNcCarty, 1969); up-flow
anasrobic sludge blanket-reactor (de Zeeuw and Lettinga,
1980); two-phass digestion process (Cohen et ;1, 1979) . *
P

In general, all these various types of the anaerobic
process are ‘capable of achieving the goals of aaximizing
.-cthane vields and- production rates, increasing process
stability and the most important, decreasing reactor volunse.
Hovwsver .each process configuration 'h_as 1Ats associated
veaknesses and disadvantages vhen wastevater characteristics
(such as contents \of soluble and insoluble organics),
pumnping roquiral'ent, structure of reactor, reqnirelents' of
o?'ctlation and nmaintenance are involved in design and

operation (Yang and Wong, 1982). “c
. | i \ ,
2.2. Theory of Anaerobic Digestion ¥reatment

in understanding of the fundanmentals of anaerobic

’
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;lcconposition is helpful for proper du!cjn. operation, and
control of anaerobic processes. This is especially true
vhen considering the relative merits and ' potential
applicatiois of the process to treat large voluaes of
vastevaters froa domestic, industrial, comsercial, and

agricultural sources.

A brief review of the general principles of anaerobic

treataent is presented to facilitate further discussion.

Decomposition of orgqanics in an anaerobic process is an
extrenely complexr symbiotic interaction of a variety of
amaerobic and facultative bacteria (Toerien and Hattingh,
1969). Decomposition of cosplex and soludle orqanicé can be
characterized as a sequential, three-step process involving:
Step 1 : Hydrolysis of suspended organics and soluble
organics of high molecular weight.

's.tep 2 : organic acid forsation and degradation of small

ofqaqic molecules to varlious volatile fatty acids (¥Yri),

ultimately acetic acid.
Step 3 * Production of methane primarily fros acetic acid

but also froam hydrogen and carbon dioxide.

However, it should be nndorstood\ that even though the

snaerobic process is presented as Dbeing sequentjal in
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natare, the three steps take place sisultaneocusly and
synchronously in an active, vell- buffered systes (Benefield

and Randall, 1980).
’ .

In the first step, insoluble and soluble organics of
high molecular weight such as lipids (fats, fatty acids,
etc.), cellulose, proteins, and carbohydrates are converted
to 1less coaplex soluble organic compounds by enzymatic
hydrolysis produced by a heterogeneous group of facultative
and anierobic bacteria. Hydrolysis of thif coaplex organic
naterial occurs‘ when extracellnlrar enzymes catalyze
I;ydrolysis of co,plex carbohydrates to simple sugars;
proteins to peptides and amino acids; and fats to peptides
and fatty acids (NcCarty, 1964; Korsanik, 1968; Toerien and

Battingh, 1969; Benefield and Randall, 1980).

In the second step, these bacteria then sabject the
products of hydrolysis to fernntﬁtions, B-oxidations, and
other metabolic processes leading to the formation of simple
organic compounds, sainly short chain alcohols, and wolatile
organic acids such as acetic, propionic, and butyric aciads
along with the gaseous products of coz,\cau. ¥2, and H2.
This stage .{; comaonly referred to as "acid fermentation®.
The type and-quantity of the’end products of the second step -

depend on the pH, the teaperature, the relative fractions of

\
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fats, carbohydrates, and proteinsuin the feed, the wpresence
or absence of specific trace nutrients, the characteristics
of the microbial flora, the solids retention time (SRT), and
t)o\bio-choilcal or other mechanisas available for ultimate

\

removal or stabilization of the second step end ptoduct;.
)

It should be noted that in this stage organic nsaterial is

simply converted to organic acids, alcohols, and new
bacterial cells so that little stabilization of BOD or COD
is realifed (McCarty, 19683 Kormanik, 1968: Toerien and

Battingh, 1969; Benefield and Randall, 1980).

ﬂo!gver, in the third step, the end products of ' the
first twq steps are converted to gases, mainly methane and
carbon Q}oxide, by several dif{arent species of strictly
anaerobic bacieria called "the 6 methane producing bacteria%™,
rhué. it is here that true stabilization of the influent
substrate, BOD or COD, ogcurs, in which the volatile organic
acids, wmainly acetic, gropionic. and butyric ‘acids are
gasified to methane and carbon dioxide as a result of growth
and metabolism of the obligate anaerobic methane bacteria
(Kormanik, 1968; Kotze et al, 1969; Toerien and Hattingh,
1969) . The exception to this, underl anaerobic conditions,
is removal resulting froam formation of hydrogen or reduction
of inorganic electron acceptors such as sulfates, nitrates,

and nitrites (Kotze et al, 1969). The composition of the

e

. .
.
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microbial population 'imn an e2naerobic digester will be
dependent on . the c:'onposition and amount of substrates it
receives, 1In g\rneral, licrohia; growth rates and relative
response to changes in the environment vary anéng‘ groups
(Toerien and Hattingh, 1969).

% general outline of the metabolic 'pathways and
microbial ecology is sunlati;zed (in rigure 1 vhich shows the
four groups of bacteria now believed to be involved in the
apperently simple conversion of glucose into carbon dioxide

P .
cz'bdv;c_rdu .
— O' \)

and methane,

. @, -® CHe2HO

Figure 1. The Microbial Ecology of The Anagrobic Digestion
. Process (After Mosey, 1983)
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2.). Comnon Pactors Affecting Amaerobic Diqostiona

Preataent

Studies on auorol;ic éiqestion treatnnt' and its
application over a nusber of years have demonstrated that
certain factors influence digestion. Mo single factor,
(parameter), can be used as a control measure of the process
of anaerobic ﬁiqestion, as the deqradation of organic matter
to nethane and carbon dioxide, is brought about by a
heterogeneous amicrobial population (Kotze et al, 1969) .

In diqcs£1qn practice, process failure has occurred in
sose cases sisply bccan;e an ’operator did not recognize the
signs of ispending difficulty, It is likely that failure
couldv have been off;ot ha‘d the proper pto'coss variables, viz
input loads, effluent quality, pH, VFA and alkalinity, gas
prodeuction and gas co-pos'ition, been monitored at an

appropriate frequency (Graef and Andrews, 1978),

A lack of agreesent has persisted over what variables or
combinations of variables provide the Dbest 'Iarn'inq of
pending _digester j.nstability (HRenze and l!arr.noos, 1983),
Oone of the objectives of this work is to identify those
digestaer variabies that best indicnto the reactor conditic;n

and provide sufficient warsing of ispending fallure.

™,
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2.3.1. Potential ractors Affecting The Stability of

)

Anaserobic Digestion Treatsment
. . ,

’ 3

Potential factors  of digester  instability .and
vatlahiiit,, and ultisate tailqrei are hydraulic, organic,
and toxic qverloading, Behayior of the DSTr rena“ctor under
various levels of h}dranlic and organic overloading have
.been analyzed herein and the DSPP's responses to the
operational factors are po;.nted out in further sections.
The influence of toxic overloading on thg’ DSPF reactor was
not analnéd herein, ‘ but will be considered im the present
section for understanding the causes of instability that
interfere with sethane ferléntatigh\ |

< S

In chemostats hydraulic overloading ogéurs whenever the
'iffoctiv‘c rgsidence ‘tile; which is defined as'the effective‘
_resctor volume divided by vthe influent wastevater flov rate,

is reduced to the point at which organisas canno€ reproduce
before Dbeing vashed !ou‘t (Graef and Andrews, 1974),
Bffective tesid;ncc tine can - ;1so be decreased by volume
changes if excessive solids’ accumulate in the reactor
causing clogging, channrelling, and shqrt circuiting, or when
. insnfﬂcinnt mixing prodncﬁos - stagnation . zones in the

reactor. ( g ‘
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3

—Orqanic overloading can result whenever an excessive
mass rate of organic addition to a digester causes an

adicunulation of yrFra that can

organisas. This can be <caused in practice by & sudden

increase in the organic feed concentration

Andrews,

attempting to start up a Qiqester too

rapidly, and excessive digester loading on ar infrequent

basis (van den Berg and Kennedy, 1982; Kennedy and Droste,

o

1983).
~ "
[ <oy

Toxic overloading can

2

that can’' kill the methanogenic organisss. For

B

faterial

o=

ocrganic cheanicals,

4

'metals, ‘detergents,

example, heavy

apmonia, and various catlions,
. o N

possible contributors.

{

P

Inhibitory substances are introduced into. the digester

in two wvays: 1 single slug addition of toxica;nt may occur,

nominally termed "transient toxicity" ‘(intermittant slug,

doses nay "also "occur), and inhibitory substances may be
/ ) L
chronically present in the influent

continuously to the system along with the organics and other

. nutrients (Parkin and Niller, 1982).

[}

» .
A

inhibit the methanogenic

(Graef and -

1978) . Two typical cases ‘readily found in the

be caused Sy the introduction 6f~ﬂ

Ma, Ca, and Ng are alil

waste and be added’

3

-
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1

2.#.g Principal Indices To Indicate The Course of -

| Anaerobic Digestion Treatment -
{ .

|

!

\3‘!'he following factors are most frequently. used to
~ r

chu.jacteriza a digester and are normally used to. control

anaérobic digestion: pH, alkalinity, volatile fatty acids,’

* l
(vhich are interdependent), the rate of gas production, and

v ]

con#osition of the gas produced.

1
|
2.8,1. pH, Alkalinity, and volatile Pratty Acids (¥Vra)
i
!
|
‘,f The heterogeneous bacterial population in -an anaerobic
|
di?ster comprises a wide - variety of bacterial species,

-

!a#h specific species has -an optimus pH range in which
qrqllth is best anad ix; ﬁhich its metabolic processes function
atfloptinn- levels., In anaerobic diqestio; the optimum pH
tM‘th is the integral result of the different contributions
by‘thc different reactions taking place (Kotze et al, 71969),
(see Figure ). The preferred pH range for anaerobic
treatment 1is from 6.4 to 7.6 with an optimum range of

approximately 6.9 to 7.1. Beyond these linmits digestion is

»
>

less efficient (van den Berg et al, 1976).

|
|
|

At p!l“.( 6.2 the efficiency drops off rapidly, and the

acidic conditions produced can become toxic to the methane

a

1 N

A
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P (NcCarty, 1968).
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bgctoria (ccarty, 1964; Benefield and ' Randall, 1980).
Whatever the pi of a digester in equilibrium may Se. any
_definite drop in pH valué, as a result of production of VvVra,

: will be an indigation of a disturbance of this equilibrium '

and vill necessitate some method of control (NcCarty, 1968).

-
’

+

To ;nsnre . .,that sufficient buffering capacity is
;vailable to counteract sudden increases in fatt; acid
content, the alkalinity titrated to pH 6.0 should be qreat;r
than 1000 mg HCO3/1 (Dague, 1968), Kotze et al (1969) state
that as a good .measure oflsafety, alkalinity in the nore
desirable fange of 2500 'to 5000 mg/1 as Caco3 ;rovides a
better buffer capacity.

Volatile fatty ‘acids content of the mixed liguor of a

: digester is one of the most useful paraseters in controlling

A , . \
digestion (Barnes et al, 1982). Any sudden increase from a

st o e S & o

. constamt value is an 4indfcation of a disruption of

«

-

equilibriua conditions,- It should be noted that a high

wolatile acid concentration 4is the result of unbalanced

- treatasent and ngt thgl cause as is. sometimes believed

)
[

N

The level of VIFA cdpidnt is a dedbating point amongst

'orkorslin the fiold;of aAnaerobic digestion. However, a Vra-

-

hY
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content in the range of 100-300 mg/l is preferred.

2.8.2. Rate of Gas Production and Composition of Gas
Any decline in the rate of gas production froa a

constant value accompanied by a change in ﬂi;
c

methane-to-carbon dioxide rates is indicative of unbalan

conditions (ucca}ty, 19648) ., Typicall}, diqestei gas- is

coaprised of approiilately tvo-thirds nmethane and one~-third-

'carbon djioxide by volume fraction, However, disttib@tion
vati‘s depending on the pa;tial pressure, alkalinity, pH,
and vaste .composition (Kotze et al, 1969). The CH8/CO2
ratio for the gas produced from carbohydrates, fats, and

proteins are 1.0, 2.3, and 5.3 respectively.

LS

o , , BN

2.5. Temperataure . £~

Temperature is an important considcration in anaerobic
trcatneﬁt because of the effect it has on the values of
microbial kinetics. Temperature has a significant influence
oi.diqestor performance ;s vell., The optimum temperature
for the anaerobic digestion process in the non- thermophilic
range has been ad%ecd,uponhto be between 90°F to 95°r (32°C
- 35C) (van den Berg et al, 1976). Thus, teamperature,
which can be controlled oitotnally, is certainly active in

~
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selecting the wultimate population that will prevail' in a

digester. .

~

2.6. Physical Description of Downflow Stationary

\
* Pixed rilm (DSPF) Reactors

.

-
-~ 4

There are two major design configurations for anaerobic
fixed film teactbt54 one being the static bed reactor, the
other, fluid{zed-bed (expanded-bed) reactor. Por reference,
th; static-bed susnerqed media anaerobic reactor, (SHAR),
vas initially referred to as the anaerobic filter or the
downflow bed reactor, but recently it took the hale

stationary fixed films reactor; the fluidized-bed SHAR becanme

the anaerobic attached film expanded-bed reactor (AAFEB).

N

~

The main difference between both typesjis the direction
of flow, The stationary fizxed film reactor is almost
exclusively Adownflow, introduced at the top uitg any
activity in the liquid originating from bacterie leaving the
film. A fluidized bed reactor consists of a bed of small
particles expanded by an upward flqvtintroduccd at the bp;;
with a siqnificant part of the activity in the 1ligquid

present in the lower half of the colusn (Van den Berg and

Lentz, 1979).
P 4

<
'
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This project is concerned only with the downflow -

stationary fixed filas reactor (DSFFr).

A downflow stationary fixed film reactor consists of an
inert support medium contained in a vertical coluan to

retain biomass within the reactor, - thus developing a long

solids retention t%-e and providing a large specific surface
available for licrobial growth which 1is necessary for
aglcrobic treatment, A sk;tch of the DSPFr reactor used in-
this study is shown in Pigure 2,

In a DSIrY réﬁctor, bactog}a, (particularly methanogens),
attach theaselves to stationary supports especially provided

to form conglomerates, and are prevented from being washed

e e~

out with the effluent by the solid support to which they are
attached, As‘such, a Dsrr roactorlis capable of effective

treatment of high strength wastewaters at relatively short

.

hydraulic detention times (0.5 days to 11,8 days depending
apon wastewvater characteristics and to-pefatutcs) (Yan den

Berg and Kennedy, 1981). ' -

There are several types of support -.d;u for stationary

i fixed fils reactors. BRock has been fregquently used as a

sicrobial support medium as it is a cheap and robust

0

saterial, Other support materials reported include potter's

I s s b e



e e R Y -

=N XL WY e T K B T T R !
TR =3

o~ v
v N
v ' ' ‘
€
Sampling Port .
- J ‘~ G‘S.
Gas Meter
Waste Storage Tank '
) ' Effluent
Influent H
Heater m
Effluent Collector -
Fixed
Influent- Pump Film .
Support R
Thermostat
3
Figure 2. A Sketch of the DSFF Anaerobic Reactor Used in This Study - -
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¢lay, draintile clay, needle pnnéhed polyester, and
\

polyvinylchloride (VYan den Berg and Kennedy, 1981; Young and

Dahab, 1983).

2.7:.\pplica%ion of {paorobfc Yired rilm Reactors To
Wastewater Tregtient: Dairy Industry
’

Many dait; wastevaters are typically dilute solutions of
silk and cloa;xinq laterials,l\‘;(u-sx total solids), yet have a
BOD range for plant effluents of 40 mg/1l - 48000 mg/1 with a
mean of 2300 mg/1, and a COD range 80 mg/1l - 95000 mg/l with
an average of about 4500 mg/1 (Harper et al, 1971; Brown and

Pico 1979; Carawan et al, 1979). Althpqqh dairy wastewvaters

are treated by common biological methods (Bull et al, 1383) , \

“there is an interest in the use of high rate methane

[

fermentation systels to provide mofe efficient and economic

\ treatment (Switzenbaum and Danskin, 1981; Hall et al, 1983;

Wan\dcn Berg and Kennedy, 1983).
\ i .

\

\ The DSFr reactor's ability to handle high organic
lo-klnqs (6.4 - 39.2 kg COD/al/day) and high ratosh of
methane production (2 - 8 -3/-3/d;y). at relatively short
hydraulic retention time (depending on the tip; of waste and
tolﬁcratnro) sakes it ideally suited to such applications.

Ferthersore, the DSF¥ reactor is applicable to a wide

N S R A
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variety of soluble vwastes ranging from food processing and’

cheaical !aste; to heat~-treat ligquors resulting from thermal
conditioning of sunicipal sludge (van den Berq and Kennedy,
1981; Kennedy and Van den Berg, 1981,1982; Hall and
Jovanovic;’ _1982).  The excellent ability to  handle
intermittent 1loads makes it , acceptable for treatment of
wastes from industries operating only a few days each week
as vell as froa seasonal wastes streaas (Yan den Berg and

Kennedy, 1982).

2,8, Advantsges and Disadvantages of Anaerobic

Treatment Processes
- .
Anaerobic biological treatment of high Qitonqth organic
wvastes has a nuamber of advantages which wmake it preferabdle

- .
to either aerobic biological or physical chemical treataent.

/
The main advantages are:

1. A high degree of waste stabilization can be
acconplished with a relatively io‘ production of. biological
solids thus reducing the costs associated with slpdqe
disposal. l

2. Low nutrient requiresents and no oxygen rcqnit:nantx.g

thus elisinating expensive and energy-intensive aeration

eguipment.
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3. The formation of valuable methane gas as an end

cosbustion.

-product, Bnergy can be recovered from the gas by i?bseqnent

8, No environsental nuisance, since the process byf.{ts

very nature is totally enclosed and all the exhaust gas is

either burned in a gas

controlled flamestack.

utility or in an automatically

A

S. HBeasurable and identifiable intermediate products which

offer an additional control

potential.

\

However, anaerobic processes have some drawbacks which

consistently are based on the same properties as some oOf the

advantages:

t. It 1is temperature dependent and may require heat to

maintain an optimum microbial growth rate.

2. Slow growth of methana. producing bacteria, so recovery

L]

from adverse conditions is difficult.,

3., HNethane sensitivity, so presence of oxidizing agents is

toxic.

£

It is isportant to mention that a fixed film reactor has//

a nusber of advantages and disadvantages Pv-r other types of

fermenters designed to retain the active amicrobial biomass

in the fermenter:

1. It obviates nmixing, which is difficult +to provide for

N

!

|
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adequately in 1large tanks, and settling, a major probles.

with anaerobic contact procéQses.
2. It can be designed to avoid channelling, a probles
inherent in upflow filters, and possibly in other upflow

>
reactors.

3. With the bacteriavadhering to a surface, the reactor
height is not limited as it appears to be with the anaerobic
filter,

8, Other important features include their capability to
handle dilute and concentrated wvastes (with and without high
suspended solids), to operate at low teaperatures (down to
10°C), to change over from oge waste to anothet with iitgle
or no loss in performance, to withstand weeks or months of
cooling and starvation without major ahverse effects on
perforsance, and finally ¢to be able to withstand severe
hydraulic overloading and handle high organic shock loads,
as well as intermittent (once or twice a day) slug loading

(NcCarty, 196&; Pfeffer et al, 1967; Dewvalle and Chian,

1976; VYan den Berg and Lentz, 1979: Anderson et al, 1982;

Parkin and Niller, 1982)

Potential disadvantages of fixed filam reactors include
slow initial developaent of the fils and slow
reestablishanent after failure. Continued growth of the filam

Rty eventually 1limit efficiency by reducing effective

oA 4]

v
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G

serface area, Accumulation of primarily attached,solids in
1

. the fixed film reactor reduces the sjize of the actively

sixed zone and laj, cause a form of plugging or short

“(Alr"

circuiting, lndﬁfinally, gas bubbles that occur during the
ssthane conversio&:-ay“cause disﬁutbance of the biofilm-by
adhering to flocs/bed particles, causing them to rise in the
reactor, resulting :_in the wash out of biomass, or

deterioration of effluent gquality (Hall, 1982; Hall et aly

1983, Henze and Harremoes,- 1983; Kennedy and Droste, 1983).

2.9. Current Hathelaticaivnodels Yor Anaerobic

Digestion Processes E

For anaerobic treatlént processe$, most smathematical
nodels currently used to Edesctibev then are steady-state
sodels (Lawrence and McCarty, 1969; Switzenbaum and Jewell;
1980). Thorefot;. they caﬁio€ be_used for process control
and prediction of proccss{ perforamance during start-up
operations, or under tttnsi;nt and/or dynamic conditions
resulting froa changes in préccss irput. Ais well, in the
special case of stationary fized film anaerobic reactors,
dynamic wmodels which dcsc:iﬁo the processes are very

1linited. ¢

]

In recent Yyears, Andrews and Graef (1971) developed a

NERAPS
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dynamsic sodel fqr anaetobiq digestion of sludges which was
b;sed on a continuous culture theéry ~and  incorporates
sovcral,lﬁdifications. Mueller and Bancini (1975) adopted
the same concept to anaerobic filtefs. The key1featutes of
these models are: use of an inhibition Dfunction instead of

the Monod expression to relate volatile acids concentration

_and Qpccific growth rate of - methane bacteriaj; the

consideration of the unioniged fraction of the volatile
acids as both the growth-limiting substrate and <ﬁnhibiting
agents; and the interaction which occurs in4and between the
biological, 1liquid and gas  phases of the digester.
Purthersore, they use equilibrium relationships, kinetic
expressions, stoichiometric coefficients, material balance

relationships, and mass transfer equatipns to reflect these

interactions. Lindgren (1983) developed a relatively

cosplex wmathesatical wsodel describing the anaerobic
degradation of organic carbon and nitrogen in anaerobic

filters. He used eleven state variables, nine related to

“the liqnid‘ghasu and two to the gas phase, to simulate the

anaerobic filter as a two-step process under steady state
data. The model is baséd on Monod kinetics incorporating a
pl' inhibition function (based on Andrews and Graef's
principle, 1971), but neglecting solids tramsport and
biofilm diffusion. PRittsann and’ HMcCarty (7980) lprcsentcd

elements of the biofilas kinetics ' with applicatioan to

°
Al
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denitrification and to methanogenesis. ,Based on the general
kinetic constants known from other investiéations they

calcplated substrate profiles for comparison with data fros

Young and MaCarty (1969).  Henze and Harremoes (1983)

pointed out that the comparison of this model to Young's

* N AN
data was not sufficiently comprehensive - to be taken as ‘

verification for the applicability of biofils kinetjcs to

anaerobic processes in fixed film reactors.

Although ;1ln1ation studifs have provided gqualitative

svidence for the validity of the wmodels by predicting:

results and response of the systeas close to those observed

in the field, their applicability to anaerobic fixed fils

.

reactors has not yet.beén established.
.

> ¢

from the aforesméentioned models a nusber of difficultiés

. have been identified which hinder or prevent gheir

applicability to fixed film reactors under variable loading

conditions and for control of the processes:

1. Nany parameters such as k;nofic rate éoofficionts‘aré,

- unknown and must be determined for eath specific vastoiatof

to be treated. , < :
2. Ther; is 2 complicated relationship betveen the removal
rates, the growth rates, the diffusiomal build-up of acidity

and lowering of pH inside the biofilm,” plus the toxic

P
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so make calibration and verification difficult.

. Substrate removal rates are affected ' by subs;ra;e

concentration, specific surface area, flow rate,’

3

\ affccts on the lethanogens inside the biofilwm.
3

‘temperature, and type of support medium.

e« Time-varying inputs frequently n&y cause the expe&ted_

rforasance of a system to be conpletely»diffetent from that

5]

v -

©

p edicted by a steady state model.

¢

- ‘Tluctuations in inpnt loads; environlental conditions’

| . .
_inm~plant biological and operational Ypa;a-eters&"ﬁize of

piant and type of process; human factors; and inherent

3

prjcess variability are qivbﬁ‘very little consideration’in

these nodels for systea design and operational control.

. 7h The anaerobic’ fixed filn reactosz parameters are not

stationary and . teqhire constant updating of model

parameters., ®

-

8., oOut diffusion of. gaseous products of low solubility may

LS

Noise . in the leasurelents of systqp pe:foingnc&,,lnj .

©§

give rise to bubble formation in ‘the biofilnm. This .-

phe,onenoqican siqnificantly/ifier the kinetics of the fils

and can give rise to sloughing off of biofilm particles:

under heavy loading conditions.

.
\
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2,10. Time Series Analysis As An Alternate HNethod To
Study The Dynamic Behavior of An Anaerobic
DSPF Reactor: The Box-Jenkins Time Series
Analysis .

~ -

One of the purposes of the present work is to apply a

"Box - Jenkins time series transfer function model to

char;cterize the response of a DSPF reactor under organic
loading c:;nditions and to develop a dymamic sodel to predict
efflwent gquality under dynamic conditions. - -
4 : a

'l'hnlf time series transfer function li‘thodoloqy as
;lpveloped by Box and Jenmnkins (1976) involves noni’totinq@the
process response to a re?nlated sequence :t pertut‘ng:\i'?zn"s of
the influent variables. The resultant s¢del, which relates
effluent response. to variations in the influent variables,
defines the significant variables affecting perforaance and
is a. basﬁis for process assessment and possible controls

1:h:ls is .valuable ‘in the descriptive analy;is of
processes susceptible to variable inputs ian time and in
do;idn of' schenes to reduce the impact of variable or shock

loads or to manipulate other variables for control purposes

1, . . :
(Nutt et al, 1981). \ -
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Inﬁiho past, . Box—ainkins Tise Series Analysis has only.

been SIICCCSQf:lll] applied to aerobic treatment processes,
Por instance, Berthouex et al (1978), applied this technigue
to determine the e;tenx to which effluent BODS is related to
influent BODS for a asunicipal ac.tinted sludge process.
Nuarphy et al '(1977) described the dynaric natute of
nittifyinq biological suspended growth systess applyinq this
methodology, The olplXcal transfer function wmodels which
were developed describe both conb;ned and separate sludge
systnsgoperatinq under critical nitrifying- conditions and
-0;:0 able to forecast the temporal variation in

aitrification achieved. (

3

rilion et al (1979) predicted the perforsance og ]
tot:tinq ‘biological comtactor under transiemt ]:oadinq
condiéions. They verified the nodels by predicting the
effluent tosponge obtained nfron independent studies and
pointed out that an adegquate tepr;sontation of the Qynalic
effluent response can be 'obtained through time series model

building.

Futt et al (1981) developed dynamic transfer fuaction

noise models based om wmultiple process iup'nts which,

predicted the response of the biological fluidized-bed

‘troatucnt systenm ufider dynamic operating comditions.
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Stochastic modelling, ;asinq a Box-Jenkins time series
transfer function model, vas done by Kenneth and Sims (1‘981)
for an' industrial activated .slndqe process, They pointed
“out tvt they use of Boovs as a nmeasured variable in a
feed~-forward/feed-back control systes may not be suitable
because of the long analysis tise of the BODS test. COD, on
the other hand, can be measured rapidly and can be used as a

-

seasured variaoble in a control schene,

From these studies 2a nusber of advantages of using

Box-Jenkins Tisme Series may be drawn:

te There is a wvell defined ncthod,of calculating model

parameters from process data. , X
2. The models in use are easily updated.

3. The complexity of the models is easily increased or

decreased. )

8, -The models take noise into account. L‘

~

S. Procedures are available to do\tor-in hov well the
|qdols are working and hov to isprove then,

6. The time sotiosu transfer functions are suitgblo for the
design of feed-forward/feed-back control systpns;

7. Probability 1limits for each forecast of the rcsponi_c
nt:l‘ablc are qivcli.

8. Using few paraseters, these models+ rcan closely

approxinate a systea whose true nature is likely much sore

\
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cosplex. ’

9. from the dynu.ic nodel parameters (,.6),. it |is

possible to calculate indicators of process response such as
" the proce;s time constant,t , and the process steady-state

gain, g, (% change in output / % change in input).

10. Using such characteristic va]:ues. one nay predict the

tfle to/ approach a new steady-state value after a step

change in process input or to return to steady-state after a

shock load. .

\\.
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2.10.7. The Basic Stéps In Developing A Box - Jenkins

0

Transfer Tunction ¥Noise Nodel

\
Box and Jenkins (1976) have effectively put together in
a comprehensive sanner the relevant information required to

understand and use coamabined transfer function noisae models.
o

»
2

The general fors of the Box - Jenkins tranfer function

noise models to be considered is:

"
(9

'é ’ " RN
Y, = V(B)X,_p +w(Bla, . o)

whore:\ !t = the etflu?nt response variable At time t.
¥(B) = a polynomial of the operator ‘B, defined as.‘\
(Y; + VB ¢+ V,BZ +,,....); knovn as the

impulse response function, it is the transfer
function part of the model.
B = the backward shift operator defined as
BXt = X;.7 » B2X, =X, ,, etc. Note for
exasple (1 - B)X = X4 =~ !t—Ii
b = time delay of the systen.
= the influent variable at time t-b,
_¥(B) = a polynomial of the operator B defined as

( vo *+ 1B + *281 teeevsse)ea

o
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y = uhite‘$oise, ia.‘uncortnlated. normally
distributed with zero mean and constant N
variance, Hence, Ny = w(a);t is the noise
- at time t,
rhis,qenéral sodel applies to situations where the data
(Yt,xt) are sisultaneous pairs of observations at discrete

equispaced times., 1In equation (1) one may substitute:

w(B) (00 + W1B +euseot wsBs)

v(B)= 2)

5 (B) (1 +# 81 B +eveeet 6. B")

N
vhere: w, § = transfer function model paraneters>\ \§
., 2

.
r, s = transfer function model orders. N

J ’ ¢ ‘\ -

Typically only a few @i values and §i values are n edfd

for adequately modelling transfer functions of real systeas

(Box and Jenkins, 1976).: , Vi

( .
Similarly, for the Noise:

*

. O(B) (1 "913 ~esse~ 0 Bq)
v(Ba, = 5 a, = q
¢

(3) -

(1 - B)d(1 “lB -.-.."ﬁpﬂp)

Qhora: 8,9 = noise model parameters.

(') P, 4, 9 = noise model orders. EN
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The general approach for building =models of +this type
involves a itarative procedure to identify tentative
sodels, to e¢stimate model parameters, and to t;.eét residuals
to determine the adequacy of the fit (Box ard Jenkins,
1976). !’igu;re ) presents a flowchart of the basic steps in
developing transfer function. wmodel, including the

prevhitening phase,

Before this can be discussed the crosscovariance and the

crosscorrelation functions must be defined.

N,

9

The crosscovariance is:

, n-k

Cry (J = 1/n 3 (X, =0 (T - D k=0,1,2,c 00
; t¥1 : ‘
|
| |
." ek :

- 1/n ;1 (Y, =N (X, -0 k=0,-1,-2, ...
vhere: X, jr = the input and output time series respectively.
f, ¥ = mean of X, Y time series respectively.

n = nusber of observations, i ’
k = lag betwaeen X and Y in sampling units of time,
v
4
o BN

()
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Figure 3. Basic Steps in Developing a Transfer Function Noise

Model (After Makridakis and Wheelwright, 1978)
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The crosscorrelation is:
c.. (k)

Ty () =_X ., k=0, 1, £2,.0...

sty

Where Syr Sy = the sample standard deviations of Y and Y

y
series resvectively,

To identify Box-;enkins transfer function noise models,
estisate the <crosscorrelation function Dbetween  the
preshitened input data series amli 4cotrespondinqlky
t_ransfor'ud output data series{ The ;urpose of prevhitenig
the input iS to glloa direct calcnlnation of the impulse
response function, V(B), since oaly when the saries, X , is
not autocorrelated does the crosscorrelation fumction,
estinate V(B) directly. To prewhiten the input an
1d;ntitication of autoregressive integrated wmoving average

'(ARINA) process is made of the input data series %. (Box’and'

Jenkins, 1976) . \

o (8) X, = 6,(B)o &y

1
where ¢, is the uncorrelated white noise series.-

This transformation is now applied to Y¢ to obtain:

o (B) Y, = 8 (B)85 m




Oone can write equation (1) as:

3

¢, (B)

I 4
e, (B)

By = = V(B)a, + ¥(B)ay

t

w(B) ¢, (B)
By = X, p * & . (8)
§(3) 8, (B) ,

——) —
V{B) ay
»

This yields‘gvg transforaed series o, and B, whose sample
crosscorralation function iae can be used to estisate the
ilpnlse response: function, v(B) (Box and Jenkins, 1976). To
find the - impulse response fﬁnction. Y (B), the

crosscorrelations, Tg * are wmultiplied by a ratic of the

standard deviation of the output series residuals, S,, over

\the standard deviation of the input series residuals, SBS

( V(B) = r,5(S5y/5,) (9)
] o .
Analysis of the estimated impulse \response function
allows identification of potential transfer function modeYs,
th:‘htodof's order (r,s)., .the delay period (b), which |is
f1dentified as the time lag corresponding to the first

significant crosscorrelation, and the transfer function

L e ik L o
-
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nodel'’s parameters, (uws ).

“rhe autocorrelation functions of the residuals of the
fitted transfer function models are used to identify the
noise model, It, Once the parameters -of the coabined

transfer function noise model. are estimated efficiently,

T oot Yy

using a non-linear least squares technique. rodel adeguacy.

-

can be verified through diagnostic checks.
J £
Parsisonious use of parameters is important., A good
sodel should account for as much of the variation in the

data as possible while using only a few parameters. ©

The £it of the model is indicated by the residual mean

square.

" m
"’ Residnal sean square = Z a2/ (n-s-p) (10)
t3a

vhere (n—-s-p) is the number of degree of freedom associated
with any given wmodel; nis ‘thc nuaber of observations; m is

the number of 1lost values a, 3 and p is the number of

paraseters in the wodel, The smaller “the value of the

tesidual mean sguare, the @more variation in the data the

P

model has been able to explain.
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s.riol;s sodel inadequacy .cnn’bc, usually Adetected Dby
'oulining:
a) tThe \antocotrelation Function of the residuals from the
fitted model. ! . q .
b) The <crosscorrelation 'fnnction involving input and
residuals, in particular the crosscorrelation function
Ifotqup_ the prevhitened input series and the wmodel

v
A
Vg ety

N
. residusls,

If the model is inadequate, this brings one back to the
identification step and, anto an iterative model

A

building process of %cntificatioq, fitting, checking,

[

identification, and so on (Box and Jenkins, 1976). This is .

discussed further in Section 4.6. Diagmostic Check of nydel

N

Adeguacy. Z ” )
. . . {“
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3. PERFORNANCE OF AN ANARROBIC DSFF BEACTOR TREATING
DAIRY WASTEWATER UNDER CONTINUOUS LOADING

_ CONDITIONS. ) ,

3.1 So o ta : -
. - urce of D? . ~

A t-o-phasc experimental program was dpvclopod at the
Tastewater Technology Center, Cahada Center for Inland
Taters, Bnrlinéton. ontario, to as;ess the performance of a
high rate anaerobic downflow stationary firxed film reactor
‘(bgrr) under different operating cohditions. The operating

conditions and experimental results obtained fros this two

i:hiso oxpgfilantal vork are incloeded in Appendix D.

t

_fn Phase I, pscn'do-stcady-state runs were conducted over
s period ;;f three sonths to characterize the DSFF reactor®s
rnfonu to a range of hydravlic logding and substrate
loading coiditions t'oxz cheaical oxygen demand; to asSess the
variability of process performance; and, to characterize the

effluent response in teras ¢;f filtered COD under varying CcOD

loadings.

In phase II, the dynul;c rcspdnsi: of the DSPP reactor was
seasured over m  period of 18 days ‘in order to develop Time

Series. todels to predict -fﬁunt gqeality under dymamic

-

Id
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conditions. ; '

/ e
™
3.2. Pilot Plant "-Descriptioﬁ

/

The design apnd previous operation of the DSYY reactor has ’

been described elsevhere (Hall et al, 1983). A _schematic

o - . N
diagras of the DSFP? reactor was shown in Figqure 2. The/DSFP

" reactor consisted of a 45 cm diameter cylindrical colusnm,

- ™

220 ca tall with conical ends to improve outlet flow
Jist:ihution of qis aqd treated effluent. : The column was
titto?’ vith 25 cflinéers of a plastic lpackix}nq medium,
'Cloisc’\nylg", vhich in turn containns smaller cylinders of
ap\pr;xintgly/gis ca inside cdiuetker, _with a wall thickness

-

- N - -
of approximately S mm, .and length of 180 cm. The otal)

oipty bed volume was 320 1. This packing mediua wvas chosen

because of the need for high vc;i.daqe DSYF support material -

to maximize reactor volume utilization and to reduce the

risk of bed plugging (Hall et al, 1983).

A high speed peristaltic pump, equipped with a timer to:
toqnélnte the feed flow rate, fed the wastewater from the

reactor feed tank, volume 13,200 1, to the DSFF¥ reactor.

e <

[

Before the incoming dairy wastewater was pasied through

fle DSY?, the temperature of the dairy vastevater was raised

o €




" reactor.

- "6

to approximately 35°C by passage tl\n:onqh

rate of

i .
so Yas to ensure maximums

immersion heaters,

M

digestion, Reactor temperature was

mesophilic kept nat‘ +

o

35°C by thermostatically controlled ‘resistance heating 0°n"

'
LY

tie wall. . Kk :

Once the temperature of the dairy wastewater was
increased the wastfeater was then introduced to the DSPry
‘ i

reactor, 3 cm above the m&iium and passed dowvnwarad thronqh

the support medius. Treated effluent was uithd;avn from the

Effluent salples vere

1]

collcctod using a discrete sampler and ‘stored at 4°C.

botto. for disposal or analysis,

4+

]
' the system vyas equipped with a
nh‘zch monitored pi if a 3 ca deep po,bl above the media. 1
attomatically by the

minisum pH of 6.5 was maintained

»
addition of 1-2¥ ¥aOH to the reactor infuent.

4

!

I

Bioqas ptodnction vas removed tbhrough the --top of the-

Offgas flov rates were then' peasured using an

oil-filled wet test meter.

in-line electric

«
pH recorder-controller

N - b ot A
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0 ‘3.3, Sampling and Analytical Priocedure

A S

Dni:inq the two-phase experimentsl program, routine

reactor performance was.assessed in the tollowin; manner, '

Samples of the dairy wastevater in the rea"ctor feed tank
';te analyzed tvice daily, with an interval of 18 - 28 hours
betwéen sanpling. 1 Yor the treated ;ffluont. samples were
coll&ctcd usi®ng an automatic sampler at intervals of & hotdu-s
at the effluent stream of the DSIPF reactor. The sasples
vere kept under refrigeration at &4®C uatil they could be

analyzed later in the laboratory.

Eleven paraseters were aonjtored to assess the
perforsance of the DSFF reactor -and its response to
coatinuous inputs by detersining influent feed quality,
effluent concentration (total and filtered COD), solids
coatent (suspended solids and vohti.lo suspended solids) of
the effluent, volatile fatty acids coatent of the effluent
as acetic, propionic, apd butyric acid, pi, tesperature, and

feed rate.

The cheaical apalyses for the two phase experimemtal

progras are sesmrized ia Table 1.
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Table 1. Chenical Analysis of Dairy VWastevater

Paraneter ' Nethod of Analysis
Total COD ) Optical HMethod (Hall & Jovanovic, 1982)
FPiltered COD optical Method (RHall & Jovanovic, 1982)
b
.Suspended solids \ Glass fiber filter at 180 ©C (Standard

Net hods, 1980)
volatile suspended solids Glass fiber filter at 550 ©C (Standard

Het hods, 1980)

VOlatilt fatty acids Gas Chrosatography (Hall et al, 1983)
i)l of the effluent PE meter glass electrode

Biogas production 0il-~filled wet test meter u
Temperature ¥on—-indicating teaperature controllers

3.8. Dairy Wastewater Characteristics

Dairy wastewater was drawn directly fros the dairy plant
and shipped to the lattonth Technology Center b.y' truack
vhere it was stored at 4-8°C, The strength of the dairy
nlltontot vas measured at 60000 - 70000 =g COD/1 upon
arrival fros the dairy plant. Continged seassresent of its’

strength was done veekly, checking for deterioration.

GO T v B 1+ e ML Yor 1t S

To avold saintaining large voluses of dilute vastemater
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for the oporlg;onal conditions t&wbo studied, feed batches
vere prepared with concentrated dairy wastewater and tap

water twice daily ko give the proper waste strength. By

A
varying the volume of ¢tap water any coambination of wvaste
strength could be obtained.
The physical and cheaical characteristics of the dileted
dairy vastewvater for each operational condition during phase

I of the experiment are susmarized in Table 2.

Table 2. Dairy Wastewater Characteristics During Phase I

of The Experiment (mg/l except pH)

Run (average value)

1 2 3 8 5 6
Total COD 6290 19720 15150 9250 20500 18600
Piltered COD 5950 18125 13800 8500 18350 12600
ss . 92 545 195 53 750 721
\ 41 87 502 160 (1] 703 665
‘Volttilo acid as: ‘
Acetic Acid 187 890 695 880 535S 330
Propioaic Acid 35 30 12 25 $0
Batyric Acid n 32 16 81 139
pH 6.3 8.1 3.6 3.8 4.3 8.0
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3.5. Bzperimeatal Program /

Py

The experimental protocol was designed to allow
evaluation of three input variables : influent substrate
coacentration (COD), -qll,‘volnlctric organic loadings (YL),
kg COD/m3/day, and hydraulic retention tise (HRT), days.
fhe ranges of input variables were based on previous studies
on the perforsance of the DSF? anaerobic reactor (Hall et al
1983). The levels at which the input variables vere

controlled are outlined in Table 3.

Table 3. Design Levels ror Input variables During Phase \I

of The Experisent

Variable Level
-1 .0 .1
cCOoD ~ 6950 13%00 20850
Aant 0.39 1. 15 3.50

1) 6 12 18

3.5.1. Anaerobic DSFr pilot Plaat Operation

To accoaplish the objectives of tiis tvo phase

experisental program, pilot plant operatioans with the DSFY
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reactor were initiated on December 20, 1983, <through April

S, 1988, The hlqh rate DSPFr reactor had been used ptiog to
this st?dy at the wastewater Technology Center, having been
exposed to a range of hydraulic and orqa#ic loadings, thus
having already developed sufficient and/laturc anaerobic

attached filas. /

The first phase of the study, 'hiCh§\}lltcd 82 days,

inyolvod six experimental runs at different operating.

conditions, Each one of the opqgatinq conditions vwas

majintained for a period-of 13 days +1.5 days.

After changing the operating conditions the DSF? reactor
was not allowed to acclisate to the new change in the
control variables. The reason for th;s was in order to
evaluate the step response of the sysée- by means of tise

series analysis, as discused in Section 8.0 when the

ianfluent substrate concentration and hydraulic retention

tise were varied independently of each other.

i The operational c%nditlons,far each run are summarized
in Table &, showing a difference between the designed
influent concentration (CoD) and the actual average
concentration attained by diluting the concentrated dairy

wastewater, \
\.
\
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Table &, Pseudo-Steady State Experimental Conditions

'

Designed Input Variables ‘ Actual Avg
YL
CcOoD ART (kg COD/ cop

Run (®2q/1) (day s) m3/day) (mg/1) .

1 6950 0.38 18 6290

2 20850 3.50 6 19725

3 13900 1. 15 12 15150 '

8 6950 1. 15 6 9250

5 20850 1. 15 18 20500

6 13900 .15 12 14600 |

A\

The actual influent COD and flow rates during the
pseudo-steady state experiment are shown in rigures 4 - 9,

Ren 6, Pigures 8 and 9, was a replicate of run 3 at the
sane range of influent COD concentratiom, 10000 - 17000
mg/l. Although the range of influent COD concentration was
salmost sisilar, the feed tatelvaé sore variable and solids
conteat in the £00< vwere higher in run 6 thanq rnr ?. This

replicate vas carrisd out because of a failure of the sample
' \

collector during rup ) at the effluent streanm of |the DSPY

A A A Bl n o
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to 908 hours in rum 3. The lack of pH comtrol to sainmtain a

uinisum pA in the reactor of 6.5 during this period of time

led the syster to oporaﬁe in an acidic condition, pR of 5.3.\

/
st a high loading rate of 11.55 kg TCOD/m3/day.

The overdll range of temperatures and pH in which the

‘system was operated in this first phase experisental progras

were 32 - 35%C and 5.9 - 6.7 pHN.

g o




3.6. rirst Phase Experisental Results

v

3

- =
The performance of the DSIF reactor under varying

influent substrate concentrations and hydraulic loadings is
given in Table S along with the DSFr*s response in rPigures
10 - 18 for each operating condition, ZTach effluent
paraneter in Table S5 is the average value calculated after
three hydraulic retention tises from the data collected at

each operating condition studied during the first phase

experimental progras.

At the operational coamditions of run 1, (orgamic loading
of 15.90 kg COD/s3/d4ay), the HRT of 0.39 days became too
short for complete hydrolysis of the organic substrate, and

acid fermentation, The gas ptoﬁnction was low, averaging

approzimately 1,65 = a3/m3/day. The sharp decrease 1in -

effluenat quality, as shown in Pigures 10 and 11, is an

imdication of overloading and unbalanced treatsent.

Shen the 1loading rate vwas reduced, rem 2, to 5.60 kg
coi/|3/day. the DSFF reactor recovered suystuntially after
56 hrs amd after 516 }rs no effects of initial overloading
could be detected from an analysis of pilot plant effluent.
At loading rates of 5.?0 kg COD/m3yday, filtered COD
resovals averaged 85%, while at 15.90 kg COD/m3/day they

¢

.
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Table 5. DSPF Anaerobif Reactor Pcrtoanco' Using Dairy

Tastevater As A Substrate
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.‘.\ -,

3 L 5

/

6

' HRT (hrs)

. organic Loading
(xg COD/83/day)

Teaperature (°C) 32.5 33 38
p; 6.5 6.6 S.9 6.7 6.7
Inf, TCOD (mg/l) 6290 19725 15150 9250 20500
Inf. FCOD (mg/l) 5955 18125 13800 8530 18350
Bff. TCOD! (mg/l) _6XB8 8015 9786 8525 9435
REf. rCcopt (mg/l) 8100 2750 6524 3330 6700
Rff. SSt  (mg/1) 2309 1156 1590 585 1513
volatile ratty Acids ' .
Acetic Acid (mg/l) 781 1200 1285 910 1860
Propionic Acid (sg/1) 611 655 -3l¢9 191. 597
Butyric Acid (mg/l) 176 113 718 320 561
% COD Removal?t

Total - Total 79.7 35.7 St.1 58,0
Piltered - riltered 3t.2 8%.0 53.0 61.0 63.5
Substrate Removal Rate! 8.7 8.4 5.5 3.6 8,5

(Xg COD/u3/day) ‘
Gas Production? 1.65 2.70 3.80 2.00 4,30

{ni/n3/day)

—

9550-88.50 31.50 35.00 33.00 32.50
\_’// - ‘ -
15.90_ 5.60 11.55 6.30 18,90 10.80

35 35

35
6.6
18000
12600
5770
8380. )
790

1810
632
348

58.8
65.2
6.1

3.50

s ivotaqo»ulu obtained after thszee hydraglic retention times
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averaged only 31,2%. At the high loading rate, VI lcyols

had increased, (Figure 12), and the DSFF reactor becease

anstable.

During run 3, the capability of the DSPF reactor to
opﬁkatc vithout the increased alkalinmity for the first 200
hrs is rogdily noticeable, (Figure 13). At high 1loading
rates, 11,55 kg COD/m3/day, the rapid decrease of pH led the
-yitéh to operate only vith the buffering capacity provided
by the iafluent. Nithout the increased alkalinity the
reactor syoved sose degree of instability. Th%_ most
significant aspects of this instability were the greater
reduction in pH (Table S), decreased effluent gquality
(Pigures 13 and 13), low efficiencies and high rate of gas
production (Figure 7)ﬂ and longer period of recovery ie. 96

hrs, following the increase in alkalinity.

Over the last three runs, the DSFY reactor showed good
stability against changes 1in organic 1loads. High organic
loaids 'efe tolerated, these being 6.30, 14,90, and 10.80 kg
TCOD/al3/A4day, (Table 5). This stability'is due to the long

solids retention times of fixed film reactors independent of

the hydraulic load,

These organic load changes brought the DSPF reactotr to a

g
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harp increases in gas

very high activity level with
production, up to 4,30 a3/m3/day, (rigure 9), and a rise in
all Vrl concentrations, (rigures 18),, This in turn caused na
decrease in effluent quality due to|the subsequent increase
in effluent COD concentration, ¢(rigure 16), and suspended
solids concentration, (Ffigure 17), tp values up to 9435 ag

?COD/1 and 5150 mg/1l SS raspocti§oly.

The response of gas production |after each change in
operational conditions is readily notliceable, The rate of
gas production increased and/or docrcksed in proportion to
the range of organic loading, (see Tablle S5). Gas'ptoduction
peaked immediately after an increased in C6D load (rigures
S, 7, and 9), then returned quickly (ie. decreased) to

pseudo-steady-state levels as oqunic substrates were

aetabolized and reactor conditions rﬁtutned to normal fros

the effects of the slug-loadings,
"
During Phase I of the experiment the temperature range

was 32-35°C, and pH ranged from 5.% to 6.7.

The relative perforaance of the DSFF reactor analyzed in

this project, compared to other types of reaétors and other

)

wastes, 1s shown in Table 6.
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Teble 6. Comparison of 1qh\lato Anaerobic rixed ril

Reactors Treating baity lastcvatetw

" T :
\ Rav Loadin
Reactor HRT Tenp Waste (kg COD <
Reference Type Waste (hrs)\ (°C) (mgq COD/1l) a3/day emoval
) \l‘ ’ v“
Switzenbaua AAPEB Whey *© 8.,9-27.1 28-31 10000 8.9-27 7M-93
and '
Danskin 13.8-16.4 35 S-15000 8.2-22 61-92
(1981)
Yan den Upflow Dairy 6.8-19,.2, 35 8000 5=-15 67-83
Berg and Sludge "i?sto !
Kennedy Blanket
(1983) /
. rizxed Dairy 6.48-19.2 35 8000 5-15 66-92
; rile Waste
Whey  79-316 35 66000 $-20 | 87-98
Skin 9.6-19.2 135 %000 5-10 60-82
nilx
Yan den Pixed Dpairy 12 35 8800 9.4 85
Berq and FMlm Naste
Kennedy
(198 1)
Hall et ‘
al (1983) Tixed they 38,40« 35 31400 18.6! 65
File
This rixed Dairy 9.5-86 32-38 5-23000 -  5-15 53-83
Study rils vaste ;
(198%)
| q
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3,7 nlscuuidn ot"r‘irst Phase Experimental Bcanlfs

3,7.1%. Influence of c?ntrol variables On Process

Perforaance

An examination of Table S along with the DSY?r reactor®s
response in rigures 10 - 18 shows that the process was able
to achieve high COD removal efficiencies at high volumetric
otqal;ic loading rates, Volumetric organic loading rates up
to 15,90 kg Cop/m3/day, and COD removal efficiencies of 53 -
85 % vere about the same as those reported for stationary
fized fils and upflow sludge blanket reactors, (Van den Berg
and Kennedy, 1981, 1983), for dairy wastewater and skiam ailk
wastes. However, they were not as high as those reported
for the expanded bed reactor, (Swvitzenbaum and Dpanskin,
1981) and DSFrr reactor, (Hall et al, 1983), for vwhey

vastewater,

|
! )

) pe
The response of the DSFrP reactor to continuous lo%nq

reflects the effects of both hydraulic wvash out and
biological degradation., A hydraulic retention time 1less
than 0.39 days couYd not be maintained. This is
desonstrated by the decrease in.effluent quality, (Figures
10 and 11), and the lowv percentage of COD removals and low

gas production, (Table 5). On the other hand, COD loading
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rates vere linited to 18.90 kg/al/day. COD removal
efficiency averaged 63.5 % and decreased with loading rate.
However, substrate resoval rate was independent of the
hydrasulic loading rate and increased with an increase in COD
loading, (Table 5). Therefore, it can be seen that
iacreasing the COD loading does not have the same effect as
increasing the hydranlic loading rate, The hydraunlic
loading increase lessens the contact time between the
substrate and the bacteria embedded in the filam, resulting
in a decrease of the efficiency of the DSYr reactor.

.

The effects of COD loading on ¥FA content of the
effluent can be seen in Figures 12, 15 and 18, Van den Berg
and Xennedy (1981) have indicated that at short hydra'nlic
retention time (HRT=0,.6 days) the hydrolysis and acia
reactions become 1liaiting., This condition is indicated by
the low and erratic gas procinction, 1.65 a3/a3/day, (rigure
S), low ¥ COD removed and an almost equal concentration of
acetic and propionic acids, (see Table S5 and Prigure 12).
Although the HRT was 4increased to 3,5 days (run 2), the
concentration of propionic acid, 655 nqg/1l, persisted in the
DSrr: reactor for a considerable time. The 1increase of

propionic acid and its accumnlation under unsteady state and

varying loads is common and has been reported by Cohen et al

(1979) , Barnes et al (1982), Kennedy and Vvan den Berg
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(1982) , and Hosey (1983).

At a8 COD loading rate over 12,0 kg/a3/4ay, .VriA increased
tld)lho DSP? reactor became 1less stable. High VFA levels
deuring run 3, (Pigure 15), and runs S and 6, (Pigure 18),
accounted for a large proportion of the COD content of the
effluent, These high ¥rA 1levels led to an eventual
iahibition of the fermentation process since they are not
converted to methane and carbon dioxide and consequently are
not removed from the stten, thus causing the decrease in

COD removal efficiency.

It should be pointed out thik although high VFA levels
were produced under pseudo-steady-state conditions, the DSIrF
reictor had a reserve methanogenic capacity. This is shown
by the high biogas yield <coefficient vhich averaged
approximately 0.54 m3 per kg COD removed (STP). Furthermore
acetate is utilized even in the presence of high Vri
concentration, and hiqh’tatos of gas were produced, (Figures

Y

9 and 18),

It can be concluded from the results obtained in phasg\?
of the experiment that the use of anaerobic downflow
stationary fixed film reactors for the treatment of dairy

\
wastes 1is extremely promising. The treatsent of dairy

o -
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wastevater by DSIrr tuctorsl offers the d4ual advantage of
enerqgy production in which the production of gas is
attractive from .an economic point of viesvy, and as a
pollution control in which as much BOD/COD is removed as is
feasible at relatively short HRT and at high organic loading
rates, HNowever, the systes would require control to keep
the pA level above 6.5 and post-treatment of the anyaorobic
effluent to reduce suspended solids and COD to acceptable

levels for receiving waters.

3.7.2. Pactors Affecting Bffluent Variability In The

! DSTYY Reactor

The objective of this scctiqn is to determine the nature
] and extent of the variability in effluent quality and to
identify factors contributing to this variability through
statistical analysis of operating data. Both experile‘ntal
and analytical research studies have been conducted,
exanmining pDSTrY reactor performance ' variations under .
- laboratory copditions; Thus, the resnlt; reported herein
reflect conditions encountered in pilot scale operationse.
/
. The statistical analysis of o,operating data included
' correlation and regression analysis, and time series

( analysis of the effluent response in terms of effluent
Lo

H

!
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filtered COD.

mftoto'nt available statistical packages vere studied,
and the Statistical 'gnalysis Systea (SAS), 1982 was chosen

to carry out this analysis bescause of its versatility, and

easy operating mode.

3.7.2.1. Correlation and Regression Analyisis ror

Phase I of The Experiment

Correlation and Regression analysis were used as
descriptive tools to evaluate the contribution of a specific
variable or set of variables to the effluent Tresponse

variation (¥iku and Schroeder, 1981). .’

-
v
"

The contro‘l var,iahles were stﬁdiod both individually and
in cosbination to determine the individual and combined
effects of the control variables on effluent fluctuations
and gas production. The data used in the present analysis
comprised the entire set of data collected dAuring phase I ,of

the experiment., The reason for considering the entire set

of data was in an attespt to establish the nature of the

relationship between the selected variadbles and effluent

i

[PRPREEY

i o # -

response, Thus @ functional relationship between
( i vir’iablos ‘yas sttdied and a mechanism of analyzing the
i e - i
- —wbv‘iﬂ'”'———n‘-~ - ”'143::‘??3;”1—;” . - pyr - t-:.:- N e -



effluent fluctuations fros the DSPPF reactor was provided.

¥

The results of correlation analysis for phase I of the
experisment are presented in Table 7. }'he relationship

between selected control variables and effluent

* concentration showed moderate dispersion. Less than 16% of

the ofﬂnout/coo v“aﬁations (r2=0.16), can be explained by
changes in ICOD, (se¢ Figure: 19).  Yolumetric organic
loading, V1L, accounted for 30% of the effluent COD
fluctuations, (rigure 20). RT was unrelated -to ECOD or
EPCOD, the @maximusm correlation éoofficient for ircoa be;nq
0.05%&. I

L

' 1
ICOD, VL, and HET di4d not have'\a significant influence in

Id

A . ¢
effluent SS. Only 3% of ESS variations were explained by

changes in the control variables, (see~'rignre 21)., Host of
the COD of the effluent was in suspended form, (Figures 11,
18, and 17) . This suspended COD "app ared to be largely due

to the excess bionmass produced in the reactore.

Detexrioration of effluent guality by the increase in S5 is

/ -

probably due to wash-out of reacto suspended sol;dé
affected by cﬁanqes in the loading r;ates nd the increase i\n\
gas production where unattached biomass'\particles become
attached to éas bubbles. As well, bio-a'gs may also have

sloughed off from the support media due to increased gas

¢
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production within the film and relatively short HRT. These
effects have begn observed in overloaded reactors (Kennedy
and Van den' Berg, 1981, 1982; Hall, 1962; Bull et al, 1983;

~
van den Berg and Kennedy, 1983).

- .
v

+
o0

It was found that up to 40% of COD removal rates (ShRT
and SRRP) and up to 33% of COD efficienty (PS%RT and PSRRF)
nvariaxions verépcansed‘ ﬁy volumetric organic ioadinq; VL
(see Figures 22 and 23). ICOD accounted for "54% of the
variations of PSRRF and 34% éf §RRP. HRT was found to be
significant iﬁ explaining the PSRR?, PSRRT, and SRRT
variations but n;t SRRF. The total contribution of HRT to
removal ratgs were 78% for PSRRP, 52% -for PSRRT, 21i for
SRRT, and onli 0.3% for SRRF, Therefore, it can be Seen

that ICOD, VL, and HRT have -a high'influence in COD reaoval

»

rates,

The highly significant relgtionship betweeq, selected
control variables and resoval rates indicates that the % COD
removed and COD removal rate of a DSFF reactor are a

function of the organic loading and concomitant HRT. These

results are in agreement with”? the results presented by -

Kennedy and Van den Berg (1982), Hall et al‘%;§83); and Van

<

den Berg and Kennedy (1983) for anaerdgic DSFF reactors, and

’

-

switzenbaus and Jewell (1980) for the expanded bed reactor. °
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39% of acetig,acid (C2) variations weTe exﬁlained’by éhanges
in influent COD, (35ee Figure 24). YF «did .not have

significant relationship with €2, r2=0.015. The correlation

coeffiéie/nt between HRPT and acetic acid was r=-0,38. ICOD

and VL had  a relatively high- correlation with gas

production, (Figure 25)., Up%®o 55% of gas production

© " 1 . ~ . ! . > »
variation was sxplained by thesefvaTriables, thus indicating

that the rates of gas production ‘and VFA levels increase
uith) increased input loads., >
r ~
Multiple regression analysis was used to relate effluent
quality, removal rates, and gaé production to the.variables

influencing performance; éhi_s analysis is summarized in

Tahle 8. A combination of TICOD, YL, an% HRAT was able to

describe up to 40% of the variance of effluent quality, 85%

of thé variance o'f removal rates, and ’{‘7% of the variance of
gas production, Among all: the va;iabies, organic load"j’.nlq
(VL) ;&s the mostvinportant factor influ;ncinq performance,
but performance was also ‘influenced by the ICOD, and HAET.
‘rh:e unexplaiqed variation may be caucsed by other variables
not included in the regressidn analysis, such as pH and

inherent .variability of process itself. Temperatura was kept

in the mesophilig range, 32°-359C,

-
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Table 8. Regression Analysis: Coefficient of Determination For
, Treated Effluent and Contro1 Variables
. * , 3
| . ‘ -
! «
\ ) ) '
DEP VARL ABLE: ECCD '
’ PARAMETER ST ANCARD T FOR_HO: Lt
VARIABLE ' OF ESTIMATE  ~ ERRDR mn;nsrzmo prOB > I T
INVERCEP | 1500.816  S38.98% . 2.788 - 0.0056 A- SQUARE »3959
. IC00 1 0,126297 ¥ .037366 3,380 D.0008 ADJ R-SG %u 3915
vL 1 368.918  ‘aB. 445008 7.615 0.0001
HRY ° 1 ~861.950 385.494 r1.458 0. 1457
DEP, VAR I ABLE: EFCOC
L3 Y
- 4 ¢
PARANE TE R- snuomd( T FOR HOL Y ¢
VARIABLE OF EST INATE ERRDR PARAMETER=0 PROS > [T|. |
INTERCEP 1 2175.890 257.949 8.435 0.0001%
1€00 1 ~0.027688 0.017883 ~1 <548 0.1223 R~SQUARE 0 <5989
¢ g 3 393.%528 23 . 184955 16 .973 0.00.01 ADJ R-SC 05940
AT 1 ~1660.682 184.491 ~9e 001 0.0001
- rd . 2
s OEP VAR IABLE: ESS " R .
PARANETER ST ANDARD T FOR MD: .
VARIABLE OF ESTIAATE ERRGR PARANETER=D pr0O8 > |T] ) ;
intERcEP 1 ~791.492 811.087 ‘~le928 0.0549
100 1 C.140161 0. 028496 ae 919 0.0001 R~ SGUARE 0.0815
v 1 -113.864 36. 945659 -3.082 © 0.,0022 ARJ R-50Q 0 <0747
MRT 1 151€.249 Z93.990 S5.157 0.0001
- . N
DEP VARI ABLE: SRRF ¢
o . P ARAMET ER STAMDARD T POR HOZ .
VARIABLE DK ESTIMATE ERROR  PARAMETER=0 PRrOB > | T
},';“’05“‘:5" : o ogaoax:og . o.za:zsx 3.383 s.c008 .
- 486 00001 686639 2. 885 0.0041
Ve 1 0.570655 = D.021867 26< 096 020001 ®— SQUARE 08280 .
_ HAT 1 ~2.139878 0. 174007 ~12.298, 0.0001 ADJ R-s@ 0, 8273
v —~ -
. . ‘ > .
/ DEP VARI ABLE: PSRRF , )
L ) PARAMETER STANDARD T FOR HO: )
VARIARLE OF ESTINMATE ERROR PARANETE Rm0 PRO8 > |T] . i
@ 4
INTERCER ~ 1 0.588770 0. 01753
1Co0 1 .000015%0428 00000131338 3?3‘3‘9 00001 R—50UME 0 -5 492
VL 1 ~0.015326 0.001575782 -9.72% 0.0001 ADJ R-SQ Qa8 481
MY 1 —0.052761 0. 0123539 b2 08" * 0.0001 .-
osp@im: c2 ¢
PARAMETER STMDARD T FOR MO - T
VARIABLE DF ESTIMATE ERROR PARAMETER=0 PROB > | T}
INTERCEP ) 713.339 121.113 's.aoo 0.0001 .
3500 § 7:- g;gg:zg 0. oosz:gzm 0.0200 R=SQUARE 0.4 zu;
v . 3 10, 585863 s 6.0001 | - 0ea20
HAY 1 ~499.880 06 . 622697 -5.% 0.0001 ' ADJ R-SO, e
v »
DEP VARIABLE: GAS " ., .
PARAMETER STANDARD T POR HOS
VARIABLE OF EST IMATE EAROR PARAMETER=O pros > Tl
INTERCEP - 1 778.973 73. 7503898 10.562 0.0001 .
iCoo 1 0,0673s:85% 0,005112839 1,644 Oc1494 92
v, 1 127.7680 5.628840 19.273 0.0001 ReSauane 07675
vRT 1 7920003 22, 748041 -15.01 5% 0.0001 ADJ R-sa .
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pH during’phase I of the experiment ranged between 6.5
to 7.3,Mexcept‘ in ren 3 in wvhich the pH of the systes
dropped to 5.3.° It should be noted that the ngfr reactor
‘:ng not ‘oper.:ating fn this period of time (700-904 hrs) with
any increase in alkalinity_. Without the increased
alxa'linity, there was _considerable variability, the most
&4 s

important a;spects being the incr,easé in effluent <COD, sS,.

1

and VTR, - ‘ )

Bésed on pseudo steady state - data, the results from
correlation and regression analysis tend to indicate that

COD loadings over 12 kg €0D/m3/day could not be mantained in

the DSFF treating dairy vastevater because of increasing

Y

efflyent variability.,. The increase in effluent variability

was more noticeable when the 1loading resulted from a higher

influent COD than firom a decrease inm HRT. .Noreover, the COD

resovalg (SRR) inc%eased‘évith an increase in organic load
obtained by a sharp rise in ICOD from 8500 to 17000 ag/1.
The gas production increased linearly with the removal rate

of COD, shpwing high variability at a higher loading rate,

) -~

" It should be noted that given that the scatter diagraams

in rigure 19 - 25 show that the dependent variables, EFCOD,

Bss, SRRF, PSRRPF, °C2, and gas production i are

. (R ]
heteroscedastic, consequently the regression egquationg and

L}

)
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- w

correlation coefficients shown are ronl'y indicative and

&

shotld not be used for predicting. , :

-

=

;’Finally, the effluyent concentration, removal rates, and
é'as productiop vere subjected to an analysis of variance
(ubn) procedure to sanalyze the total variation of t}heir
response éttributed to changes in the control variables,
This anai}is, sunmarized in Table 9, re;ealed that the only
variable vhigh was not significantly affected by the control
variables, influent filtered COD (IPCOD); and volumetric

organic loading (VF), was effluent suspended solids (SS).
13 - ' X . o

table 9. ANOVA Procedure Tor Phese T of

Le
~he Experiment

- “ F-test

' T at 5%-

Dependent F-test Level of

varieble, SouTce Celculated Significant Femarks
EFCOD I¥CoD 5.3 1.84 significant
vr 98.6¢ 2.7M significant
HE® 15.45 1.32 siqunificant
] .
. £SS I¥oop © 1,36 ' 7. 84 not significant
VF 0.78 2.7 pot significant
HRT 12.70 1.22 significant
° - )
c2 IPCOD 8.63 1.84" . significant
vr 89,42 2.M significant
Ry 29,18 1.32 significant
GAS . TFCOD 6.52 ey "significant
. ¥ 678.73 2.7 . significant .
AareT ' 23.95 C1.32 ' sigrificant

PSRR¥ .  ITCOD ‘5.86 1.88 sianificant
vr " 91,70 2,77 significant
HRT © 66,87 1.32 sigpificant

-

e e — Fa - - -
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3.7.2.2, Time Series Analysis of The ZEfluent Fasponse

B

“4n Terms of Filtered COD From The DS?F Reactor

Undexr COD loadéds

o

' 1
»

)

» o

methodology to study how and to what extent effluent
- filtered  COD is related to influent filﬁered Cop in the DSFF

reactor. In addition, discrete transfer function noise

5

filtered COD) of the DSFF reactor under COD loads were

dfeveloped. The togl employed here i‘s the cross?oxgre]:atiog

function Dbetween influent and éffluéntf which iuéicatﬁs

vhether ;Jgiven output résponge is statisticalf} réiatéd'to

changes in specific input variables. A significant
N .

.correlation between an irippt variable 'xt’and Xn outﬁu.t'

response Y generally indicates a relationship if a factorial

o

design or other proper statistical procedure is used in

2 1

conducting the experiments. (80x and Jenkins, 1976).

Before looking at the <crosscorrelation function between

’

input and output filtered COD, an inspection, of the
auotocor:relation function o%" eff;gent filtLer?/

periformed to gain further insight into the time .variable
behavior of treated effluent fro;m the DSPF reactor.

.

o

A

’ The objective oi/E this section is to a;’)pfy Box - Jenkins

models to- predict the effluent’” response (in ~terms of

cobd was
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The estimated autocorrelations of the original time-

series are shown in Fiqure 26. The autocorrelation depicted
in rigure 26 {b) indicates that effluent filtered COD is a
nonstationary geries because of 3dong persistence of nonzero
values for several time period lags. ¥onstationary series
occur when the underlying physic';l nechanisas generating the
series change, ie. when the Principal rovenments or
varciat-i.ons of the series are due to variations caused by its
own process, by the generating prc;cess for the input, or

p
jointly by previous / v&@s of the input and output series,
J

" I# can be pointed out therefore that in this case, changes

, in operational conditions have a marked effect upon the

soluble COD in the reactor.

Trends of any kind tend to introduce spurious
autocorrelations that dominate the autocorrelation pattern,
It is imperative, therefore’, to remove the nonstationarity

from the data before ‘proceeding further with time series

- analysis. Removing trends can be routinely achieved through

-

the “method. of differencing (Makridakis and Wheelwright,

1978).

N L]

EY

Figure 27 shows the autocorrelation of the differenced’

influent and effluent filtered COD. HNotable features are,

firstly, that stationarity is achieved with one degree of

Boarien e ww
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Figure 26. Estimgted Au?ocorrelation of Influent and Effiuent Filtered
COD Time Series: a) Influent Filtered COD (1FCOD)3 b) Effluent

Filtered COD (EFCOD)
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Figure 27. Estimated Autocorre]at1on of Differenced Influent and Effluent

Filtered COD Time Series:

a) Influent Filtered COD (IFCOD);

a) Effluent Filtered COD (EFCOD)
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90
differencing, and the mean of the working series does not
significantly differ from 'zero, Thi§°'is indicated by
coaparing the means to their dwﬁ’standard deviation (Figure
27 (a) and (b) respective}y)._ Seqbud, there is a lack of
significant spikes ' in the ’ autgébrrelation function of
effluent filteted cob. None of the estimated
autocorrelations' are large at the 95% confidence 1level.
*hird, the autocorrelation function of influent filtered
CoD, (giqure 27.&5,‘ danps‘out toward zero gquickly in an
49§pane;tiai manner suggesting that.an autoregressive process

may describe the generatina\ﬁechanis-s of the input filtered
. M

B Pl

€QD concentration.

¢

¥

Pigure 28 shows the estimated crosscorrelation function

. beatween the prewhitened (see page 40) influent filtered CpD'

time series and the correspondingly transformed effluent
response in terms of filtered <COD time series (Appendix A
shows the identified nodels for the input wvariables, IFCOD

and v¥, estimated model parameters, and diagnostic check of

models adeguacies). The crosscorrelation between. effluent

filtered COD and influent filtered COD is relatively weak.
The data indicate that at a 95% confidence level, effluent
guality as f}ltéréﬁ CoD, is significantly affected by
influent filtered coﬁ, as some transfer of‘ input to outﬁ&t

e

is detected in the crosscorrelation function at a lag perio&

&3
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of 1 (4 hours). Although the estimated crosscorrelation in

Figure 28 shows a significant spike 4t a lag period of 9 (36

hours), this statistically significant crosscorrelation is

felt to be-unimportant £rom an engincering point of view

1

because of the hydraulic retzsntion time of the systen,

HRT=32 hours., Zffective residence "time 1is decreased by

volume changes 1f solids accumulate in the reactor. Hall

o

11982) concluded- that accumulation of primary attached
ﬁolids in dovnflow- stationary bed ?eacto:s‘ reduced the
actively nmixed zone to 0% of the nominal volume ang
resulted in 30-35% short circui;ing of the incoming flow.

P - i

Inpulse .. response weights ~ are related to the

crosscorrelation function and may be used to identify

significant output responses caused by changes in the levels
of igput variaglef“(uutt et al, -1981). ' Figure 29 shows the
impulse response weights for effluent filtered 600 during
runs 4, 5, and 6. The impulse response véighgf for effluen;
filtered COD versus id?luent fil£ered coDp, (Figure 29.a);

indicate a rapid response to step Ehanges in the influent

h

~COD concentration. The impulse response weight at lag 1 (d

hrs), vith a value of 0,135, f3llowing the step change at 0

_hour, is significant at the 95% .confidence level., As well,

L4

Figure 29 (a) shows that’a change in the COD concentration

éntering the DSFF reactor caused a response in the effluent

°




a) Influent Filtered COD ([FCOD) . ’

015 : t 93
frows e e o e e s e e o e e o s e e - e e - ® - - w e -
o10} ' ' ’
005}
N
‘l x . " .//
0 'y . 8 T 12 16 20— . WA
-005} '
-oJOb ' i hd
~arsl T
95% CONFIDENCE, LIMIT
Y ‘: )
f
b) Volumetric Organic Loading (VF)¢
' 2
74
0157 ’ . _95% CONFIDENCE LIMIT
e - - —) ————————— — —— P o e  Eme et WENS wEmes e s
a10 . '
. : /68% CONFIDENCE LIMIT
aos_i—-_ —l—l—-’-—;['—' ﬁﬁﬁﬁﬁﬁﬁﬁ R
' ' l l 1 L Lags

| | T
-QOS:____;__ ) ' . :

-010} -

e K et I -

T ,

s

D S SN MRS G SRENE  GURND Gmim RN CUEw SR GER G WP ST G
N

-

Figure 29. Impulse Response Weights For Effluent Fﬂtered cop Foﬂowing
A Step Change in Input Variables




94

filtered COD concentration approximately 4 hours after the

Y

tnfluent change—%as nade.

1

) Reggrd;ng tye impulse response weights between effluent

'filterd COD and organic loading, ¥F, in rigure 29 (b), it

~can be seen that the DSPFr reactor has a neld£1Vely, high
capacity to withstand high organic ’loadings or rapid change
in raw vast;water@ conditions, since none 'of the limpulse
response ;qiqhté are significant at the 95% confidene level.
However the impulse response veigsts at lags of 1t (&4
hours), and 3 (12 hours) are ,siqnificant at the 68%
confidence 1level. This say indicate that a change 1in the
organic loading entering the DSFr reactor caused a response
four “hours after the loading was changed and reacclimation
and normal teact?r performance was reestablished, 12 hours
after the change was made.

Thaese fiﬁdinqs from the ihpulse response waights during
psen&o - steady state operations are similar “to the
conclusions pointed out by Kennedy and Van den Berg (1981)

that DSFF - reactors could handle severe overloading without

" sarious problems, and that no;ual'teactor perforasance would

be reestablished 12 - 48 hours after overloading.

©
P,
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3:&.2.3. iredictinq The Rffluent Response in Terms of
Yiltered COD by Box - Jenkins Trénsfer'?nnction
Noise HNodels Undef COD loads
fggn Yigure 29, it is not‘possible to identify whether
the system behaves aécordiqg to a ﬁirst' q;der transfer
function model, or whether a second. order model would be
better. Sevﬁr;l transfer func;ion noise models were
developed relating effluent filtered Eon {EFCOD) to influent
filtered COD (IrXcCOD) and orquic loading (VF). Table 10
spovsrthe transfer’ function noise models which provided the
best prediction of effluent filtered COD, interpreted as
that which produces the smallest jtandard error of estimates
ik~z>4’isua1 aeasure of the

at the output, Pigure 30 provide

sodel adegquacy by éonpating the predicted effluent response
}

by the transfer function noise model relating E¥COD to VF to

those observed in run 6. Appendix A shows the ARIMA least

L4

squares estilatiqn, and ,the autocorrelation plot of the

.transfer fdnction noise models residvals, as well as, tye

crogsscorrelation check of the residuals with infloent

filtered COD and VP time éeries, for éhé nodels shown in

Table 10,

P o,
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\\?/ Table 10. Box - Jenkins Transfer Function Noise Models
. For The DSFF Reacto: Under COD Loads
; Model o . Number of Std.
; Number Model Form Parameters Error{mg/1) AlC
- <
1 _(€Fcop), » —Q:1638  (ypcopy, . 4+ —(10.1468) \ )
t (140.4738) t- ("00]4535*0.‘38‘2’0.]5820) t 6 . 478" 12
i ]
! ‘ a, -
! 2 (eFcop), = -2:.08898 ypy t - .
' . Y (1-0.8228) ' (1+0.158%+0.1478%40.135812) 5 476 14
Y
e %
.
~ A
N
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Grro: iignre 30, it can be seen that the %ffluenﬁ
response in terms of filtered COD was éeasonably predicted
by the Box-Jenkins transfer function noise wmodel relating
effluent filtered COD aqd volumetric organic loading. Thi§
model was able to account for' 74% of the total variation in "~
the response variable (ie. effluent filtered coD). A
similar standard eQroc was. obtained relating effluent
filtered COD and influent filtered COD (see Table 10). -
rgerQEOte% it can be concluded froa the dynamic modelling
that changes“ in raw was&pwater characteristics and loading
rate to the D§!P reactor have a’narked effect upon the Dsfr
performsance in teris of effluent filteted CoD.
\

3.8, Summary of Discugsion For Phase I of The

Experiment

Based on the results presented 1in sectioh 3.7, the

-

following sammary can be made regarding the DSFP reactor.

- Dairy wastewaters /may be anaerobically treated - at high
organic loading rates,) up to 12 kg COD/m3/day, and at a
relatively short hydféulic retention iile, say 32 hours, in

a DSPF reactor with a COD removal efficiehcy of

approximately 65%.

o

O
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v N 'Tye Time series analysis of the processt‘indicated that
eﬁfluént quality in terms of filtered coplis affected mainly

by the ’iﬁfluent COD ' concentration and  the process COD

loading. TQ}S resqlbf agfees ¥ith the ' findings of the

Y

correlation and regression analysis. 0f the variables
investigated under psendo-steady—sga{e conditions, the

effluent gquality was significantly ,correlated to volumetric

- .

.organic loading. Influent COD concentration and the. process

\ o

- . ‘loading were aléo cofrelated to gas production; of these,
. ' voor . N
.influent COD concentration "had a  more pronounced effect.

Substrate removal rates were significantly affected by the

a

LA ‘ A ko
process loading and - concomitant HRT.

¢

a2
An adequate representation of the effluent response in

terms of filtered COD was obtained through time '‘series model

4

. building, based ‘on(con 1oadinq. The Box-Jenkins transfer

—

function noise models developed (Table 10) ° were able  to
account ‘for 74% of the. total variatiom in the response
~variable effluent fil cop. Considetinq the errors

inherent in the zeasuresents, éénpligg procedure, and

’

analytical procedure, this is judged satisfactory.

v ¢
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8.1, The Use of Box - Jenkins Time Series Analysis For . .
Predicting The Dynaamic Respoése gf An High Rafe
3

Anaerobic DSFF Reactor’ ’ .

- Dhavw -, "o =V
- o Vo1,
0 R S
u b -

T

0

The need of adequate mathematical'tools for describing
and understﬁnding wastewater treatment processés,‘such as a u .
high rate anaerobic DSPFP reactor, vhas nade reséarchers in ¢
the field of water pollution ;o look for better mathematical |
models which are able to characterize K the -process response
and predict its dynamic behavio%'gnder'dif?ereu% operational

conditions, > e ¢ *
2

¢

Two " important approaches used , in describif@ and

133

understanding biol%qical processes are: first, iinetic ‘ B
models, based on continuous culture ) theo;y and
stoichidnetric coefficients, and useﬂﬁ for design and
5
operation; second, Box = Je?Fins Time Series Analysis, which
has been ‘applied oq}y Fo “ aerobic procéssés such as:
activated sluége,"rotating biolégic&l cont?ctor; sﬁsp@pded
growth systems, and: lately, t;\ the piplogical fluidized
bed process, (see Section 2.10:). predicting the performance
of the processes and characterizing the effluent response of

gthe systems under dynanic‘cogditions. e

-
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§
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Stoyii"a"y‘ - ™tate wmodels are unable to predict procerss

performance ,during start - up operations, anda dynamic

conditions . resulting from changes in process input.®

Therefore, Box — Jenkins Time Series Models were used for a

high - rate anaerobic downflow stagionary fixed film reactor

in order to aghieve the following objectives: One, to relate

'influent variables with effluent response as filtered COD

under dynamic conditioms, Second, to predict the effluent

’

response of the DSFF reactor.

3.2. Operational Conditions .

o

The second part of this study, ' development of tise

k]

series models, conprised 18 days of operation,” (#10 hours).

Fiqures 31, 32, and'33 show the operating condition of

this secoild +phase experimental progras, and effluent
)

response of the DSFF reactor as total and filtered CODy

~

respectively..

25 observations of the reactor feed tank and 114
observations of the treated effluent vere obtained to
eyalnate indicators of process response and develop discret:é
time series npodels for the pﬁrpose of predicting effluent

response as filtered COD.
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The dypnamic run was conducted ﬁy varying the influent

" CcOD concentration and'{he bydraulicaload;ng independently of
each. othér during the 18 days of the experiment. volumetric
orqanié loading wvaried £§ the range of 16 t; 17 kg
COD/|3{da7, with 3influent COD concentration and hydraulic
loading of 6500 - 21750 mg/l COD and 0.24 ~ 1.78 17day (HRT

= 0,56 - 4.22 days) respectively.

\)

<

2

»

Suspended solids and ‘acetic acid content of the

. et ’ .
influent were variable throughout the entire run in a range
of 170 - 570 mg/l and 210 - 1122 ng/1 respectively. .

The performance of the DSPF reactof under the operational

conditions studied is shown in Table 1I1,

-
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Table,11. DSFF Reactor Performance Under Dynamic Conditionms

Parameter Units , ‘ Avg. 751ue
- HRT L hours . ] 34 .
 organic Load N kg TCOD/m3/day ' \ 10.80
Teaperature ‘ o¢ 35 o
pH ) ‘ 6.65
Influent Total COD ng/2 . 15621
szlnént TotalkCOD ‘;qll ' ’ 6087 .
Effluent Filtered COD ng/1 To 4925 ’
pffluent S5 ng/1 459 °
VFA as Acetic Acid t\ag/l 1364
CoD Reduction ’ C "
Total - Total % , . 61.00 .
CoD Reduction ‘ ) o
Total '- FPiltered X . 68.50 .
Gas Prodnct%on' . n3/n3/day 3.10 )

8.3. Quantitative Data Analysis

1
|
It wmust be emphasized that success in stati%tiéhl

nodelling dédpends upon having the best possible data, and,

accprdinqu. great care was taken to ensn;é that the data

g

vas as rellable as possible. i

’
Ll

i 14
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1

Before modelling could begin, the missing data for the

feed vwas estimated by usind linear interpolation between the

.axisting data points, An interpolation - technique

(Reinsch,1967) was applied to estimate the aissing data of

the DSFP reactor's effluent response as filtered COD. This

’

technique is an INSL subroutine, ICSSCU, for, cubic spline

i

interpolation (User's'nanual,InSL Library, 1§8&). ICSscu

places a smooth cubic spline along a given set of data

"points. A feature of this subroutine is that the user -

supplied smoothing . paraseter contfols the extent of

s

sndothinq. '

n
[y

As vell,\the statistical package, statié&ical Analysis‘
Sygtel. SAS/ETS User;s Guide, 1982, _vas used for
iden?ification, estimation of transfer —-function noise
nodels! parameters and diagnostic check of nédels! adequacye.
The results are shown in Appendix A %hrouéh c.

g
4,9, Identification of Box - Jenkins Ttansfef Function
‘Noise Models Under Dynamic Conditions
The identification procedure of traqsfei function noise
models recoamended by Box & Jenkins ' (1976) requires
consideration of the crosscorrelation fnncti&n between the

prewvhitened input series, IPCOD, VP, and flow rate (FEED)

i g g G o LI, [P

N - o o A At
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4
and correspondingly transformed effluent response in terms

of filtered COD. b

To prewhiten the input a 'identification of ARIMA process’

.
was nade of the input data series. The same transformation,

using the game parameters as for input models, was appliad
to the effluent 'Tresponse., This yields two transformed

series %t and Bt vwvhose sample crosscorrelation function

allows identification of potewn‘tial transfer function models. .

A summary of statistical procedure for building this type of

. : ©
model is provided in section 2,10,1. The basic staps in

‘developing a transfer function® model are shown in Figure 3

(page 39) including the prevhitenig phase. The identified
models for the input variahbhles, IFCOD, VF, and FEED,

estimated models parameters, and diagnostic check of models

‘ adequacies (autocorrelation 'of the residuals) are shown in

Appendix B.,

o

After prewhitening the inputs, _the crosscorrelation

function between the “prewhitened inputs  and the

- 4

correspondinqiy transformed output were computed, shown in

" Pigures B1, B2, and B3 in Appendix. The crosscorrelation

functions allow the identification of tranfer function

3 -

models, the model ordes (r;s), the time delay (b), and the

estimates of transfer function's parameters {w,§ ). Next,

&

o

b

PR
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the autocorrelation functions of the residuals of the 'fitted
transfer function models are used to identify the noise

models, N following as well, the same procedure outlined

t’
in Pigure 3.

These estimated crosscorrelation functions unfortunately
do not givé any definite clues ’'concerning the form of the
transfer function models. Apart from significant spikes at
lags 1 and 7 for tEe hydraulic loading (FEED), fsee Figure

33 in Appendzx). ”;ctlvity at lags up to 6 is dominating in

" the crosscorre)%; ons of influent filtered coD (IFcoD) and

organic loadin: 4 YF), (FPigures B1 and B2). Since, in this
case, one lag is four hours, the detention time of the DSFF
reactor, 34 hours, also suggests th;t this time period would
be of most interest. Therefore, it was decided to fit
several reasonahle models with time¢ delay b of 0, 1, 2, 3,
8, 5, and‘s lags and.evaluate how much of the variatiog in
the response EFCOD each was able to account for. |
¢

18,5, zstinatloh of Transfer Punction Hoise Models! »

Paraneters

To choose the best model amongst the several models

evaluated, the following ‘criteria was used : Box § Jenkins

{1976) stress the need to use as few parameters as possibleb

A
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(the nodel should be parsimonious) so that passes all th;a
diagnostic checks. The AIC (Akaike, 1974) is a mathematical
formulation of the Barsinony criterion of 1wodel buildinq.

¥hen ‘thete are several competing: models to choose fron,
seleét‘: the model that gives the minimum of the AIC defined
by AIC = -2Ln\ (sd)2 + 2K; where K = (Number of parameters in
the nwmodel) *\ 1{ _The relative measure of the additional
;:ontribntion of the control variables and parameters in
describing, the \effluent response of the DSFPF were based on
the & - tegt at the 5% _level of significance; and last,
optisal model was interpreted as that which minimize the

.

standard error of the estimates,

Yor the above criteria, Table 12 indicates the form of
the Box - Jenkins time series models that were chosen to

predict thé observed effluent response. Notice £first that

all the models use almost the same noise model. This noise

model vas suggested by the time series analysis of effluent
tésponse ie, EFXCOD, which lbq to nodel 1, a single series
nodel which ,contains no reference to the input series
(IXrcop, ¥r, and FEED). This nodel is based only on efflne;xt
filtered COD being an autoreqfessive inteqrated wsoving
average , (ARINA) /of order (p=1, d§1, g=11). The single

"series model has . the greater standard error - of - the

. €
estimates, 508 mg/l, and the residuals have a mean of 2,80

+

.
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Table 12. Box-Jenkins Transfer Function Noise Models For The
DSFF Reactor Under Dynamic Conditions

o K e ik At e

Model No. Model Form . No. of Parameters std. error(mg/1) AIC
‘ (1-0.2798'") | :
1 (EFC()D)t = : 2y 2 508 . -19
(1-0.2638) ’ .
» :
1 |
2 (EFcoD), = —0:062B (rpcop) 4+ {1-0.214B ), 4 471 15
- (1-0.828%) Y (1-0.1858) "/
3 (EFCOD)t = ——949115—~(vr)t_2‘+»(1-o.3173“) a, 3 474 -17
(1-0.7058B) .
’ 11 .
1-0.2598"'") : —
_ - 0.5128 (FEED), , + L a
4 (EFCOD), t-7 " T 0.3508) ¢ 3 458 -17
- 0.0418 0.0668B
. 5 (EFcop), = —=2312 _ (1FcoD) + —:0008B  (yf o
) S0t T 120.788) t-2 ~ (1-0.708) -2 : \
T4 - CG3(FEED) gy (10,3581 Nya, 6 - 426 -10
6 (eFcon), = L0598 (ipcopy, + 90638 (ypy 4 (1-0.208"ya, 8 a4s -12
(1-0.7982) (1-0.728) -

e rnata |~ m— o—]

w e s
[

o st |

oLt
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»g/1l, and the autocorre&étion‘plot of the residuals is shown
in Appendix\B. However, the Q-statistic (see Section 4.6,
Equation 11) was used to check the adequacy of the model ané
comparisop with the Chi-sguare distribution for 22 degrees

of freedom which suggests that the nodel adequately

describes the response of the DSF¥ reactor, (see Tabla 13,

page 116). R

Thé tineldelay b dif%ers in the transfer function noise
rodels for sindle input and wmultiple dinput. For sing}e‘
inputs, when IFCOD- is used to describ; the effluent
response, the model with/zzme delay b of 0 lag periods was
found to minimize the standard error og the estimap;s,
(Figure B1). This model is a transfer functioﬁ noise nodel
of order, (r=2, s=q, b=0), which weans that»the response to
a2 unit step change 4in input took place in less +than one
sample interval, b=0 (lag 0), the effluent response is
prcportional’to the input, and the effluent filtered COD is

-

related to its own past value (EFCOD)t 2" ie. r=2.

~

-

Yor the transfer function noise model relating the
effluent filtered COD and volumetric crganic loading, the
time delay b was found to be of 2 lag periods, (Figure B2),

and is a model of order, (r=1, s=0, b=2), which implies

" again that the output is proportional to the input, but is
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displaced by b time interval, and that the effluent filtered

COD is related to its own past value ie. r=t,

Although the crosscorrelation ' function of effluent '

filtered COD veréus flow rate '(FEED) s;u')ws- significant
;pikes at lags 1, and 7, (Figure,K B3), it was found that the
transfer function noise model wit? time delay b of 7 lag
periods minimize the standard error of the estimates. The
orvder of the model was also found to be .of zero <\>tder. (r=0,
5=0, b=7), but is displaced ,by b time interval. ‘
When the combined effects of ghe control var{ables 'weré
used to form sultiple ‘input tranéfef function noise models,
it was found that the' model with -influent filtered COD
(I!COD) and organic loading (VF) at time delay b of:j 2 lag
periods (8 hc;urs) , and hydraulic “ loading (FEED) at time
delay of 7 1lag periods (28 hours) minimize the 'standard
error of the estinailces,\ 426 =mg FCOD/1. ﬂalthough the
naltiple inpnt. transfer function noise model =wainimize the
standard error of the estimate, the parameter describing the
effect of flow rate {(FEED), at’ the S% level of significance,
vas not significant,\ (see KRIMA sdleast squére 'estimation in
Table cu in Appéndix C). Furtherm.:re, the estimated

parameter describing the effect of flow rate in the single

input podél was not significant different from zero,l atJthé
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sape <confidence . level, (Table ¢3). AS well, the AIC

criterion shows ‘that. Ehg three-varaiable .model  is not
‘ ' . ’

parsimonious since the addition of variables complicate the

model and make parameters estimation *more uncertaine.

Therefore¢, the ‘flow term affectively drops out of the

three-~variable model. '

5
-

IS

The parameters describing tl;e effects of IFCOp and VF-
were highly significant in the single and sultiple inputs
models at the 5% level of significance, (‘Tablesitl, c2, and
C4 ing Appepdix). Eli,mination of the flow term (FEED) in the
thrée—v_ariable rodel, and reesfinétion of the parameters
increased th;a na‘gnit,udé f +the standard ,ez-:ror of the
estimates, (Table 122. Howevexf. ba'sed.on an ?—test at the

5% level of significance, the single input models were

statistically ~infer.ior\. to the multiple input nmodels,

Tk

In general, the correlation‘ patrix of the estimates in

Tables .C1-CS show that the set of estimated parameters;

—r

describing the effects of the operational variables, IFCOD,
. ' \

vF, and flow rate (?EEﬁ) in the transfer function noise
models are not related to; each other. The models do not
st\;’ffet from high parameter ic.ortelation (parameter
redundéncf). Although the three-varidble model provided a

better prediction of effluent filtered COD concentration

e g taOm b e e A

]
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than.the single input modelé, the pérameter estimates %or
the two-variable model were more consistent with thqse,%¢r

. the single 1input models r;nd appears to best descriﬁeﬁthe
process dynamic., From this analysis, the effluent fiiﬁéféd
COD concentration from the DSFF is better predicted ' bya
relationship uhich accounté §pr Iﬁhe:.effects gf ‘idflugnt

filtered COD concentration and organic loading,

0

J
r

4.,6. Diagnostic Check of Models Adequacy 'n . ‘ R

3 .
[ »
o ]

1

Itiisicbmmon practice in Box - Jgnxigﬁ moéel%ingrtq do a
careful diagnostic check to test | thé validity Doflithe
transfer function néisg models. A helﬁful overall check of

. the autochrelgﬁion‘,function of thg :esTdu;lsT f;om "tbe

fitted . models, which . takes account of ‘the distributional
(+ s :

' efifects produced by the fitting is as follows: >
If the functional form of \the model is adegquate, the.

_ quantity given by the- Q-staiistiqs is approximately

‘

distributed as the Chi-square with k-p-g degrees of freedon,

- H

5
<

Q-statistic = n " r2 (k) T (11
: =1 @ .

1

Note thét the degrees of freedom of the Chi-sguare depends
. . . ¢ - B »

on the nusber of parameters in the noise model but not on

s o N\ ¢ \
the number of parameters in the transfer function model (Box

E
»

—
Se

e

~ ey

Tt s

,wf‘
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T8 Jehkins, 1976). By referring the Q-statistic to a table

of ©percentage points of +the Chi-square, one obtains an

approximate test of hypothesis of model adeguacy.

~ ¥

In a similar manner, to check the significance of the

crosscorrelations between prewhiten inputs and tthe nodel

residuals, the S-statistic is used and the computed value is

compared to the Chi-square distribution with k+1-(r+s+1)

degrees of " freedon, where (r+s+1) is ,the number of
patameters fitted in the transfer function podel. ’ /
- k .
- i = 2 : . :
S—-statistic = m kZ'o rz () (12)

o

s ~
A further assessment of model adequacy is that the

”

estimated autocorrelation of +the residuals should be
uncorrelated ar:d distributed normally about zero with
variance, 1/N, where N is the number of residuals. These
checks are presented in Table 13 and Tables C1-C5 for the
autocorrelation plot of the transfer functioun res'idhuals and

calculated crosscorrelation check of residuals with 'input

time series.

’4‘ ‘ '
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Table 13, Diagnostic Check of Transfer Function '}lbise Models

==
A

Under Dynamic Conditions

- -
. ' s ) » crosscorrslation of
Autocorrelation of Prewhiten Inputs and
| model Residuals Model Residuals
' . 2u ' 2a \
If Q-statistics = n r? (k) If S-statistics = m Z r2 (k)
k=1 3 . =1 Xa
where: m = No. of residuals wher2: m = Wo. of residuals:‘
k = Lag X = Prewhiten input
a = Model residuals g ; - series ‘
and  Chi-Square = x2,, ' And Chi-Square = x2,4
vhere : v = K=-p=-q where: v = K+1-(r+s+1)
a = 0.95 ) ' ~ a = 0.95
Then: ‘ L,
Hodel 13 Q = 9.66, y2 = 33.92 . o
~,' Q [4 XZ ' , ° t
Model 2: Q= 6.59, x2 = 33.92 s = 18,71, x2 = 33.92
, 'Q < XZ ' " . . B 3 °< ¥
model 3: Q = 11.29, 2 = 35.17 S = 12.63, x2 = 35.17
Q < x2 ’ s < ¢
Model 4: Q= 8.53, x2 = 33.92 s = 25.06, x@ = 33,92
, Q< x= 5 < 2
Lo ' : v *
odel S: Q= 9.80, y2 = 35,17 s = 21.99, ¥ = 33.92
‘ 0 < x%2, ‘ s = 14,07, = 35.17,
‘ ' § =25,75,x2 = 33.92
s S < 42 :
Hodel 6: Q= 7.68, x2 = 35.17 S = 24,07,42 = 33.92
Q < x=Z S = 15,54, x2 = 33.92
. s < x2

AN
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B.7. Predicting The Effluent Responsé in Teras of
Piltered COD for the DSFF Reactor Under R
Dynamic Conditions

The aim of this research paper is to see wvhether Box -

Jenkins time series models can be aused to predict the

- . ‘l‘

dynaric response of a DSFF reactor. The last 12 observed
values (2 days) wére left representing actual values for

s

. comparison with the models' predictions. Figures 34 (a) and

(b) show the .results of the predicted efflhent response in
teras of filtered COD by the selected transfer function

noise models.

The time delay of b=2 lags (8 hours) and b=7 1lags (28
hours) used to predict the effluent response in model 3 and
Rmodel & agree with the findiﬁgs of Hall (1982) pointingout
that the rapid appearance of trace£ at the reactor o}jlet
suggested that the anaerobic downff;v bed reactorﬁ nust
op@pate with substantial internal recircilation or short
circuiting of the ligquid phase. Hence the range of time

delay of 8 - 28 hours for COD 1loading and flow rate is

_reasonable on physical grounds, being consistent with the

residence time distribution conducted by Hall (1982).

z-
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Although the \nultiple input transfer function noise
model provided slightly bettei onerstep ahead predfction of
the effluent response: no significant reduction of the
standard error of the estimates is achieved, as showg in

rable 12, The best transfer function noise nmodels

determined by the AIC were the single input models. These

sodels have a standard error with an isprovement of 72.0%,
71.5%, and 72,40% for the-models 2, 3, and 4 respectiveiy,

over the standard deviation of the -non-modelled data: A

¢

tomparison of the predicted effluent f&lteréd COD by models

3 and S is shown in Figures 34 (a) and (b) respectively.

]

The last 12 observed values, starting at the arrow, were

. left for comparison with the predictions made by the models,

It should be noted that the fitted combined transfer
. function noise npdels do follow the fluctuatipn; in the
ouféut much better than the single series model, and this is
because they £ake account of sudden fluctuations in the

~

input vatiaﬁles.

Indicators of process response for the DSPF reactor were

} obtained from the transfer function noise wodels under

dynamic conditions, The proces;{steady state gain (% change

in ocutput/% change in input) for the input concentration”

tera in the tvo-vatiab;e mnodel for COD removal from the

dairy wvastewater was approximately 0.28. As a basis "for
L
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comparison with other biofilm reactors using similar
procedures to those outlined in this project, the process

gain for the RBC (Filion et al, 1979) ‘and fluidized bed

reactor (Rutt et al, 1981) for carbon removal from domestic ,

vasteviters were 0.14 “and 0.20 respectively. This indicates

that for a unit step-change in process concentration the

-

DSPF reactor may be expected to have a greater response than

»
the RBC and fluidized bed systems. The process gain based

on the ihput organic loading term in the two-variable model

for the DSFF reactor VIE 0.22 compared to 0,033 for the RBC
s

and 0,011 for the fluidized bed.

The kinetics of - carbonaceous oxidation in the three
biofilas processes, DSFF reactor, RBC, and fluidized bed
differ considerably: The-rate oéxorqanic stabilization in
an RBC system is generally limfited by oxygen flux rather
than substrate diffusion into the biological f£ila (Bull et
al, 1981; ) Nutt et al, 1981). In the fluidized bed, the
biofila thicknegses ranged fr01,about 50 to 250 microns, At

an effluent dissolved oxygen concentration of 5° mg/l, the

bottom half of the biological reactor contained dissolved

oxygen concentration in excess of 10 ag/1 (Muft et al,
1981). Over this range of biofilm thickness and 1liquid
phase dissolved oxygen éoncentration, the biofilm can be

considered to be aerobically active throughout its depth (La

....... e o~
Lt

. ) ;
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Hota, 1976). This probably accounts for the smaller gain '

jdentified for the fluidized bed compared to the RBC systen

. S
(Nutt et al, 1981).

On the other hand, it is well known that in anaerobic
dibest%is. acetate-utilizing methanogens are slow growers
and have been shown to be ;present in the film which may be 2
- 4 ma thick (Van den Berg and Kennedy, 1982; Kennedy and
Droste, 1983). In spite of the fila thickness, it 1is not
likely that diffusion, which nornaliy limits the activity of
biological films (La noya, 1976), played a major role in
limiting activity. The high rate of gas production in the
£ils will cause the film to be "mixed" roughly (Hall, 1982;
Van den Berg and- Kennedy, 1982; Kennedy ‘"and Droste, 1983).
However, anaerobic treatment of solubléﬁ—orqanic wasteva%er
(dairf vastewater) ‘containing easily-hydrolysable substrgées

_— .

{(Carawan et al, 1979) =aight be beset with problees under

dynamic conditions and at high loading rates.

Since anaerobic digestion is essentially diphasic (aciad
phase and methane phase, seﬁ Section 2,2 and PFigure 1)
1nstabil%ty may often be due to imbalances occyrring between
those gqroups of licroorqaniéls achieving the initial
liquefaction and acidification, and those affectingﬁ the

final conversion of the substrate to -ethane'(ﬂaﬂaki and

P I S —~———- — A ——— e o Ao Pl et b o e A Lo e e e
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\\\\« Nagase, 1981). A too rapid acidification of substrate might

™~

“reach concentrations sufficient to be inhibitory for methane

foraing proces;es {Grasf and Andrevwvs, 197ufq.chynoweth and
mah, 1977; Barnes et al, 1982; Bull et al, 1983). Thess
1ntermediatés are converted to the end ptoﬁucts;.eut the
microbial mass raquires a finite time to re-adjust to these

transients., Therefore, this may account for the greater

.gain and large response to a ggit step change in influent

for the DSFP reactor compared to the RBC (Filion et al,
1979) and fluidized bed (Nutt et al, 1981) systenms,

\

Nutt et al (1981) pointed out that it is informative to

estimate the tiwe constant associated with the trapsfer'

&

function noise model, where for the first order systenms
identified here with a four-hour saampling interval the tinme

d@nstant (¢) in hoﬁrs is defined by (Box and Jenkins, 1976):

3
4

T = -4/1n s

v
L

"The time constants for the concentration and volumetric

organic loading terms associated with the two-variable model

£

are approximately 17,0 and 13.0 hours respectively. This

cindicates that the time constant of 17.0 hours ig the tinme

required after initiation of a step change in input

concentration for the DSF¥P reactor to reach 63.2% of its

*
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final equilibriua level, and that 95% response ie.
essentially complete response, will occuf in about athreé
time constants or 51.0 hours. PFor the loading tera, the

tine constant to reach 95% responmse will occur in about 39,0

hours.

b

-

-

The time constant associated with the two-variable model
is similar to the conclusion pointed out by Kennedy and Van
den Berg (1981, 1982) and Bull et al (1983) that increases
in influent COD concentratign and ‘flov rate: caused a

deterioration in effluent quality, but normal reactor

performance was regained within 12 - 88 hours aftera

A
u

overloading,.

-
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5. SUNHARY q
. ¢

In summary, the results from the first phageo
experglentél program show‘ that the DSFF reactor is able to
achieve COD removal efficiencies in the range of 31.2 - B85%
and 2a high rate of gas ptoductipn (4.30 m3/n?76ay) ‘at
volunetrié organic loaéings of, 5,60 - 15,90 kg CoD/m3/day.
At short hydraulic Fetention ‘times (less than‘a day) and
with the gorreépondinq wvash—-out of solids, the hydrolysis of

complex organics in the ddiry wastgwatef becase limiting,

hence the acid formation d4id not occur.

Oon the other §and, at COD- loadings over 12,00 kg
CobD/m3/day the VFA increased rapidly to a peak level of 3016
mg/1 (sum of acetic acid, propionic acid, and butyric acid),
and the reactor became less stu$1e, causing deterioration of
effluent quality'by an increase of effluent COD and SS.

Based on pseudo—-steady-state data, thé.correlation and
regression analysis showed that a comabination of the three
control variables, ie. influent coD concentration,
volumetric organic loading, and hydraulic retention tinme,
vas able to: describe up to 40% of the variance of effluent
quality, 81% of the variancé of removal rates, and 77% of

the variance of gas production., The remaining unexplained

N e N o . ey o FE O S
.
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variations are due to other minor process variables, as well

as being inherent in the procsss itself.

Y

The time series analysis of the effluent response in
terms of effluent filtered COD (EPCOD) showed that EPFCOD is

a nonstationary series. This is because of long persistence

0f nonzero values in the autocorrelation function for

Qr

several " time period lags. It was found from ' the

crosscorrelation functions under cob v loading ard dynamic -

"conditions that effluent filtered CcCD is significantly

affecéed by the contreol ;ariables. However, the process was
found to have4reserﬁe metﬁanogenic capacity and could handle
rapid step changes 1in raw wastewater without serious
problenms, Reestablishment of normal .r=actor performance
occurred 39 - 51 hours after a step change was made. .
Analysis of the' <crosscorrelation functions allowed
identifi;ation of transfer function noise models. The
Box~-Jenkins transfer function models such uasr the one
presented in this project atte@pt ~to formulate complex
physical and biological phenémena éccurring in piological
vaste treatment systems (Murphy et al, 1977; Berthouex et
al, 1979; Filion et al, 19793 Kenneth a;d S%mé, 1981; Nutt
et al, 1981). Such models are applicable only if they
adequately describe the' ‘iff;pent response under

vt

9

*



AT ¥ 2T ’

R

e R

sy

~—3zrmEn

3
v e e s PrE AP - e P T L R T NPt
b

‘ 127
coﬂéidetation,” or in other yofa;; if phey /fit‘ﬁhe‘ data.
Under COD =1o;ding and dyna-id)’qondi@ioqs the transfer
functioﬂ-noiée sodéls developed in this project appeared to

be able to predict the effluent. filtered COD reasonably

well, "The predictions were within a 95% confidence level of

the actual effluent filterqg cop, This result is excellent

~

. when considering _the variations that may occurred in'such

experimental prograas.

[y \ N

‘There has been an increasing need ' ip anaerobic

treatment technology for the adoption of opératioﬁal models’

for the anaerobic fermentation of industrial wastes. The
relationship to bridge this gap has been investigated,
developed and asseubled in this projeci. The gngineeging
significance °6f uthis péojeét Yies -.in using these
relatioﬂships in thé deve;opneﬁt of operatibnal criteria for
the design of feed-forvard/fegd~back control systems for
high  rate &naegobic fixed film reactors.

Influent - COD - concentration and volumetric organic

v

‘loading rate have been suggested 'in this projqcf\as' the

N .
operational variables of choice for the use in predicting
the effluent response of the’psrr reactor in terms of EFCOD.

The estimated parameters describing the effects of the

'operationnl variables selected were highly significant at

:
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the 5% level of significance. The trén;fer‘ function noise
models developeé in «éhis project were able ﬂable-té prediét
the éffluent response of the systén two stepg'&hggd (8
hours).  This in turn could reduce the /impact of siock
loading due to iﬁcreases in the level df input variqples.
However, if the uodels'vpredicfions were notfhpdaiéd and an

attgnpfﬂthen made to predicf more than two steps.ﬁhead the .

» - . s . ' B
prediction would becoae steadily worse. , o :
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6. CONCLUSIONS ' ..

-
b

The following conclusions can be drawn based on the

i

findings of this two phase experimental prograa.

1. Results showed that the DSPF reactor is applicable to
dairy wastevater with a_percentage of COD reduction aup to
85.0% and gas production up to 4.30 m3/a3/day depending on

the operational conditions.

. Treatment of dairy wastevater was satisfactory over the
whole range of influent COD cogcentration (5000 to 25000
8g/1) and hydraulic retentidn times (3.5‘\to 0.40 days). For
a8 shock loading of approximately 12.00 kg COD/m3/day the

DSYF? reactor exhibits 1ittle disruption and continues to

a4

provide a high degree of treatment and a high~Twte of gas is

produced, At a hydraulic retention time of 0.40 days the

2

hydrolysis of complex organics in the whole milk becanme

!

limiting, hence acid formation does not occur and treataent:

" efficiency dropped off rapidly, This condition i; indicated

q \

.by the low gas production, high concentration of solids in

.the effluent, and low percentage of substrate removal. On

the other hand, at a high organic loading rate, 15,00 kg
coD/a3/day, and a HRT of 1.35 days, accuasulation of VFA was

observed. These high VFA levels are not converted to

.
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nethane and carbon digxide as fast as they are formed, and

cqnseqnently are not removed from the system, thus causing

the decrease in COD removal efficiency. - o

L 3
v

3, Substrate removal rates increased with an increase- in cobp
concentration independent of the HRT. However, the
percentage of COD reduction is dependent on the hydraulic

retention time and influent COD concentration.

- ™ , ] )
8, The DSPF reactor's efficiency is adversely affected at a
pi_level below 6.4. ‘ i , .
\ N

/ -
S. The correlation and regression analysis resulted in the

conclusion that a consiséent relationship between effluent

N ¢

response (as effluent COD 'concentration and gas production)
and indi:'vidual control variables does not exist, A
eonbi‘.na‘tion of the thr?e control variables,’ influent COD
concentration, organic loading, and hydtauli‘c retention time
was able to describe up to 4840% of the vari‘ance of effluent
quality, 81% of the variance of COD removal rates, 77% of
the ;ariance of gas production., The rermaining unexplained

variations are due to other minor process variables, as well

as being inherent in the process itself,
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6. The time series analysis of the DSFF reactor under

. varying COp loadings (runs &, 5, and 6) and the dynasic

study showed that the DSFF reactor treating dairy wastewater
has a relatively high <capacity to withstand high organic
loadings or rapid changes in rawv wastewater. Reacclimation

a\}d normal reactor performance was reestablished 39 - 51

hours after the change was nade.

7. The effects of varying COD loading (runs 8, 5', and 6)
were satisfactorily modelled by a Box - Jenkins tine seriss

transfer function model, naamely: -

. .
(1-0.8228) %)

EFCOD), =
(. Ve t-1 " T (1+0.1587+0.1478%0. 1358

- |
This model was able to acconn\t for 74% of the total

variation in the response . variable. Considering the errors
inherent in the measurements, sanpling procedures and

analytical procedure, this is judged sat‘isfactory. .

o &
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8. ilthouqh the multiple input Box - Jenkins transfer
function noise model relating the three inpﬁt variables was
found to provide slightly better prediction of the’effluent
response under dynamié conditions, no significant reduction
of the standard error of the estimates was achieved. The
best models deéernined by the AIC criterion were the single

input models. These models were_ able to account for 72.0%,

’ 4
71.5% and 72.40% of the total variation, in the effluent

response in terms of effluent filtered COD compared to 74.0%
for the multiple input model incorporating the three control

variables, .

9. The high degree of complexity of the anaerobic downflow
statfonary fixed film reactor reduces the ability of the Box
- Jenkins time series‘nodels to predict all the variations
occurring in the effluent response in teres of filtered COD,
but not to a degree that would negate the usefulness of the
model to predict, at the 95% confidence level, 8 hours
ahead, This in turn could reduce the impact of shock

loadings due to changes in-the level of input variables.

K N
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Table Al. ARIMA Least Squares Estimation For Innut (IFCOD) Model
. ARIMA: LEAST SQUARES ESTIMATION .
PARAMETER - ESTIMATE STD ERROR T RATIO  LAC ’
MAL, 1 —0. 173203 0. 06565 ~-2. 64 57
ART, 1 0. 389215 0. 057685 6.75 1
VARIANCE ESTIMATE = 388666
STD ERROR EGTIMATE =  423. 431
NUMBER OF RESIDUALS= 257
*  CORRELATIONS OF THE ESTIMATES
HAl: 1 ‘ARII 1
MAL, 1 1.000 -0 010
AR1. 1 -0. 010 1 000 .

AUTOCORRELATION CHECK DF RESIDUALS

CH1 AUTOCORRELATIDNS
SQUARE DF PROB
2.83 4 0.5387 ~-0. 011 D. 002 0©.078 -O 029 =0. 048
% B1 10 0O.831 0. 010 -0. 03& ©. 009 -0. 068
9 35 16 © 899‘;\ ~0. 026 —-0. 065 -0 082 -O. 014 Q 3 —0.032
13. 44 22 0. 920 -0.008 0.038 0.029 ©0.03:1 O. 102 0. 029
17.82 28 0. 930 -0.031 0.05 -0.033 0.009 —-0O. ~0. 058
21.98 34 0. 944 -0. 060 ~0. 072 0.049—0.044—0028 -=0. 006
23. 66 40 0.981 0. 049 0. 019 0©.038 -0.032 ©0.009 ~0.013

~ \
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mcwmxmcecmnemnmd95765432101234557891
30BbbHE 00000

¢ s - L BRSSO A
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2 &17. 729 0. 00139 ! i !
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4 -11193. @ -0. 02880 ! -t 1
S 15892. 1 0. 04089 : i . H
b -17378. 8 -0. 04471 ! L X t
7 .83 0. 01011 ! H H
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9 3437 27 0 ! 4 < H
10 24026. 0 0&182 ! ‘e | !
11 -13248. 7 0. 03409 ¢ -t f
12 -26318. 9 -0. 0&772 H el H
13 —-9981. 33 -0. 02568 ! -! !
14 -29337.7 -0. 0D&519 ! . »? !
1% -31879 4 -0. ! . ! !
1é -5497. 7 -0. 01415 ¢ . s 4
17 1332. 14 0. 00343 ! ' !
18 -12378. 4 -0. 03185 ! - . Az
19 -3075. 45 -0. 00791 H ! . H
20 13799.7 0. 03531 ¢ ‘e | ~ H
21 113%4 0. M . !
=22 12230. 3 0 03147 ¢ e !
23 IT629. B 0. 10196 ! 1ee, H
=24 -111356. 4 -0. 02870 ! - . H
25 —12145. 3 -0. 0312% ° -t !
26 216467. 2 0. 05575 ! ‘n !
27 -12726. & -0 03274 ! -t !
- 28 342%9. 38 (4] ! 4 H
29 -31290. 7 -0. 08051 ¢ L o 3 4
30 -22330. 2 -0. 05802 ! . 3 4
31 -23285. 2 -0. 03981 ? -t M
32 -28018. 1 -0. 07209 ! -t 4
33 19211.1 Q. 04943 ! ‘e '
34 —-172462 0. OD444] H »! !
35 -11056.1 -0.02BA5 ! -! H
36 -2211. % -0. 00369 ¢ H H
37 18903. 6 Q H ‘e '
e <) -7550. 76 -0 01943 ! . ' s
39 149955, 5 0. 03848 . LR !
40 -12334. 2 -0. 03225 ! . &1 '
: . ' MARKS TWO STANDARD ERRORS
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AUTOCORRELATION PLOT OF RESIDUALS

LAG COVARIANCE CORRELATION -1 987 &5 432 1 01 234567891

o] 228784 . 0GOO00 4 1 R R
1 &40. 307 o og=280 ! i
2 914. 468 0. 00400 ! '
3 -1479%.1 -0. 064467 ! %
g -31167. 6 -0. 13623 ' B!
S 1451. 4 0. 00&34 ¢ '
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7 8018. 89 0. 03508 ! Ca
8 -7862. 77 -0. 03437 ! #i
Q 16239. 2 0.070%98 ! i %
10 -12989.3 -0. 08677 !} 1
11 -6686. 35 -0. 02923 | i '
12 -1330. 54 -0. 00582 ! i )
13 -18433. 2 -0 08064 ! L 2 A
14  -4200. &1 -0. 01834 ! . ]
15 151658 0. 06629 ! i%
14 -6308. 63 -0. 02843 ! *i
17 &707. 63 0. 02932 ! ™
18 3974. 02 0.01737 ! i
19 —-1%5627 -0. 06830 ! #!
20 3503.22 0.01832 ! Lo
21 -118%0. 6 -0.05180 | J Do
22 7989. 09 0.03317 ! ™
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26  -970%.3 ~-0. 04242 ¢ »i .
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‘. * MARKS TWO STANDARD ERRORS
CROSSCORRELATION CHECK OF RESIDUALS WITH INPUT IFCAOD
TO  CHI c
LAg s°2“§§ oF opggg ROSSCORRELATIONS
) 0.008 ~0.0
11 13.92 10 0. 196 0. 071 o.ogg 8'?3% 8'&?3 8'8?8 —8’823
17 23.88 18 0. 092 ~Q.093 0.092 -0.052 0 057 0.027 ~G. 130
23 27.06 22 0. 209 0.067 0.0856 -0.015 G.009 O©0.014 -0. GOS
29 30.34 29 0. 347 -0.06% ~0.013 0.025 -0 001 -0. 033 -G. 078
2? 39.78 34 C. 228 0.072 0.033 -0.101 -0 114 -0. 084 -0 011
4569 40 C. 248 0.02% -0.014 -0.112 -0 C48 0 024 0. 083

Figure Al. Autocorrelation- Plot of Transfer Function Residuals and
Crosscorrelation Check of Res1dua15 With Input Filtered
COD (4FCOD)
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Table A3. ARIMA Least Squares Estimation For Input (VF) Model

ARIMA: LEAST SGUARES ESTIMATION

PARAMETER ESTIMATE STD ERROR T RATIO LAG
Mal, 1 0. 359376& 0. 04629707 5.71 é
AR1.1 ~0. 144845 0. 065362 -2.22 12
AR1. 2 0. 162842 0.0641173 2.54 48
VARIANCE ESTIMATE = 244095
STD ERROR ESTIMATE = 971. 6446
NUMBER OF RESIDUALS= 257
CORRELATIONS OF THE ESTIMATES |
MAl. 1 AR1, 1 AR1, 2
mMAal,l 1. 000 0. 278 0. 078
AR1,1 0.278 1. 000 0.124
ARL, 2 0.078 0. 124 1. 000
AUTOCORRELATION CHECK OF RESIDUALS
CHI AUTOCORREL ATIONS
SQUARE DF PROB
2.07 3 0.558 0.038 0.010 0.011 0.009 -0.065 0. 000
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Table A4. Statistics of Transfer Function Noise Model For EFCOD Under
COD Loads, Model 2

t A
v

N ARINAZ LEAST' SQUARES ESTIWAT ION
PARAMETE R ESTIMATE STD ERROR T RATIO LAG VARIABLE
AR141 -0a182761 0.0632671 -2e41 3 EFCOD
AR1,2 -0el147994 0,05621913 -2438 4 EFCOD
AR1 .3 -0,135631 0.063518} -2.,14 12 EFCOD
NUML «0889213 0.0l 64436 5.41 0 VFE
DEN1+1 0,822037 O0¢ 0393444 20489 i vE
VARIANCE ESTIMATE = 227376
STD ERROR ESTIMATE 3 4764839
NUMBER OF RESIDUALS= . 2855 -~
COFRELATIONS OF THE ESTIMATES
AR, 1 AR1l,2 ARL 43 NUMI DENLs !
AR1 .1 1000 . ~0.088 =0,129 —0.175 0. 131
AR1 2 ~0es08% 1000 -0.006 -0s131 0.077 -
AR14+3 -Ce 129 =0.006 1,000 ~0.059 0.007
NUM1 «0e175 «0s131 =04089 . 14000 =~0,559
DENL 1 0,131 0,077 0007 <=0.559 1.000

AUTQCORRELATION CHECK OF RESIDUALS

0 CHI , AUTOCORRELATIONS - o
G SQUARE DF PROB .
6 697 3 0.113 0066 ~04083 ~04009 ~04001 0.086 ~0.06%
2 977 9 0,370 =0.006 =04010 O0alll =04010 =0.040 ~040023
8 12,72 15 0.624 ~0s066 ~0.060 0,010 ~0.051 0,006 0.012
4 19,34 21 0,563 —0e040 ~0,112 ~04065 0,048 ~0.049 ~0.026
28.35 27. 0.393 =0.069 =0+033.~0+007 —-0.055 —~0.102 -0.109
6§\ 32464 33 04485 00041 04083 ~06006 04057 0038 0036
2\ 8. 39 0.649 ~0.027 ~0.034 04016 0,026 0.064 ~-0.0232

6vlL

LR SR
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A2. Autocorrelation Plot of Transfer Function Residuals and
Crosscorrelation Check of Residuals With Input Organic
Loading (VF)




151

APPENDIX B

o e e S s i . K g S AR IO




APPENDIX B1:

5

APPENDIX B2:

APPENDIX B3:

A
IS
gl

APPENDIX B&4:

152

Autocorrelation and Partial Autocorrelation
of Original FCOD Time Series
Autocorrelation and Partial Autocorrelation

L}

of Differenced FCOD Time Series

" ARINMA Least Squares Estimation For FCOD's Model

Autocorrelation and Partial Autocorrelation’
of Original VP Time Series

Autocorrelation and Partial Autocorrelation
of Differenced V¥ Time Series

Arima lLeast Squares Estimation For V¥'’s Model
Autocorrelation and Partial Autocorrelation
of Original Feed Time Series

Autocorrelation and Partial Autocorrelation
of Differenced Feed Time Series [

ARINA Least Squares Estinatiqn for Feed's Model
Autocorrelation and Partial Autocorrelaton

of Original EFCOD Time Series
Autocorrelation and Partial Autocorrelation
of Differenced EFCOD Time Series

ARINA least Squares Estimation Por BPCOD's Nodel

B s e IR

page

153

154

155

156

157

158

159

160

161

162

163

164

= et e e i o e



LAG CIOVARIA

—Q

AN O-0D 4O NREN~-QDEON AWM

FORIPG I N 04 1t 14 pot b bk ot b ok o

274,

42
wm

‘:3:1931 18

—”35071

-1287941 .

-1441201
-16113%4
=1547992
-1289878
-B3&6634
-267348
458410
1161439
1743920
2206613
2530237
2773613
2883274

LAG

OO NCTAHLWA-C-OM-F BRI~

RO AA RN #o4 1t pot 1t b ot 2 ot ot ek
LA -

CHI
SQUARE
2462. 73
b4,
2463,

{w]
40T

$Q
|
[BESYe

N

CORRELATION -1 915

L/;::E OF VARIABLE -

MEAN OF WORKING SERIEZ=

STANDARD DEVIATION

NUMBER OF OBSERVATIONS=

0. 5C449

-Q.
-0
-Q
-0.
-0
0
-0
-0
-0.
-Q.

0000000000a00

|

14860
1403
132 720

NI m L AW I WM MmN e Wi am w m e ue

sem W iE e e il VRt e Miem it M i M msam m m e

AUT
ORRELATION -1 9 8 7

= [FCOD
w

TCCURRELATIONS

£ 3 432

13926
4788. 7|

108

{01 223 4
YT LR Sl S

S EE L DR SR A e
R EE O E L R

153

&7 891

N e T T

1 324 ot 25 36 b 24 o+ 35

-2 2 E
V3t 2t

! %3t
! %

L
' 3%

. MARKS TWO STANDARD ERRORS

—

PARTIAL AUTOCORRELATIONS
&5 4221

3343

L !
X
L sttt

Wt !

[ERT TR

AUTOCORRELATION CHECK FOR WHITE NOISE
AUTOCORRELATIONS

0.
0.
-a.
0.

904
131
670
Q51

0 791 0.
¢ cCg -0. 032 -0. 036
~Q. 0346 ~0 Q37 -8.012

0. 042
-0. 048
0.07¢6 0

&62 0

o246 0.

3521

111

Q

370

121

i WIS Wimimre g, w

B R P L T

01234 667891
(ET T L 2L L e g

N N AR R T N I
3 v



v el A e A7k kT3 WO

et e sl ORI o 1
3

-

-

NAME OF VAR IABLE = [FCOD 154
PERIODS OF DIFFERENCING= |{.

v
/ B
N MEAN OF WORKING SERIZES= 163888
; STANGARD DEVIATION - = 201098
. NUMBER QOF OBEERVATIONS= 107
AUTOCORRELATIONS

LAG COVARIANCE CORRELATI_.DN -1 98 7535 4321601 23495&78%9.
4044030 1. 00000 ! > : 1 243444545 HFRELHHRARS

Q
1 410483 © 101%0 ! . taw
3 348134 0. 08&0°9 ! . taa
3 285830 0.070468 ! ) 1#
4 223430 Q. 05323 ! . i
S 161199 C. 0398% ! . X T
& ~-1407643 -0. 34808 ! AR HRR !
7 -304333 -0. 07330 ! N - X
g -323003 -0. 08037 ! . 2
9 -3435149 -0. 08833 ! . et
10 ~-3&6%874% -0. 09044 ! . e!
11 -386203 -0. G¥S80 ¢ . #a!
12 -479071 ~-0.11846 ! . e !
13~ ~-1984689 -Q. 04913 ! »!
i3 -179938 -0. 03429 ! »t
13 -199432 -0. 03942 ! »!
16 -140040 -0, 03463 ¢ ° »!
17 ~-120274 ~0 Q2978 ! »!
15 26832. & 0 C0&&4 ! H
19 185338 Q. 045239 4 ‘e
222 18923984 0.04313 ! Y
a1 1815640 Q. c4492 ! . X
=22 180721 0. 04469 ! . 1E
23 L7944 ¢. 04448 ! . L .
24 1217020 Q. 30094 ! . ' A RORRN
. e+ MARPKS TWO STANDAPL ERPORS
PARTIAL AUTOCORRELATIONS
M?CDRSE'TSIE‘%NTl 98765432191,234 s 467 8% 1
1 . a ' . »%
2 0.074637 ! . ' e
3 Q. 05574 ! . '»
4 0.03784 ! , . '
2 0.02228 ¢ . ¢
- -0, 272023 ! L a2t 2t 2 ot
7 -0 02443 ! . !
8 -0. 02324 ! »!
e -0 02736 ! ®!
10 ~0. 03063 ! . \ . *!
11 ~0. 03449 ! . »!
12 ~ —-0.24713 ! taass X |
13 -0.037C2 ! R Y
14 -0 04159 ! . »! .
13 -0 Q4493 ! »!
16 -3. 03340 ! !
17 -0. 06062 ! !
18 -Q.14913% ! ey
19 0.00743 ! 4
20 -0.0G67%9 ! ~ ! .
2% -0, Q2137 ! ' .
@ ped -0. 034562 ¢ ! .
223 -0 4736 ! »! .
=4 0. 25094 ¢ 1 a0 (
AUTOCORRELATION CHECK FDR WHITE NOISE
Zg sgmas DF  PROB AUTOCORRELATIONS
£ 17 04 & O 009 O.102 ©.08B& O 071 ©O 0SS 0.040 -0. 348 7
S.g E% 14 12 0. 07 -3. 0TS -0. 088G -0.08% -0.090 ~-0. 096 ~-0. 118
33 58 éb _IJE 0 1350 -0 Q4% -2 Q44 =~C C39 -0 0235 -0 23C 0 Q07
5 24 0 033 Q 0453 O 043 C Q42 0 0as (Q Q#£4 (o 201

- ~ ‘.‘_,1;_9" e i et —a— 4

B N L



S

o T ST

e T
Q

CHI AUTOCORRELATIONS,
G SQUARE DF PROB ) L
) 1.964 4 0.743 0.087 0Q.071 0.033 0.039—0.022 -0. 000
- .31 10 0O 849 =0. 030 ~0. 060 ~0.071 -0.081 -Q.091 -0. 043
3 "8.19 16 0.943 ~0. Q4Q ~0. 041 —-0. 042 —-0.083 -0.045 0. 114
4 . 24322 0.996 0.021 0.018 0.014 0.010 0.0607 0. 026
AUTOCORRELATION PLOT OF RESIDUALS
\ v
ATION -1 2 87 & 34 321012345 78 9,1
LA% covggégzgg Coaggégoég ; ;:;****»**n T L LT
1 71 . 0873 ! ! .
2 220213 0.07107 ! HE 4
3 1499£3 0. 0348 ! ‘e
4 119261 /0. 03832 ! ' »
s a?02%. ? 0. 02228 ! :
& -55G. 174 -0. 00018 ! H
"7 -133334& -0. 02020 ! *!
-4 =187474 -0 G&044 ! : it
e -21983& -0. 07062 ! »!
10. -2309463 -Q. CBO9? ! »a! “
11 -2623%& -0. 09120 ! L 2 :
12 . —~134374 -0, 043423 ! »! ;
13 -132777 ~-Q. 032962 ! »! .
-14 -126442 -0. 04080 ! , *! _
13 -130314 -0. 04203 ! »1 ;
14 -134451 -0. 04339 ! 1 :
17 -138047 ~-0. 04533 ! »! . ) .
18 3398223 0.11360 ! 2 .
19 &£3624. 3 0. 02118 ! . !
<20 34388. B 0.01738 ! ¢ H
21 43024. 8 ©.01388 ! !
2= 314654. 3 0. 010135 ! H )
3oEEnI SR 4,
- ‘. * MARKS TWO STANDARD ERRORS i
&
L] hd ?.
§
3
§
;
& !

ARIMA LEAST SGUARES ESTIMATION

+
. PARAMETER  ESTIMATE STD ERROR T RATIO LAG
MAl., 1 Q. 437212 Q. 0903961 3. 06 &
ARL, 1 0. 203489 0. 094207 322 a8
_.VARIANCE ESTIMATE = 30957435 ”
STD ERAOR SSTIMATE = 1760 33
NUMBER OF RESIDUALS= 107
CORRELATIONS OF THE ESTIMATES
MAL1.1  ARL,1
MAL, 1 1. 000 0111
AR1, 1 Q. 111 1. 000

A"
+

AUTOCORRELATION CHECK OF RESIDUALS

155



RO S

r
>
@

PR

e e arn tnenap AR o % e et

['g PIIIA) s 0 0ot b o ot gt ot ot

NAME OF VARIABLE = VF ’ 156
MEAN OF WORKING SERIES=  S51%. 79 ° ’

n
(AT RS W T RS Ty JU R YRT N Eaye B RNT XY B Y AT F o]

STANDARLD DEVIATION = ‘382, €8
NUMBER OF OBSERVATIONS= 108
AUTOCORRELATIONS
COVARIANCE CORRELATIDN -1 9876 %4321012345%5&6782¢9
14!&1?“1 1 Co00 o Vb bk St b
12998123 6. 83334 ¢ : VRN TR ARERIASIR
1042%214 Q. 70624 ! " . U 553t 3 38 36+ 3 28 D
828337% 0. 94114 ! . . RIS 2Tl
62132884 G 42091 ! o . 1 03 b 25 9%
12575043 C. 28829 ! vr E T X XS
2450626 0. 156601 ! 1 3%
15464997 Q. 10602 ! T
750348 . 0. 03083 ! i
S840 37 0. 00040 ! £
-L59234 -0. 04334 ! . . i
-1273632 -0 0Bé&a2 ! o . wn!
-1814264 -0. 12290 ! : *t
-2207981 -0. 14938 ! *nw! .
-24463899 -0 1806&0. ! k! ,
~-3209279 -0. 21713 { . *epn!
-3843224 -0. 26038 ! ” .0 HHwN
-4 396821 ~0. 31140 ' W |
-5483311 -0. 37144 s 296343 !
-47386974 -Q. 32228 ! FEYITY ¥
-4079487 -0. 27636 ! WHHNRRS
-3439721 -0, 23322 ' 3 . EEZ Y
~-282574= -0, T914% : - A .
-2229920 -0, 13104 ! ; i !
~-14636934& ~C. 11089 ! Y

' MARKS TUO STANDARD ERRORS

. PARTIAL AUTOCORRELATIONE
LAG CORRELATION -1 9 2 7 & 54’3 2101234564678¢%91
0. 83344 .

1 ' '*4***4******¢****
2 -0.08143 ' Y
3 -0.07847. | i
4 -0.07485 ! #
s -0 07028 ! #!
& -0 0435 ! *1 .
7 C. 129%¢ i Py
8 -0 %274 ! *i y
? -0. ¢30%90 ! a4 !
10 -0 Gaasg ! #1
11 -~0. 04606 ! f *i
12 -0. 04309 ! i
13 - 0.01347 o i
- 14 =0 07398 ! »i
18 -0, 08307 ! wni
16 -0. 09448 ! . i
17 -0 10906 ! P o
i8 -0. 12817 ! Ty :
19 0 34882 ! P
20  -0. 04001 ! " X
21 -0, 0%%48 ! PY
22 -0 0%037 ¢ ey
23 -0.04320 ! #i
22 -0 03952 ! i .
AUTOCORRELATION CHECK FOR WHITE NOISE
CHE AUTOCORRELAT
sagaae DF qugg 0 ORRELATIONS,
20 9. 833 .0 706 .5&1 0. 421- 0.2 ’
210. 09 12 g 883 8'%33 8 ?g% 9. g?g 78 ‘045 ~o.ogg -§.i§§
- . -0. - - -0. 260 ~0. 311 -
583 5% 33 9 883 20332 8. 355 2§ 333 C§: 789 28 7i1 28 91}

B O TSI PN TE S PR P

AN oo st SV 5= 2



oy AT

vt s s R T

met
S

s

AP

A W VA by o

e VO B

~~ NAME OF VARIABLE = VF + 157
FERIODS OF DIFFERENCING= 1.
MEAN OF WORKING SERISS= -39 7338
‘ STANDARD DEVIATION = 1977 83
s k NUMBER OF DBSERVATIONS= 107

AUTOCORRELATICMS
COVAR I ANCE CDPREggTéUN -1.987465432101223%5467 8 9,

L&A
o 3711806 1 Q00 R L I s
° 1 2069. 07 0 0093 ! ' - ‘
‘ e -38880. & 0. 00994 ! !

3 -80000.7 - -0.0204% ! ! - 3
4 121037 ~-C. 02023 ! * ! ) . Ng
s . =1461912 -0.0413% ! . *! .
& -489443 -0 129512 ! , B!
7 -84420 7 -0 021%8 ¢ !
g - —2382? -0 02142 ! !
9 -833%4.%9 -0, 02131 ! g !

10 ° -B2893.9 -0.,02119 ¢ . '

110 -8216% 3 =0.02101 ! f

12 3712746 . 09491 ! {3

13 4436%. 1 0.C16446 ! 1 '

14 g1521.8 o c2084 ! '

#19 98%514.'1 Q. o2%18 ! £

16 112491 0 Q2352 ! i»

7 132623 0. 03390 ! o L)

18 -1870G300 -0.47817 ! AW H R TR

19 &H&8E4 6.01708 ! T

20 85747 8 01423 ! '

21 43209. 4 0.01143% ! :

22 33827.1 Q0 00865 ! '

23 22777. 64 0.00%82 ! . ! .

24 47&841 c. 1219¢ ! . . E'T

L . * MARKS TWO STANDARD ERRORS

PARTIAL AUTOCORRELATIGNS
CORRELATION —1 98 7 65 432 101 234 367 891"
0. 00053 ! . P

-0 0G94
-0 02044
-0 02104
-0 04186
~0. 12666
-0 02330
-0 02837
-0 03139
. 032428
-0. 03690
0.07374
. 00392

5

L2222 s L2
29864 .
013584
00234
01078
02489 :
04108 # ,

= Q00N N O -0 0GR~
i
o)

0000aGONO000
o
™~
n
(o]
13 &

¢

P
, |
i

H

FPYRIPIAIAD s 02 1 2 bt g 1t kb g k.
W

AUTOCORRELATION CHECK FOR WHITE NOISE
AUTOCCRRELATIONS

T0 HI
LAg segm;;: D: opggg " 0 001 -0 01G -0 02C -0 ¢31 -0. 241 -C. 123
12 3. 85 12 G. 990 -0. 028 -0 0231 -0 021 -0.Q21 -0 521 0. 0%3
16 3393 18 G 013 o 016 ©.021 0025 0 030 0 034 -0.478
24 34 |2 24 0. 033 6 617 o0 014 0.0L1 0 009 O OOCe O.122
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24

ARIMA. LEAST SQUARES ESTIMATION

158

FARAMETER ESTIMATE STD ERRKOR T RATIO LAG
ARL, U -0. 716145 O 096484 -7 42 18
VARIANCE ESTIMATE = 2603434
STD ERPOR ESTIMATE = 1613 Se
NUMBER OF RESIDUALS= 107
CORRELATIONS DF THE ESTIMATES
AR, 1
AR1, 1 1. 000

ALUTOCORRELATION CHECK OF RESIDUALS

CHI . AUTOCORRELATIONS

SGUARE DF ' PROB .
i35 S 0 929 0. 061 0O.029 -0.003 -0.03% -0.067 0 042
7.36 11 € 769 =0. 094 -0. 094 -0 0%4 -0.094 -0.093 0.078
10 C7 17 0.9C1 -¢. 003 0O.Cle ©.038 0 032 0.081 -0 09%
11 &4 23 0.976 0.031 0.032 0.013 -0.007 -0 025 -0 OS2

| AUTOCORRELATION PLOT OF RESIDUALS !
987 &%4 321 012343 67891

Z?gg?gg é 000Ce ::***-’»**ﬁipa-****mo*
15 . Oo . )
75199 G. 02887 ! X
-7591. 2= -0. 00362 ! !
-P0B89%. S -0 03491 ! *E
-173741 -0 Q&&73 ¢ -u»;
110482 O 04283 ! R ;*
«246034 -C. 02450 ! »n !
-245281 -0 0oR4z21 ! #81
-2844&646& -0. 09396 ! e !
-2440G44 -C. 09373 ° %!
-24314é& -0. 09339 ! X
203669 ©. 07823 ! ;** .
-13028. ¢ -~0. 0CS0C ¢ ;
42947 . 8 0 01650 ! . !
°87%4. 7 C 03722 ! ;*
154890 C. 08936 ! - ;*
21084%°2 C 0eQE7 ! e
-248&63& -0 09830 ! ) FY 3]
13277¢€ 0. 08100 ! i E*
22945 0. 03186 ! ’*
32910. 8 O 01264 ! ;
~17078 -0 0065%s ! :
-668467. B -0. 02568 ! !
-215623 -0. 08282 "

T . )
. ¢ MARKS TuWO STANDARD ERRORS
{
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CORREL ATION

NaME OF VARIABLE
MEAN OF WORKING GSER IEC-

STANDARD DEVIATION
MUMBER OF DBSERVATIDNS-—

AUTOCORRELATIO

= FEED 159
363 611
206 327
108
NS
10 :1 22456 789 1

RELATION -1 @ B8 7T &6 $ 42 2
1 CeCoG ' [EVOPESETRESRSTR TR X XS T 2 B
0 S£417 ! e s e X 2T
0 7633 ! = 0 303098 3 3 3 9 3549 3
0 29280 ! E T T ITTR S EReH
0 45666 ! ET 22T 2T
0. 32083 ! g T2 YTy
C. 1B49%9 ! g T
0 13103 ! ! Nt
0 Q7706 ! K Y
0. 02309 ! :
-0 G&32088 ! »!
-0 OB48% ! an!
-0 132882 ! 'Y Ty ,
=0. 16399 ! A
-0. 19316 ! L 2T N
-0. 22032 ! 22X
-C. 24749 $ P YTy
-0 27466 ! 2 2.2 2 2]
«0. 20183 H Py 2
-0. 18776 ' E 2 T
-0. 07409 ! !
0 03978 ! . "%
0. 19344 ! 2 T
0 26731 ! . | RRRN
0o 28138 ' eI rsry
© ¢+ MARKS TWO STANDARD ERRORS

PARTIAL AUTQCORPELATIONS .

-1 876 3432

0. 86417 !
-0 : 07287
~0. C783%
-0. OB330
-0. 09323
-0 10284

0. 22126
-0 0&5358
=0. 07018

1
o
0
N
1]
LY
@

1C 1 22 456 7291
RS ETTT LS R TR E 2 IR

*l

4!

"t

w1
' **4***«-*******

!
1
]
1

AUTOCORPELATICON CHECK FOR WHITE NOISE

Prop AUTOCORRELAT I0ONS
000 0.844 0 728 0.592 0 457 O 321 O.

060 8 131 0 677 O 025 -9. 091 -0 o8s —o 183
000 -0 15656 -0 193 0. 220 -0, 247 —0.27% —0.302
Go0 -0.188 ~0.074 0.040 O.1%4 O.248 G 381
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FERIODS OF DIFFERENCING

MEAN OF WORKING SERIZS=
STANLGAFD DEVIATICN =
NUMBER 0OF

W

FEED
1.

+

ALTOCORRELATIONS

CORRELATION -1 9 2 7 & 5 423 21
1 QCOCC !
-0 QG071
=0. 0CC7e
-0 0C072
-0. G073
-0 G073
-0 32136
~0. 0C0?0
~0. 0CO°0
CCGQO91
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PARTIAL AUTCCORRELATIONS

CORPRELATION -1 98 7 65 432
-0 Q2Q71 ! .
-~0. : .
=0.
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AUTOCORRELATION CHECK FOR WHITE NOISE

-2. 77439
105. 476
OBSERVATIONS= 107

160

LT T 2

1012345347891
$

AUTOCORRELATIONS
FRCB
G. O&4 -0.001 -0.0¢1 -0.001 ~-0.0Q1 ~0.001 —0. 321
0 346 -0. 001 -0.001 -0.001 -0.00Q1 -0.001 ~0. 0283
0 Q00 O0/0p: 0 001 0 0C: O 00f 0.00! ~C E£7
0 000 Q2 000 O 000 0000 O OO0 0.000 ©O.3°z ,

R



ARIMA: LEAST SQUARES ESTIMATION 161

PARAMETER ESTIMATE STD ERROR T RATIO LAG

mAal. 1 0©. 3314682 0. 0946213 3. 50 &
AR1. 1 -0. 197661 C. 0721229 -2.74 12
ARL, 2 ~0. 3346273 0. 07044698 -7.89 18
AR1,3 O. 439903 0. 0719226 6. 12 24
VARIANCE ESTIMATE = 43%1. 16
STD ERRQOR ESTIMATE = 63. 9633
NUMBER OF RESIDUALS= 107
CORRELATIONS OF THE ESTIMATES
MAl.1 ARL, 1 AR1,2 ARL. 3
MAL. 1 1. 000 0. 198 Q. 116 0. 090
AR1,1 0. 198 1. 000 0. 134 0. 231
AR, 2 0. 116 0.134 1. 000 0. 127
2 ARL, 3 0. O%0 0. 251 0. 127 1. 000
. AUTOCORRELATION CHECK OF RESIDUALS
TO CHI1 AUTOCORRELATIONS
LAG SQUARE DF PROB
0.43 2 0.800 0.000 0.000 0Q.000 0.000 0.000 O.06&62
12 3.85 8 0.871 0.000 0.000 0O.000 0.000 O0.000 -0. 166
18 3.96 14 0. 996 0.000 0.000 O0.000 O0.000 O.000 -0.02%9
24 8.11 20 0 991 0.000 0.000 0.000 0.000 0.000 O0.172

AUTOCORRELATION PLOT OF RESIDUALS

LAG COVARIANCE CORRELATION -1 9 8 7 6 3 4 32 1 01 23493%¢&78¢91
43951. 1 00000 ' 1 3536 3k o 340 303k 36 3 3630 36 3 3 6 3 5 3¢ 1

. 00000
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270. 82 *
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SCULARE CF
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435417 18
558497 24

NANE CF VARIAELE = EFCOD
MEAN CF wCFKING SERIES= = 4E7Z

e 3€
STANCARC CEVIATICN = 165&:32

NMUNBEF CF CESERVATICNS=

1€0000
CeS4248
C.E€210
0+7€€70
O0a€CZ2E
Qs 55SES
0edS7S €
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CncdlS A
0el14E24
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Ce000 '
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TOBIFI DI I 04 14 12 peh e ok ok et ot gt

TO
LAG

..'SQG“Q

LAG CORRELATION
0. 28346

ORI O R o -t 1ot 0t gt ot ot o ot et
WNH=O-DBNCAH = ODD ARG

{
QRITY
'R

n
¥

CHI

SQUARE DF

14. 87

23. 70 1
27.11 1
28.73 2

AONO

M&HME GF VARIABLE
PERIODS OF DIFFERENC ING=

MEAN OF WORKING SERIES= 8
STANDARLD DEVIATION =
NUMBER OF OBSERVATIONS=

RR
0QQ0QC

C. 282346
C. 20872
0. 10137
Q. 00737
C. 00318
. 013522
. 02861
. 04284
. 07038
. 06624
. 20343
. 13719
-G. 04820

0. 04327
. 04843

. 10439
. 04180
. 063569
..04310
. 02331
. 04233
0. 03018
. 02891

0. 13958

0. 01209
-0. 03449
-0. 0033%
~0. &OB34
-0. C1938
-0. 03036
-0. 03934
~0. 02798
-0. 17847
-0. Q2923

0. 023803

Q. 11038
-0. 09507
-0Q. 07164
-0. 07971

0. 033497
-0. 04377
-0. 03772
~0. 01190
=0. 0&421

0 03264
-0. 04872

ELATION
1.

. 07158

-1 9 27 & 35423

R R R e e R R T R T S U

’

EFCQD
1.
037328

535 661
107

~UTOCORRELATIONS

21 0122

4 5 678

163

e 1

PRt 63t TR M TR

& 22222
! SN
! e |
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MARKS TWO STANDARD ERRORS

PARTIAL AUTOCORRELATIONS

L R R R R R L T T L L L T iy

-19 876543210

AUTOCORRELATION CHECK

-0,
-0.
-0.

123
T
ET 2N

# !

FOR WHITE NOISE

. 045 -0. 024 ~-0. 043 O.

AUTOCORRELATIONS
.209 G.101 0©.0607 0.003
. 043 0. 070 —-0. 066 —0.203
. 043 ~-0. 048 -0Q. 072 -0. 103

43 67891

x-

-0.015
-0. 139
~0. 042
=0, 02%

e
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LAg SGUARE
12 )

18 7.

24 9. 66

-9268. 96
29843. &
19288. 6

-11633. 4

-3864. &2

-8794. 09

-12395. 4

ARIMA: LEAST SQUARES ESTIMATION

PARAMETER ESTIMATE 8STD éRRDR T RATIO LAG
MAL. 1 0. 219078 ©. 100003 2.19 11
AR1.,1 0 2629 0 0942019 2.79 1
VARIANCE ESTIMATE = 258444

STD ERROR ESTIMATE = 508. 395
NUMBER OF RESIDUALS= 107

CORRELATIONS OF THE ESTIMATES

DF
4
O
é
2

[

-0.
. 11544

MA1

AR1L,

MA1,1  AR1.
0 1 1.000 -0. oao
i ~0. 030 1. 000 ?

AUTOCORRELATION CHECK OF RESIDUALS

AUTOCORRELATIONS

-0.036 0.115 0.075 —-0.045 -0.015 -0.
-0.034 -0.027 -0.034 -0.012 0.007 -0.
-0.038 0.109 -0Q.0&43 -0.047 -0. 109 -O.

0463 ~0.037 -0.003 -0.090 0.049 -0,

-0.
" AUTOCORRELATION PLOT OF RESIDUALS

LAG COVARIANCE CORRELATION -1 98 7 6 5 4 3 2101234356789 1
) 2384464 1. 00 § 2630346930 3 343090 90 9 9030 0 39038

000
03586

0. 074863

. 04509
. 01493
. 03402
. 03396
. 02679
. 03361
. 01208
. 00664
. 0B414

032847

. 10889
. 06278
. 04736
. 10854

01932

. 06454
. 03735
. 00335
. 04989
. 04949
. 04794
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CORRELATION OF EFCOD AND FCOD )
FCOD HAS BEEN DIFFERENCED.
PERIODS OF DIFFERENCING=].

BOTH SERIES HAVE BEEN PREWHITENED.
VARIANCE OF TRANSFORMED SERIES=
NUMBER OF OBSERVATIONS= 107

LAG COVARIANCE CORRELATION
-24 ~179707 -0. 17066

0

-23 -24523. 2 -0. 02329
-22 ~-114706 -0. 15893
-21 -68318. 9 -0 05488
-20 -81687.3 -Q.077%7
-12 -69324. 9 -0. 0&38&
-1g8 ~181399 -0. 17243
-17 -30132. 1 -0. 0286
-i& -35783. & -0.03417
-13 14133. 3 0.01342
-14 2750. B3 0. 00261
-13 7882. 03 0. 0074%
-12 ~-109410 -Q. 16390
-11 1233994 0.11737
-10 57308. & Q. 05442
-2 37393. 9 0.03331
-8 16107. 3 0.01330
-7 6063. 1 0. 00376
~-& ~-162463 -0. 13428
-3 -30013. 1 -0. 02830
-4 -114389 ~0. 10863
-3 -35746. 2 -0. 03393
-2 40920. 3 0. 03886
-1 33616, 0. 03072
o 221084 0. 20999

1 -45381. 1 -0.04310

2 172576 0. 16389

3 169336 0.15701

4 215030 Q. 20420

S 141480 0. 13436

& 223234 0. 21200

7 39693. 7 0.03770

g - 12735738 0.12113

? 13720 0.01303
10 42334. 3 0. 0403%
11 ~6923. 4 -0. 00637
12 157628 0. 14949
13 -837546. 9 -0.08144
14 25531.2 0. 02423
13 -95238. 1 -0. 090434
14 -627&44. 7 -0. 059&0
17 ~-72983. 9 -0. 06893
18 157698 Q. 14976
19 -221277 -0.21014
20 33334. 2 0.031&é
21 ~137&677 -0.13073
22 ~-81340.2 -0. 07723
23 -100417 -0. 09336
24 -51836 =0. 04923

364964

CROSSCORREL.ATIONS
-1 987 &%94321012343678¢%91
Lt .

e .-

D L T N L L e R Y LT L L R T -

DL R L L XL T
-

/ CROSSCORRELATION CHECK BETWEEN SERIES

TO I CROSSCORREL.ATIONS
LAC SQUARE DF  PROB
5 16. B2 0.010 0. 210 ~0. 043 0. 1464 0.157 0.204 0. 134
11 23.5%5 12 0.023 0.212 ©.038 ©0.12i 0.0i3 0.040 —0.007
17 28.48 18 0.053 0. 1%0 -0. 081 0. 024 -0.090 —=0. 060 —0. 0469
23 3%. 16 24 G. 026 0. 150 -0. 210 0. 032 -0. 131 —-0.077 —0.095
BOTH VARIABLES HAVE BEEN PREWHITENED BY THE FOLLOWING FILTER

PREWHITENING FILTER
NO MEAN TERM IN THIS MODEL.

AUTOREGRESSIVE FACTORS
FACTOR

1

? 1-, 303489B%*(243)
MOVING AVERAGE FACTORS

1-. 457212B**(6)
Figure B1, Crosscorrelation Function of Effluent Filtered C9D
and Influent Filtered COD Under Dynamic Conditions
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CROSSCORRELATIONS
LAG COVARIANCE CORRELATION -1 9 B7 & 34321 0 1 2 34 5 67 891
-24 -1559 -0.185%93 ! . R
-23 12916 0.01291 i i
-22 -40621. 3 -0. 04060 ! #i
-21 199435. 8 0.01994 | H
-20 ?13. 264 0. 00091 '
-1 13494, . 4 0.01549 ! . 4
-18 -163333 -0. 16328 ! . Rt
-17 =73693. ~0.0736&6 ! . #!
-1& 14599. 0.0148%9 | . '
-13 80164. 8 0.08013 ! . Tas
-14 118608 0.11856 | 1K 2 ] N
-13 11704% 0.11700 1L 2
-12 60565, 2 0. 06054 | tn
-1 129024 0. 12897 | 1.2 2]
-10 3838%9. 4 C. 03837 i X
-? -1140% -0.01140 ! H
-8 -218%9% -0.0218%9 | !
-7 -190. 144 -0. 00019 ! . !
-& -569350. 3 ~0. 05692 ! . *!
-3 -266484 | ~0. 26637 | FX Ty
-4 -180938 -0. 13089 | . !
-3 -136344 ~-0. 13648 | "t
-2 -61389. 9 -0.06133 ! . L
-1 -28833. 3 -0. 08883 | . w
0 52613. & 0. 03239 ! . e
1 -11041% -0.11037 ! L 2 ¥
e 221488 0.2218%9 | [ a i
3 163392 0. 163%2 | KX 2]
& 224082 0. 22398 i § W
3 166248 C. 16617 i !
& 1443%4& 0.14453 | L
7 8%%04. & 0. 085947 i ! nn
B 118818 0.118B76 ! 18
9 -73008. 3 -0.07298 ! *!
10 -66102. 2 ~0. 06607 ! *!
11 -371235. 4 -0. 03711 | *t
12 2232%. 4 0. 02232 ! !
13 -8110%. 2 -0 08107 ! . el
14 -64781. 8 -0. 06475 | . »!
13 -133334 ~0. 13329 | 2
16 -71098. % , -0.07107 ! . W ,
17 -563220. 4 ~0. 06519 | . *!
18 8070%. 8 0. 08067 | . 1 2]
ie -257323 -0. 29721 | NNy
20 15727 0. 01572 ! !
21 —-62245. 9 -0. 06222 ! !
22 2563. 17 0. 0025& | !
23 25421, & 0. 02548 | I
24 27400. 2 0. 02739 | . %
CROSSCORRELATION CHECK BETWEEN SERIES
T0 CHI CROSSCORRELATIONS
LAg SGgASE oy OPCR)gz 0.033 -0. 110 22
. -0. 0. 2 0.1684 0.224 0. 16
11 22.78 12 0. 02 0.145 0.085 0.119 ~0. 073 -~0. 066 ~O, 033
17 27 g5 18 0.064 0. 022 -0. 081 -0. 063 -0. 133 =-0. 071 0. 063
23 36.13 24 0. 083 0,081 -0.257 0.016 -0.062 0.003 O0.025
BOTH VARIABLES HAVE BEEN PREWHITENED BY THE FOLLOWING FILTER
PREWHITENING FILTER
NO MEAN TERM IN THIS MODEL.
AUTOREGRESSIVE FACTORS
FACTOR 1
1+0. 716143B»%(18)
Figure B2. Crosscorrelation Function of Effluent F11terﬁd cop’

CORRELATION OF EFCOD AND VF
VF HAS BEEN DIFFERENCED.
PERIODS OF DIFFERENCING=1.

BOTH SERIES HAVE BEEN PREWHITENED.
VARIANCE OF TRANSFORMED SERIES=
107

NUMBER OF OBSERVATIONS=

389160

and Volumetric Organic Loading Under Dynamic
Conditions

237 194(
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« - -—— -cORRELATION DF EFCOD AND FEED .
FEED HAS BEEN DIFFERENCED. 167
PERIODS OF DIFFERENCING=1.
BOTH SERIES HAVE BEEN PREWHITENED.
VARIANCE OF TRANSFORMED SERIES= 411041  4189.7
NUMBER OF OBSERVATIONS= 107

CROSSCORRELATIONS
LAGCGVARIANCECDRRELATIDN-i98765432101234567891 {
4 26 -Q. 21927 ! ‘

-28  -9093

. & H . . !
-23 7071.81 0. 17097 ! Lann, s
-22 -811.372 ~0. 019%& ! ! . '
-21 997. 803 0. 02406 ! K . ! . ) s
-20 -370. 823 -0. 00894 ! . ' . Mz ¢
-19 2147. 94 0. 03178 ! . e ¢ N
~-18 -7960. 03 ~0. 19190 ! a2 d '
-17 -2140. 4% -0. 05160 ! . w! 1
~1é ~-5621. 79 ~0. 13383 ! . ae! . 1
-13 773 0. 01848 ! ! !
-14 832, 832 0. 02056 ! $ , s
-13 2719. 22 0. 06536 ! s '» ! .
-12 -608. 184 ~0. 014466 ! ' i v N
.~-11 -4151. 43 ~0. 10009 ! *n! 1 ™,
-10 747. %966 0.01803 ! L '
-3 3333. & 0 o831% ! | nw '
-8 3831.41 0. 09283 ! ! wa H
-7 23%4. 32 0. 085778 ! L) ]
=& -1284. 135 -0, 03076 ! »! 1
=3 4336. 31 0. 10433 ! Y aw 1 /
-4 4198. 03 0.10121 ! taw !
-3 3821. 37 0. 09213 ! 1 ]
-2 3002. 89 0. 07230 ! ' !
~1 1843. &8 0. 04443 ! ‘e . '
0 1146%. 46 0. o281%9 ! . ‘% : ~
1 -6937. &9 -0. 16726 ! Jnnw! ]
2 239. 449 0. 00877 ! ‘. ! §
3 -738. 34 ~0Q. 01828 ! . ! ! '
4 1393, 38 0. 03847 ! . ‘e, 1
3 1294, 28 0. 03123 ! . e, '
& 3851, .39 Q. 09283 ! . Lo S ' v
7 -10198. 2 -Q. 24386 ! A . !
8 468. 093 0.0112%9 ! . 4 . 1
9 -223%. 43 ~0. 03399 ! R S 1
10 -876.316 -0, 02113 ! ! . '
11 -1221. 23 -0, 02944 ! *! . i
12 2308. 71 0. 03339 ! e S i
i3 3843. 2?4 0. 09267 ! Lo 1
14 9120. 01 0. 21987 - . X222 !
13 -3531. 478 -0. 01282 ! . ¢ s
16 2831. 97 0. 04827 ! . t# '
17 11463, 93 0.02811 ! . e, '
18 -3%0. 071 ~0. 01423 ! . ! !
19 -2419. 13 -0. 08832 ! »! i
20 302. 736 Q. o0730 ! ! i
21 -3347. ?4 -0. 13373 ! ! i
22 -1426. 68 ~0. 03440 ! ®! . '
23 2179. 58 0. 08258 ! . i !
24 206. 437 0. 00498 ! . ! !
CROSSCORRELATION CHECK BETWEEN SERIES
T0 CHI - CROSSCORRELATIONS
LAG SGUARE DF PROB
3 3.38 & 0.780 0.028 ~0.1&47 0.00&6 -0.018 0.038 0.031
11 11.24 12 0. 509 ' 0. 093 -0.24& 0.011 -0. 054 -0. 021 -0. 029
17 18.26 18 0.439 0.056 0.093 0.220 -0.013 0.0&8 0. 028

23 ‘20 99 24 0. 6?9 -0.014 -0.058 0.007 =0. 134 -0. 034 _ 0. 053
BOTH VARIABLES HAVE BEEN PREWHITENED BY THE FOLLOWING FILTER

.

PREWHITENING FILTER '
NO MEAN TERM IN THIS MODEL... ,

AUTOREGRESSIVE FACTORS /
FACTOR 1
140. 197641B## (12)+0. 556273B#+%(18)—. 43990304+ (24)
MOVING AVERAGE FACTORS

FACTOR 1
1-. 33146&82B#** (&) \

Figure B3. Crosscorrelation Function of Effluent Fi
iltered COD
and Feed Rate Under Dynamic Conditions
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Table C1.
. Effluent Filtered C0D, Model 2
{
ARIMA: LEAST SQUARES ESTIMATICN
FARAMETEFR ESTIMATE STD ERRCR T RATIO L AG VARIABLE
MAL, 2 0.21479¢ 0.102648 2.0 11 ~ EFCCC
ARL, 1 0.18%5422 0.0980935 1 .89 1 EFCOr
NUM1 0.0€ZS20¢ 0.01672132 3.76 g- IFCCEC,
CEN1. 1 0.822737 0.0720789 11 .41 2 IFCQQ
VARIANCE ESTIMATE = 22202¢
ET0O EFROR ESTIMATE = 471.195
NUMEER CF RESIDUALS= 10€
. CCRRELATICNS OF TrE ESTIMATES
MNALl,l ARl 1 NUM1 ‘DENL » 1
M‘l'l 1-000 _00076 0-087 "0.007 o
AR1,1 -0 «076 1.000 -0.069 0.049
NUML ., 0087 —~0.06G 1.000 ~0.311 - -
, CEN1,1 -0 .007 0.049 ~0ea11 1.000
AUTOCORRELATION CHECK OF RESIDU‘?LS
TC CHI AUTOCCRRELATIONS
LL.AG SQUARE OF PROB ] . i .
- 1202 -4 0.906 ~0«012' 04042 (Q.071 —0,032F. 0.020C ~g.030
12 3.57 1 0.965 06045 ~0 4002 =0+019 =0.04€ —0.00S5 -0.129 .
18 - €.25 1€ (0.S8% '“0e0S3 0.0 —0.070 —C0.064 -0.,023 ~C.0C¢
24 Ge59 22 0.599 ~0 013 ~0.023 —0.039 0.00€ ~0.,0C% -C0.01¢€
AUTCCORRELATIGN PLOT OF RESIDUALS
LAG COVARIANCE CCRFELATIGN -1 9 8 76 S 4 3 210 1 23 848566 7 8c¢ 1
o] 222025 1 « 00000 EE LI E SRR EEEL S L)
1 -2E567.51 -0.01170 . o
z S221.59 0.04169 " . * .
x 15654 .5 0.07051 - . S
4 -73228.65 ~0.03301 - % .
] 4338B.67 0.01954 - -
€ ~-€£703.15 -Ce C301S - % -
7 $5<3.02 0404483 - L BN
e -403.3222 ~0e 0182 . e /e
9 ‘4181-81 "0-01583 - »
10 — 10132 -0:04563 \ - X Y
11 ~-1€14.$5 -C.00E62 . . " e
12 -28701 .4 ~0e12927 - Xkk o
13 -11745,8 -0« C5290 « X[ .
14 14628 0«06E52 - *
15 -1549Z2.4 -0 06578 o %] . X,
1€ -14188,7 -0 .0€361 ' o X N
17 ~-16144,9 ~0 07272 : - ¥ . .
18 '1231-34 —0-(0555 - -
1S -2818.67 -0 «01270 - - :
20 ~£115.£65 ~0«023204 - .« |
21 -B666.94 -0.03904 - . Xk . o
22 1271462 CeCOE18 . - . \
23 -1047.25 -0 00472 - » ‘
24 -3S25.02 -0 .01%8g8 . »
. *.' MAFKS- TWO STANDARD ERRORS . -
CRCSSCCRRELATION CHFECK OF RESICUALS WITH INPUT IFCOO
TC CHI CRCSSCORRELATIONS
- LLAGC SQUARE CF FRQOB
s 5094 4 04204 0-037 —0.118 0.059 0.169 0.012 60024
11 €.52 10 Q.732 Oa0€] 0.049 (025 -0.03S% -0.033 -0.001
17 B.63 16 0 .G28 0062 =G.026 005G =0.07€ ~0.047 ~C0Z4
21 1,77 =2 [ CLret —rm 2247 =f,028 -0,1487 01,07 -0 .NEC

i
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Table C2. Statistics of Transfer Function Noisg Model For
Effluent Filtered -COD, Model 3 ~°
§
ARINAZ LEAST SGUARES ESTINATICN
FARAMETER ES1IVMATE ° STD EFRCK T RATIC LAC VIFIAELE
NAlel Ce31721E 0.0945605 .34 11 - EFCCDC °
MM 0.0715€6%4 0.0183277% 3,62 e vE <
CEN1,1 0705684 O.148688 4,75 1 VF
VAR IANCE ESTIMATE = z2483¢ :
€TD EFRCK ESTIWNATE = 474171
NUMEER CF RESIDLALS= 104
. CCFRELATICAS U, THE ESTIMATES ’
¥Aal,l1 NUM ] DENI»}
pAls1 1000 -0.01% -0e(18
AN ~04015 1.000 -0.429
CEN1.1 -0e01€E ~0e442S 1.000 ]
o MAUTCCCRRELATICN CHhECK "'GF RESICUALS .
IC CHI AL1GCCFFELA11ChS
LAC SCUARE CF FRCE
¢ 23S £ CL7S52 _0.091 0.039 /o.o7¢ ~0e018 =0e032 ~0.,07%
12 4.98 11 04532 ""0e0S3 00026 =0,048 ~C0e 071 —0.000 —C 07
1e $.97 17 0.50% ~0e079 00070 06085 —0el10Z ~0alC] =~Co034
24 11.2S 22 €580 =0e081 =0e037 ~040(7 <0021 ©Co03S =0,012

‘LAG COVARIANCE CCRRELATICN ~1 S £ 7 € 5 4 3 210

AUTCCCFRELATICN FLOT CF RESITUALS

g ZZ483¢ 1.00000
1 iCAG68.2 005 104 - [e% .

£ EE?S J0€ C«C2ECD -  J -

3 1624247 ‘0a07224 - * e =
4 -36E80 .51 -~0e€131370 - °

e ~71€3 .49 —0.0318€6 | o * -

¢ -1€675Se3 —CeC74%4 - # -

7 20570 € 006227 . " .

€ €544 44E Cs02 €44 -. 4 e

~e ~10E€EZ € ~0a04EI1 ) Ps x -

1< -1%858.1 ~0,07053 o & -

11 -1€e2732 ~€.00034 - -

12 -16807 —0.0747% | . .

13 ~1777€.2 ~LsL750E R - ® -

14 15667 46 0.06568 | o .

1€ -1501 443 —0.CB4%7 o 3% -

1€ -23023.8 -0.10240 ‘ - % o

17 ~Z2€SE LS —0+1005% - % -

1€ ~75€G «39 ~0.0337% -, # .

1S -1E252+2 —Ce0B 136 . P -

HLS -8250 .78 ~0.02€70 | e * -

21 ~1€€5L2E —0s£0741 h e .

22 —~4636 477 -0.02062 | “ . .

23 E7C1 6324 0.C3£720 . 3 .

24  ~2€44 464 ~0.0117€ o -

) ®.% NARKS TaC =1Aunnac EF.RCRS '
CRCSSCCFFELATICN CFECK CF RESICUALS wITh INPUT VF
1 CHI , CRCSSCCRRELATICNS
LAG SCUZRE CF  FRCE .

s l1e73 . 4 Qo786 ~0e029 ~0.039 0.08€ 0.07% 0o.032
11 4,07 20 OoS44 Cel2] —0.04€ —C.062 0031 0.00%
17 1620 1€ Qo856 0002 —0e112 —~04066 -0403Z -0.C17
23 12063 22 009‘3 00015 —-0.05‘4 —6-041 “C._QC‘ ‘0-C‘9

.
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Table C3. Statistms_of Transfer Function Noise Model For
Effluent Filtered COD, Model 4
RINAS LEAST SCUARES ESTIrATICN /
FARAMETEF ESIIMATE STD ERRCR 1 RATIC L2C VBFIIELE
BAL, Y 0.25507¢ Oe 105414 2.4¢ 11 EECCT
AR, 1 8.22580¢ 0.0G4830¢ 3,78 1 eFCCL
LML -0e512448% 0 o 384282 ~1e33 0 FEEC
VARIANCE ESTIMMTE = 1012 ¢
STD ERARCF ESTIMATIE = 458,406
ANUMEER CF RESIDLALS= 1040
COFRRELATICNS OF THE ESTINATES
udl el ARl,l NUML
pALlel 1800 00022 0.083S
AR 1.1 0.032 10¢C0 -0s019
AUML 0«C39 -~0e019 1880
AUTCCCRRELATICN CPRECK QF RESICUALS
TC CHI AUTCCCRRELATICNS
SGUARE CF FRCE
é [ PY-1 4 (0.5853 =0 013 0013 0.060 —~0.04% 0.0z22 Ce00!1
12 2410 10 0,5S€ Ce 003 =06020 —003% 0.04S 0.,014 ~C.08S
18 Zel12 1€ (0571 0o 114 0087 —04060 ~0.040 ~0o114 B Y ¥4
Z2Z 0.55% -0 0585 —Q002¢ Cell48 =0o07C 0.017 G011

z4 £452

AUTCCCRRELITICN FLAOT CF RESICUALS

COVARIANCE CCRRELATICON -1 S €7 € 5S4 321 012 34 ¢ 78 51
21013¢ 3100000 TR S RRTTE R R RRER)

RrS——

PORY DAY AY ot s o g s s Db s Dot gy
SN = OBMURIRAIALUMN O NMUIRIARIIA =O

. n———— Y %

—~2€38.41
SV€S €4
12¢02 5

~GAET L EE

AB2L .S
2%2%47E)
T25.8625

—4238s58

—-7325-71
10401 &3
2€92.852

~1E7178 &1l

—23E878 8
16362 oS

-~ 16788 o4

—E44G+4S

23534 01

—-4161ea2é

- 11242 o9

—%43¢e £S
$148.31

-~ 14802 «1

32843 <4

2238.C2

CRCSSCCEFELATICN CHECK CF RESICUALS mITH INPUT FEED

-0eal]l34S
C«0121€¢
C«(35S 8

~0«04%0¢
Ce02302
000120
Ce00247

-0 e02017

~0 «0348€
€Ce(ASEQ
Qe0137€

-0 L8522

~0e112623
Ce€872%

-0 07589

-CeC4020

~0e11290

—-0ellSSS

-0 «0%463

-Ce02287
L <«04254

-~0e07044
Ca0]CEE
0 <010€S

)

»

.

&

%
»

»
t L
*

 J

s
-
b
»
3

MNs o0 s 0002000000000 008008

m
n
n
n

«® MBARKS Twl STANARLC

(1]

Mrerd W

!
'd CHI CRCS SCLRREL ATICNS
¢ 'SCLARE CF FRCEB
2 | 1431 = (.$34 ~0e06]1 O0e0i6 ~0<07% —0.042 —=0.,087 -C032
1 =.61 11 Q.88 0o CEA 0a1(2 ~04121 04055 0.04€ -G 048
7 Eebh 17 0,528 CeB2% 0e0C0 —Qal%7 €07 (0 .QEC -Co0(2
e Z%e06 23 (0.347 “0ed18 =0 o038 — 0064 —~0.04€ 0.03¢ C(.01¢
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Table C4. Statistics of Transfer Function Noise Model For .
Effluent Filtered COD, Model 5 |
S AR IWAS LEAST SQUARES ESTIMATICN
FAR AMETIEF ESTINATE STD EFRCR T RATIC LAG VARY AELE
MAlel Ca32€¢151 0e.102%2 .48 11 EFCCL
pUM 1 0041408 00145575 .84 Q FCCL
CEM1] O «TESTES O«132€3c2 L5 1 FCCC
M M2 C.0€€1877 De01€2919 - 4.04 0 VF
CEN1s1 0«20053¢ O«11567%7 €.048 1 VF
M3 -~0ad3628 0 «39%473 ~1.18 0 FEED
vAR I ANCE ESTIMATE = 181464
€TC ERRCR ESTIMATE = 426 2021
MUMEEFR CF RESILCULALS= 10¢
CCFRELATICAS OF I+E ESTIMATIES
HA 1le] ayNrl CENL sl NUN2 DEN1,1 NUM2Z
wAlel 1«€00 -~& 040 ~0s Q07 —~Q0ael2E ~0e Q4% 0.022
MM -0s0480 1.000 -0+ 455 -(0el148 0-.00¢ —-0o.0&2
CENlol "0.007 "'0.455 1.000 O«.141 ‘00201 0.2€7
pPLH2 -0e028 ~0«148 Deldl 1.000 -0 eB2S BeC%€
CENL1 -l Q0% 0 «00E -0e 201 —0.42S 1 00C —0ecSE
TALUND 0022 -~0e062 0267 C.0E€ ~-0uzS¢ 1.8CC
ALTCCCFRRELATICN CHECK CF FESICLALS
1c CrI AUTOCGRRELA TIONS
LAG SCLARE CF FRCE .
é 3.68 -3 0587 00129 -000‘8 "0-01‘ ~Cel1(7 —ﬂ-ﬁél e
12 €,30 11 0«91€& 0 095 0034 ~0017 Q008 0021 —Co
18 Ee27 17 0 «5¢0 'k ~0,070 0.0E2 ~0.0¢€2 =0e (84 ~0032€ ~0a
28 S+80 23 0992 ~0,020 0020 0«04 ~L o066 —0a02% Ce
~
ALTCCCRRELATICN BLCT CF RESILLUALS
LAG COVlh IAMCE CCRRELATICN -1 S$ E 7€ S 42 210 123 4 %€ 7CE
g 1E1454 1« 0000 YT RITE PRI RS RE]
1. £2462,7 C«128528 P BAd,
& ~83277€ -0e CAEQS - @ e
3 -24¢&8.11 -Ce013€0 . °
4 «1636] .5 -0 10€68 o 3 .
s -J10S554,2 ~CsQEQE - € -
€ -85282.32 -02082S10 & e ¥ -
7 1718].1 CalSACE - RE L Y
€ €147.75 00323867 P 3 .
5 «IB345E. ~0s01672 - ™
1€ 1%225.(1 080840 - °
11 277752 e 2481 - o
12 «311016€.7 -0+ C£070 o ¥ .
12 -12€E1.7 0o CEST] - = .
14 15148.8 0.08347 | - % ,
1E -~ 11430 -CeLEZSE - ¥ ™
1€ -15232.6 -0.08393 o ¥% [ 3
17 ~E€12:3 ~0eL3€42 e ¥ -
1€ -8 834,86 ~002442 - .
1S «ZTE€10.47 -0a€ 15€$ - .
2¢ 2E€34.57 002002 - .
21 77€0.71 CeCAZTIE . 3 ’
22 -] 1578.9 -0.06600 - ¥ L]
22 ~E3€7.2€ -0e032CE e ¥ -
24 1 CE95.2 0« 0SE93 -, L .
ot MAFKS TwC STARNCARC ERRCRS'
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1
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CRCSSCCRFELATICN CHMECK CF RESIDUAL'S wITH INPLT £CCO

i
/
i

Crl CRCSSCCRRELATICNS '

SCULARE CF ERCR \
0.70 4 O0e9%1 ~0e043 —0e0C9 0o O0C€4 QeG11 OCo8:S Co0€S
330 1C 04574 Cel0S3 —0e030 04011 002 Oeidz (€027
11401 1€ 'C<£0S 0e014 —~0e07€ =C0e07€ (082S 005z ~Ca231 :
2199 22 [ 1.7} =0 6043 ~04181 ~041L0 ~0.08Z ~0s11¢ Ca212
CRCSSCCRRELATICN CHECK CF RESIDUALS WITH INPUT VE ‘.

crr . CRCSSCCRFELATICNS

SCULARE CF FRCE N !
1.6 4 Q0.80zZ «0a0% =0e0708 0.074 0048 OeC3z CoGil
4,82 1L Qo502 Ce 160 =0+018 ~0,03S ~0.002 0D«042 (L0%C
1113 1€ 0O .801 Ce024 —040113 ~0s071 =04027 ~00014 —~Ca2CS
14.07 22 C.8S§ =0e002 =0alZ7 ~Co0E4 ~0e808 ~0o042 Calé¢
CRCSSCCFFELATION CHECK CF RESIDUALS BITH INPUT FEEC

CHI CRCSSCOFRRELATICNS

SCULME CF  EBRCE .
4.28 = Q0510 «0e019 04018 ~04057 02112 ~0o€1S ~CellS
TeTE 11 0OL73& 0.006 Balll ~064101 0.0¢€2 000S! =(C.041]
11.60 17 GCef1Z 0eB0] 0.0%23.«Co0C€ 0,052 Co14€ Jal1e€ -
2%5.75 23 0.312 00333 ~0e138 ~040EZ ~C 04T (Jo0Z€ Co02z3
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Table C5. Stat1st1cs.of T¥insfer Function Noise Model For ;
Effluent Filtered COD, Model 6- ’
> ® o
v 8 -
- ARIMA: LLEAST SQUARES ESTIMATION
FARAMETER ESTIMATE STD ERROR T RATIO LAG VARIABLE
MAL,1® 0.256871 0.1001 65 2.96 11 EFCCe
NUM1 0.0595097 0.0157153 3.79 0 JAFCOoC
DEN1,! 0.793313 0.0804109 9.87 2 IFCOD
NUM2 0.0£6338%3 0.0176478 3.59 0 vF .
DEN1,1 0.721553 0. 125576 575 1 vF v
" VARIANCE ESTIMATE = - 199676
STD 'ERROR ESTIMATE = 436,851
NUMBER CF RESIDUALS= 104 \
‘ CORRELATIAONS OF THE ESTIMATES ,
MAl,! NUM1 DENL,.1 NUM 2 DEN1,1
MAl'ol 1-000 0.054 —0 0025 ‘00046 "0.019
NUM 1 04054 1.000 ~0.404 -0.113 0,038 ‘
DEN1.,1 -0.028 —-0.404 1.000 _ 0.033 -0.063
NUM2 -0as 046 ~-0.113 0.033 1.000 -0 .433
DEN1, 1 -0.019 0.018 -0.063 -0.433 1.000
AUTCCORRELATION CHECK OF RESIDUALS
TO CHI AUTOCORRELATIONS
LAG SQUARE DOF PRO 8 \

6 1.86 S 0.869, 0.043 ~0.040 04034 ~0 o089 —0.036 —0LH=S
12 5‘20 11 00921 [ 0. 091 0.049 "0.020 "‘00075 ‘00011 "0-109
18 760 17 0.974 ~0e060 04088 -0+055 ~0.070 —0.029 —-C0.010
2a 7.68 23 0,999 0,004 0.013 =0.006 0.014 0.005 0.009

, AUTOCORRELATION PLOT OF RESIDUALS .
LAG COVARIANCE CORRELATION -1 9 8 7 6 54 3 2 1 012 34567861
] 199676 ' 1.00000 | < Ak ko ok ko gk Rk ek
1 860351 0.04309 | ’ =
2 -7695. 58 -0.04004 |} . X . ,
3. 6722473 0.03367 ., *x
4 -17808 5 -0.08919 o XK .
5 ~7142 4 45 -0,03577 . L S
6 -10941 .9 -0.05480 - *i - .
7 18098.2 0.09064 . % o
8 9ESS + 82 0.04936 ’ o * o
S ~4039 +42 -0.02023 | . o
10 ~-14961.2 ~0.07493 |} « *] .
11 2277 « 43 =001 141‘ 3 Y
12 . -21674.7 -0.10855 . Rm o
13 ~11916.4 ~0.05968 Te & .
o 14 16766 +6 0.08397 . 5% o .
15 ~10894,4 ~0s 054556 . % °« - ~
16 =14062 +6 <0.07043 . % . . .
17 +~£732.44 ~-0s 02871 ~o =} - e
18 ~-1904 +.65. —-0.00954 . .
19 713.473 0.00357 . o . .
20 2€06. 56 0.,01305 . e
21 ~1160 237 -0.00581 | . .
22 2E91 « §6 0. 01448 . [
23 1784 .17 0 .00 894 . .
24 1892.5 0.00548 . .
‘ ? ,* MARKS TWO STANDARD ERRORS

]
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° 11
17
! 23

M

CROSSCORRELATION CHECK OF "RESIDU ALS HJTH-XNPUT IFCOD

Chi
SQUARE DF

Se 04
Te71
1036
24,07

4
10,
16
22

PROB
0.283
0.657
0.847
0.344

0.122
0. 108

0.036

CROSSCORRELATIONS
~0 el 04 =0 045 O.131
0,100 0.036 -0,038

0,090 -0.010

—0.023

DoOBO -0 .095 —0.077

0: 068

-De2 64

-0 .068 -0«178"—~0.110

' ']

CROSSCORRELATION CHECK OF RESIDUALS WITH INPUT VF

CHI
SQUARE
- 164
4. 93
12.28
15.54

DF
4
[+
5
2

S Y

PROB
0.802
0.896
0.725
0.838

~0.063

“0.U28 ©.045

CRCS SCORREL ATIONS
0 +066

0,160 -0.045 -0 ,036 0 .026

0.025

0.066
0.036

~0e120 ~0.065 -0.030 —-0.021

‘0.0;4"7‘001 12 —01067 -0 «003 "'00029

a
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APPENDIX D

»

b

The exper'imental data presented in -this Appendi,x together with
Figures 4 - 18 and 31 - 33-were provided by Dr: Eric R. Hall, Process
Development Engineer of the Wastewater Technology Center, Canada Center
for Inland Waters, Burlington, Ontario.
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HCOPER T=00004 IS ON CROQOA? USING 00188 BLKs R=0000

-]
Mé KcOPER - X
® aous i&ﬂ;&. FEED RECYC GAS PH TEW CO2CHOO2 N2 C2 C3 C4 TVA HalH .
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0030 043068 42211 90 6.3 330 -1 -4 -1 -1 4600 4463 114 -1 22 .
2l o272 42200 960 6.3 334 -1 -1 -f -1 1000 1180 %5 -1 2214
E 06 1201 b 6.3 330 ~ - -i-1 87 990 95 -1 .22 ~
& 1023 ogh 080 12210 96 6.3 39 - - -1 -1 786 993 76 - 2244
Qi5A g4 064 42210 840 6.3 330 -4 -4 -1-1 714 788 57 -1 224 .
05 8888 2264 840 6.3 334 ~f -1 -1-1 643 694 %7 - gu .
002h 092 052 4352 885 5.3320 -4 -4 -t~ 710 738 1% -1 2280
e . 100100 3500 946 6.3 324 -1 -4 -1-1 778 958 123 -1 2280 ,
0128 f04 404 13520 96 6.3 320~ -1 -1-1 &8l 789 88 A 2280
108408 i34 886 6.3324 -1 - -i-1 710 832 {07 -1 2cB0
3 05l d1211 3520 651, 6.3 324 -4 -f -{ -1 6si 738 107 -1 2280
) 0031 ii6 416 13528 775 63320 - -1 -1 5% oM {62 -1 2280
13 420420 43390  9ib 6.6 320 -4 - -1-1 829 958 {9 -1 2l
a’@ﬁ 120124 3394 840 6.6 320 -1 -i -1 -f 6Bl 675 1M - 22p4
{78 4298 1394 7 ’m‘%o -4 - -4 ~i S0I 440 07 -i. 2364
@ WIS 132432 (394 765 6.6 32l ~f -f -4 -1 513 e A7 -1, 2364 Co
0036 i 144 1330 720 6.6 320 -4 -4 -1~ 70 377 f2 -1 2 oo
0837 48 {48 D 785 6.6 32.0 -4 -f -i-f 651 345 16 -1 2400 - .
0038 153150 43430 785 4.6 320 -1 i ~1-1 533 478 1M -1 24%1
& 039 15 156 43430 BG4 6.6 32.0 -1 -1 -1 -1 53 Me 1M 4
0040 160 169 43430 785 6.6 320 -f ~f -f-f Sz 424 {62 -1 2404 o .
1044 164 164 13430 Bb4 6.6 320 -1 - -{-1 474 377 44 -1 a0 . .
0042 160168 43550  B4d 6.5 324 -1 -4 -1 -1 74 5B4 29 -1 244
@ W43 1247 3% 844 65324 -f -1 -1-1 74 534 208 - 2454
4 176 176 13551 864 6.5 320 -4 -4 -4 -1- 688 SO0 22 -1° 2454
045 188 (B0 13550 864 6.5 388 -f -f -1 -1 647 447 {9 2454
45 184194 i3551  BbA 5.5 32.0 -4 ~f'-f -1 72 487 -4 2454 .
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ME3 2202 1334 B¢ 66324 -1 -f -f-f 754 524 3 -1 A :
0054 216216 1398 4 66320 -4 -1 <4 -1 4189954 49 -1 24b
Y W55 220220 13984 BN 6.6-320 -1 -f -f-f 945 767 360 -1 b
R I R R RN
] 22323 gze 13931 6.6 330 -4 -f -4 -1 $15B 903 376 -1
o WS9 2363 13980  Bbd 6.6 32.0 -f ~i i -f 1006884 355 -4 2460
W60 240240 12201  Bbd 6.6 330 -1 -f -1 -5 909 484 202 -f 2208
0061 244 244 4228 ) 6.6 32.0 -1 -1 -1 -1 689 334 -4 2208
ez 243548 2204 960 6.6 320 -1 -i -1 -1 62 404 138 -4 220
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