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BSTRACT

fhis report is a partial result of a feasibility study on control
problems in wastewater treatment plants.

n attempt is made to define suitable parameters for on-line conirol
and to characterize good performance of control systems.Typical dis-

turbances,hsuch as flow rate changes, organic load changes ete. are
escribed and control strategies are suggested to overcome such dis-
urbanceg, 1t is also noted, that tbday there are no control strate-
gies available for several external disturbances e.g. dumps of oil,
ndustrial chemicals and heavy metals.

lot of mathematical wmodels of the dynamics of different unit pro-
esses have been described in the literature., The most important ones

re surveyed especially for the activated siudge process, Scne conirol

trategies based on these mathematical models are reported.

~good on-line instrumentation is of primary interest for an accurate
pnirol, A swanary is made of available on-line instrumentation for

astewater plants, The instrumentation eguipment situation for Swedish
lants is reported as well,

t ig also emphasized the importance of an adeguate instrumnent scrviee

f any automatic contrel should be successful at -all.
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ONTROL PROBLEMS IN WASTEWATER TREATLENT PLANTS

Parnose of the work

easibility study on contrel preblems in wastewater freathent plahts
initiated during the spring 1973, The study has been supported by

he Swedish Board for Technical Development (STU) and it aas been per-
med as a joint study with the Axel Johnson Institute for Industrial

earch,the Swedish Environment Protection Board, the Kippala waste-

er ireatment piant, the Dlvlslon of Hydraulics at the Lund Institute

Technology (LTH) and finally the Division of Automatic Contral al

purpose of the study has been limited mainly t6 the control of
tewater treatment plants and to some important parts of the sludge

atment, The goal can be summerized in the following items, to finad

. typical dynamical disturbances in a wastewater treatment plant

- potentially eszential control loops

o existing mathematical modelo for different unlt processes of
wastewater treatment plant%

« Droblems in on-line instrumentation



characterization of which parameters are important in on-line

control of wastewater treatment plants .

state of the art of the control of Swedish and some important
., foreign plants .

what can possibly be done in control with on-line instruments

and actuators available in the market today

how can automatic control improve the economy or quality of a

plant

hould include )
. capabilities fox on~line registration of physical and chemical
variables, The measuremen®t information should be transferred
directly to a device for information handling, such as a regu-
lator or a computer |

a device for caleulation of a control strategy or simple contrel.
1aw based on the measurement values, i,e. a controller or a com-
puter

presentation of the contrel signal for the operator (operatqr}s
guidance) or a control signal trangfer direectly to a control
device, such as a motor, pump, valve ete, (closed loop)

control devices that are designed so that continuous adjustments
can be made according te the external disturbances. Such control
inputs could be pump speed, blower capacity, chemical dosage etc,
In an operator’s guidance control sysiem the devices are changed

manually according to the control signal information given to the

operator.

study has been undertaken by literature studies, and study travels to
ants and institutions in Sweden, USA and Canada., The travel to USA

Qanada has been reported separately by Olsson - Ulmgren (19?5).

astewater composition

ain goal of a wastewater treatment plant is to produce an accept-
output product independently of the influent to the plant.

ary to popular beliefl, sewage is only slightly contaminated water,



“act, usual domestic wastewater is 99,95 o water. For most uses,

ver, ‘the water must contain much lower levels of contamlnatlon.

~shows, that even if waste treatment technology need only extract
_i quantities of contaminants from wastewater, these contaminants
t:be reduced to very kow levels, '

her major characteris%ic of wastewater which must be considered is
_great diversity of conteminants. In fact, the variety of contaminants
so great and the concentrations so low, that only a few substances
st at a measurable level, This makes much of the instrumentation to
méjor problem,

ﬁ_if the long term average characteristics of the wastewater coming
a certain plant can be worked out, it is almost impossible to get
“momentary characterization of the "raw material" coming in for
cessing,

pite this fact the treatment must be performed such that the final
ﬁuct is satisfactory.

would be interesting to know the bioligical activity going on, but
can not be measured. Other extermal vaiables have to be measured

tead, such as oxygen demand, respiration, suspended solids, dissolved

tewater can be characterized by a number of gquality vaiables, Typical

Jues of the most important parameters are given in table 2,1

Influent raw vastewatler Effluent in an
scceptable plant

chemical oxygen demand .
BOD) mg/l 100 - 250 5 - 15

mical oxygen demand
€oD) mg/l , 200 - 700 15 - 715

stal phosphorus mg/l 6 ~ 10 0,2 ~ 0,6
rogen mg/l 20 ~ 30 2 -5
pended solids mg/l 100 - 400 10 - 25

le 2,1 Typical values of some important water quality paramcters,



t should be observed that neither BOD nox COD gives a complete de-
rmination of the organics content,
ore is a large variety of contaminants except those mentioned in table

1, ‘The most important types are

. heavy metals \

~

, trace organics, such as phenol and other industrial chemicals

. pesticides

. Virus

heavy metals content include a large number of metals, The most im-

tant ones are listed in table 2.2

Blement "Normal" sludge "Contaminated" sludge
Zink 1 -3 g =10 g
Copper 0.5 - 1.5 g >3 g
Manganese 0.2 - 0,5 g . =2 g
Lead 0,1 - 0,3 & =18
Chromium 50 - 200 mg =1 g
Nickel 25 - 100 mg = 500 mg
Cobolt 8 - 20 mg ~ 50 mg
- Cadmium 5 - 15 mg w25 mg
- Mercury 4 ~ 8 mg =25 ng

é 2.2 Levels of heavy metals in sludge fromapproximately 100 plants,

Levels are per kg of dry matter.

heavy metal content in the waslewater has been analyzed for some

ish wastewater plants, and the local variations are of course very

see Lind et, al (197?).

possibilities to remove some of these hazardouw components are
ing, and generally véry 1ittle hard information has been developed
t treatment of these pollutants., A discussion about removal of
dous components has been made by Cohen (1971).

ives some further references on the subject,

s turned out, that the processes developed to meet the usual water

ty requirements are remarkably capable of removing a wide range of



effluent quality should generally satisfy some nininum regquire~

Tt should be stressed, that this quality reguirement has to

kg per. day ete, for every contaminant, To present the removal
1y in percent is irra}evant in most cases, ‘
iorder to know the quélity, the effluent stream has to be monitored

e or less continuously.

this report the possibilities for improvement of the plant operation
automatic control are considered., As there is no price defined for
uality improvements of effluent water, i1t is of course difficult to

ke a complete economic evaluation., This problem is discussed in chap-

Some basic features of wastewater treatment plants

;astewater treatment plant consists of a large numbef of complicated
{t processes, Some of them, .e.g, the activated sludge process, are
t at all completely known in detall, and especlally the dymamic he-
viour is highly complex, One reason is, that the raw vastewater con-
éts of so many contaminants, and in most cases their cqncentrations

e to some extent unknown at the input of the plant.

.

this chapter there is given a brief descriﬁtion of the most important
it processes of a wastewater treatment plant., The description has no
tenticn to be complete, but to give a general background to the later
scussions, All unit processes (especially those of "advanced" treat-
nt) are not discussed, such as filtration and activated carbon treat-
nt, Nitrogen removal and sludge treatment are breifly mentioned for
pleteness, but are not further discussed in the report., For details
is referred to some standard textbooks, e.,g. Culp (1971), Eckenfelder
966) or Metcalf & Eddy (1972).



nis process has been specifically developed to remove suspended salidé,

odegradable crganics and microorganisms from the wastewater., The vaste-

ter is first passed through screens and a grit removal unit, This is
de +to protect pumps and pipes from large articles ﬁhich are often found
wastewater. Primary sedimentation is provided to reémove settleable

lids,

é next step is a biological oxidation of soluble organic material by
roorganisms, They consume the organics thus producing cell mass,

rbon dicxide and water,

two most important highloaded systems for biological cxidation are

the activated siudge process, fig. 3.2 and the trickling filter fig. 3.3

microorganisms which are active in the biological oxidation are
parated from the flow in the secondary sedimentation tank, Some of the
tled material, which is mainly organic material, is récycled to the

ation tank, in order to maintain an adequate population of the micro-



. »1HICAS CNEEVEYI TYOIDOTOIE  L*¢ *HId

| | MO14 3oaNts ——
W04 QINOl —

TYS0dSIq ENaOTS EIvIELia *L
DHIVATVAET E24a1s ¢
0IE0NAKISIT *6

SOTIVIAETIIES IUVEIO0ES v ) .
FOICVATIXC TVOIDoIOT =C
NOIIVIOAEATCES A¥V.IUT e .
’ o IDEYEOS AVVIIrEd YL
s




853004d 3I9ANTS UILVAILOY 3H] Z7°¢

‘

914

|

abpn|s

<@

S8HIXHE

"y 1‘:«4'

o
e

o

.. .omuEm ..
m& u,mm..

en|id =

aBpn|S palesiuaouo”n jo 81okosy

uonoesy

[eoifojorg
pue bupxiy

10] UsbAxp
Alddng a1y

bl

Jidd
N

wﬂ Jozey
feoifojolg o1qosey
K < g R

uoneyusuiipas
Kieunad

ol

palilde]d
UoelusllIpss
Aleplodeg

V4

i ol
ushjju]

pINbI
ui ‘pepusdsng
swsiuebloolony




d

- .

S$3008d ¥ILTI4 SNITHOINL 3H] ¢'¢ *S14

-

abpn|S o
< . 585X
en|id . = P |
< — = <
- paliideld _ _ S S—— NO—
| uonelusulipss R IR e
. - Kiepuodes o TS e Co e G0 .
| 005250200
P oraseTd I0 2u0lg O Qﬂvr\\;
- QQ%Q 101089y 2K
| bupped =5 0157 o
peq PoxTI ® 0} [OYIENY - %Q _nmuwmwowm u;\_“m M%ﬁ
; 2 o0
SWSiueBbi00io1N LA 5550058
N R R
. V0 3 e & I o & 1 g+ 1 |
| uoneIUaWipas
v Alpwiig

MUBN|}3 PojoAIRY




o o it o e e Bt e e o e e e
- .

é’nearest future the activated sludge process is considered to
mosi importani biological process of wastewater treatment. There-
ch attention has been paid to this unit proceés, both through
stical and by practical studies, Further a good control of the

ated sludge process is essential for the entire plant operation.

qp most important parameters for the design of an activated sludge
ss are the food-to-microorganism ratio (BoD/SS) (S8 = suspended

and the mean cell residence time (sludge age TS). Typical values
for BOD/SS in the literature vary from 0.2 to 0.5, Actual operating
jences point out that a mean cell residence time about 6 to 15

esults in a good effluent with the "best" settling characteristics,

cwage water detention time is greater than the hydraulic detentlon
due to the recirculation, It approximates the average period of

ct between the sludge and the sewage., Typically the hydraulic deten-
times for the aeration tank are in the range- .0of 1 to 8 hours., The

ic loading can also be expressed in kg of BOD per day per m3 tank
me., These figures are not direcily relaﬁed to the mixed liquor con-

tration, the food-to~microorganism ratis or the cell retention time,

typical design guidelines for Swedish plants are found in table
Ulmgren (1973 8).
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of plant Sludge loads - Hydraulic
xg BODY/kg S8 kg BOD/m”,d Detention
' time h

Incluiing primary sedimentation

D etk
Y

P g A ot Ut e o et T

loads 1.0-1.5 3,0-4.5 0.8-1.2
1 loads 0.4-0.8 1.2-1.8 1.5-2
d OadS Ol2_OI3 016"'009 105"4

loads 0.8-1.% 2.5-4.0 : 1 =15
2l loads 0,%-0.5 1,0-1.,5 2 =3
1oads 0.1-0,2 0.%-0.6 3,5-8
nded aeration 0,15-0.1 0,050, 30 T g8 -24

biochemical oxygen demand measured alter 7 days

suspended solids in the aeration tank

3

1l

I

tank volume in m

Table 3,1 Recommended design Zfabta for activated sludge processes

in Sweden




12

are different variants of the activated sludge;procesp in real
lations. Here five variants of the activated sludge process will
seribed, the conventional activated sludge process, the tapered
m, the step aerator, the complete mix reactor and contact stabi-
01'1.

prfetailed description can be found e. g. in’ Metcalf & Bddy (1972)
pewart (1971).

nventional activated sludge process ig illustrated by fig. 3.4 a.

eturn activated sludge is enteved at the head end of the tank., The
nt sewage and the recirculated gludge are mixed and aerated during
hours by diffused air (bottom) or mechanical aeration, which is
ant as the mixed 1iqu6r moves along the tank. The return sludge

¢ about 25 %to 150 pevcent of the influent flow rate., As the oxygen
decreases along the tank cee fig. 3.4 & )the aeration is not

1. from an economic point of view,

der to improve the balance between oxygen demand and supply, tapered
atlon has been used mostly instead of conventional aerators. Whis
5, that the aeration is greater in the head end of the tank and.
er at the other end.

s step-ameration process the organic loading is distributed along

Eéngth of the tank, and the peak oxygen demand is thus lowered, see
3.4 b, Return activated sludge enters the first step of the aera-

ank along with the influent, The piping is so arranged that an

ement of sewage is introduced into the aeration tank at each step.
desired, the first step can be used for reaeration of the return

vated sludge., The step aeration method results in relatively high

d liquor solids concentration at the head end of the tank and success-
¥ lower concentrations dovmstream, Therefore a step aeration plant

carry a higher organic load in the system than a conventional plant.

complete-mix process is an atiempt to gel a process with a uniform

en demand throughout the tank. The volume can be made smaller than

other aecrators and the retention time is generally smallex,

influent and the return sludge are introduced at several points {ron

ntral channel, fig. 3.4 ¢. The mixed liquor is aerated during its
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Ihc effluent channels,

sheet of the contact siabilization process is shown in fig,

t has been postulated that BOD removal occurs in two stares
ctivated sludge process, During the first phase (20 to 40 minu-
st of the ccllodial and dissolved organics are absorbed in the
,ga sludge, In the second phase oxidation takes place and the ab-
fganios are metabolically assimilated. In the activated sludge
cs mentioned earlier both these processes take place in one tank,
‘contact stabilization process these two phases are separated in

it tanks.,

ration time in the contact tank is 30 to 90 minutes, and the sus-
i BOD will be rapidly =absorbed by the well-activated organisms,
ﬁrn sludge is acrated some 3 - 6 hours in the reaeration tank,

this time the absorbed organics are oxidized and thus stabilized.

sration volumes required are about 50 percent of those of a con-

nal plant, It is thus often possible to double the plant capacity

wisting conventinal plant by redesigning it to use convact sta-
’diion.

'cul dis turbance" of the activated sludge process

isturbances which are interesting and difficult to handle have to
h changes of the feed, either the flow rate or the conceniration
taminants. The most essential disturbance is the Tlow rate change,
- the day the [low changes significantly depending on domestic

» and industrial wastes. In large plants the se vers have nany diff-
lenghts from the different sources and the diurnal variations are
lated. Hormally the variations are 30 - 50 % (see fig. 4.1).

cases the divrnal vaviations can be as much as 5 - 10 times bet-
he high and low flow during the day,

1 unit processecs lhe operation of cource is most reliable and

cient if the low is ap constant as possible,

suditen flow changre several undegired phenomons can oceour, The
tion line decreasoan in the sedinentation and thus the effluent
g more sludoe. This will alse decrease the microorganism con-

The flow in Lhe scparation tanl moy chsnse from lapinar te
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glent flow, Lamella sedimentation units for example are, sensitive

dden flow increases, as the volumes are small,

'xygen demand also changes because of changing amounts of organics,
ustrlal chemicals, heavy metals, oil and toxics, Some of these dis-

ances can be detected by oxygen demand monitoring of the influent,

:operational'problems can be related to the sludge properticés, One
re of the sludge properties is the sludge volume index (8VI)., The
- can be used as an indication of the settling characteristics of
sludge. A rising SVI indicates trouble ahead and operational precau—
5 shonld be taken to bring the problem under control, Two such prob~

re called sludge bulking and risihg sludge,

he settling rate gets poor the sludge ie said to be bulking. The

eg of sludge bulking that are most commenly cited in the literature

related to changes in

physical and chemical characterisiics:

flow, pH, temperature, nitrogen content, oxygen demand, phosphorus
content

treatment plant degign

plant operation:

. too low dissolved oxygen level

. organic waste overloading

food-to-microorganism ratio change

issolved oxygen content seems to be one of the most common causes
lking sludge.

1udge wasting rate should also be checked go that the food-to-mlcro-
1sm ratio isg w1th1n the range of accepted values, Also the average
sludge flow rate should be checked so as to mainitain an acceptable
to-microorganism ratio.

der to attenuate peak flows in the plant, returning ligquid from the
e {reatment as well as backwash water from filtration shoull be

red adequately.

g sludge is a different phenomenon than bulking sludge, Generally
udge may have good settling characteristics but ocealtionally sludge

or floats to the surface after a settling pericd. This is sometimes



d by denitrification, in which nitrites and nitrates ip the waste-
v are converted to nitrogen gas, As nitrogen gag is formed in the

e layer, much of it is trapped in the sludge mass., LIf enough gas
ormed the sludge may rise to the surface., Rising sludge can be
efentiated from bulking sludge by noting the presénce of small gas
ps attached.to the floating solids,

roblem can at least partially be solved with operational means. The

arn activated sludge flow as well as the'sludgé wasting rate can be

ecased.
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Tﬁe key role of phosphorus in the process of autrbphicafion (aging

hosphorus is present in municipal wastewater in many forms., The raw
sstewater contains organically-bound phosphorus, and the inorganic
hosphorus will be mainly a mixture of orthophosphate, pyrophosphate
aﬁd triphosphate, The two latter ones (condensed phoSphates) can hyd-
rate to ortophosphate under a variety of conditions. Very high or
ow pH and enzyme actions are the dominant mechanisms, In biologically

reated wastewater nearly all the complex forms have been degréded to
the ortophosphate by enzyme reaction,

The scientific and technical details of the various processes are out-
lined in many articles., Some important ones are the Process Design
Manual for Phosphorus Removal (1971) and two other symposia on phos-

phorus removal [37], [54].
A comprehensive survey of the chemical prccesses is given by Jenkins

et.al., (1971), No effort is made to repeat the details of phosphorus

removal, Instead a listing of the main features of the most common

practical processes is given,

3.4.2 Phosphorus removal in conventional biological treatment

?hosphorus removal in conventional treatment is relatively poor (15- 40%),
Primary treatment (sedlmentatlon) can remove only about 10 % of the

total phosphoruvs which is initially insoluble. The removal of phosphorus
in the biological process due to the synthesis into the biomass is
imited, see Process design. Recent studies have indicated that con-
siderably more phosphorus can be removed through the mechanism of "lux-
ury uptake", see Levin (1965), Mulbarger (1970)Yall(1970)aﬁd Cecil(1971)A
successful luxury uptake removal of phosphorus has been reported from
.seyeral plants, Some studies indicate, that luxury uptake may in fact

be a chemical precipitation rather than a biclogilcal phenomenon, see
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nar et. al, (1970). :
problem with luxury uptake is, that there is no good method to

1ct it. Until the mechanism is understood it is not possible to

'1uate 1ts general application, Therefore it can hot be considered

the context of autoé@tlc control,

5 Phosphorus remgval by chemical precipitation

.—-—.—-—......_.—.-....--..—...-——...—.-.u..---—-—-——.-.-.—..-..—-—--.--.--4—....-.—-.—_.....-

T

orus forms essentially onsoluble precipitates with a number.

aph
mhe different compounds of phosphorus in the wastewater may exist in

Gtion ‘and ad particulates. Phosphorus removal consists of <itsccon~
gion into solid phase followed by the removal of this phase from
he main stream, '

most circumstances the only possible way to get a high phosphorus

noval is by chemical- precipitation, Phosphorus formg essentially in-

iuble precipitates with a number of substances. Hlnh level of phos-

al thus can be obtained when the right chemicals are added

horus remoV
hut because of economic

n proper doses, geveral chemicals can be used,
the use of salts of aluminum and iron or lime are dominaiing.
‘chloridey

asons,
ayweden the dominating chemicals are Al- sulphate, ferric (III)

errous (I1) chloride and lime in the two forms slaked lime (Ca(OH)z)

r guicklime (CaO).

5.1 Metal salt precipitation

¢ taking place when metallic ions are added to the
Metal hydroxides

'he major reaction
vastewater are the formations of insoluble phosphates,
e also formed as flocenlants for the phosphates, Moreover a large
umber of complex compositions are formed. )

e distribution of .different phesphates depends strongly on pH and a
arge number of different rhosphates specles can occur in raw waste-
water, This makes the precipitation mechanisms extremely complicated
d a large numﬁer of different reactions take place,

Mg,3,5 illustrates distributions of different phosphates in typical
vaw domestic wastewater as function of pH,

he dominating reaction between the phosphate and the metbal salt can

be represented by

t 5=
35wt nPo 7T -~ (PO, )
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ause there are other reactions taking place the necessary dosage

nds to increase over the stochiometric relation shown in the above

M

is hydroxide ig in fact necessary for removal of precipitants because
forms a good flocculant., Therefore the reaction is not a waste of

atallic ions,

pH of the water is the mosti important parameter that determines the
ogage. The precipitation as function of pH is illustrated by fig, 3.6.
b shows that the solubility of aluminium phosphate is smallest at about

f6 while iron phosphate is best precipitated at pH 4-5,

Total~P= 3x10° M Pyro-P =1-8xi0° M
Ortho P = 1-5x10M  Tripely -P = 3+ 8x10° M
3 T ] T L] T T
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pil concentration diagran forx phosphate
species typical of raw wasitewater.
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pH decreases with increasing metal salt dosage (Al and ¥Pe), The
gence of organic solids also increases the doses of chemicals,

t of the metal salt is used for the coagulation of these materials.

A

e molar ratio Al/p or Fe/P is normally around 2. ‘In table 3.2 aver-

of results from many american installations are given, see [557

P removal Dose metal salt mol ratio M3+/P
1.
1.7 4
2:

ble 3,2 Average metal salt required for specified phosphorus re-

moval,

20

ig table, however, can not be used as a guide for the design of
individual process, as the individval variations are very large.

gsome cases a molar ratio of 4 has been necessary.

cause of the extremely complex precipitation reactions it is very
,fficult to predict the amount of chemical required with great
curacy, Emphirical measurements at the individual plant are necsss-

v in order to determine the right molar ratio,

5.2 Lime precipitation

st calcium phosphate precipitation schemes involves raising the

of the waste stream to at least 9,5 {and often above pH 11), be-
cause at this pH range experience has shown that low dissolved phos-
hate residuals are obtained together with a settleable precipitate,
't this high pH some of the condensed phosphates may be hydrolyzed

to the ortho form and some organic phosphorus componds are coagulated,

major reaction taking !place is the formation of calcium hydroxya-
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3~ 24 | o
PO c + 0H .. -0 0 P

5 707 + 502 a5 (0N) (70, .
re the phosphate is represented by the POZ# ion

v

é 1ime also reacts w%th the bicarbonate alcalinify of the waste-
ter to form caleium carbonate,

C + HCOT + OH . -me=Call. + H.O
& 3 3 7

'his reaction illustrates, that part of the lime does not remove any
osphorus,‘qm31tuatlon gimilar to the metal salts. In fact the bi-
rbonate cohcentratlon in wastewater is much hlgher than the phos-

orus concentration and therefore most of the lime is used Just to

et this alcalinity demand., The product of the reaction is however

ood as a flocculant, and thus this lime is not completely lost.

ne pH is even more important with lime than with metal salt preci-
iation. This is clearly illustrated with fig., 3.6. The precipitation
extremely sensitive to pH at about pH 9.

lcultation of the lime required for removal of phosphorus from waste-
ater must take into account the fact that lime reacts also with several
£ the other const ituents of municipal wastewater., These are free carbon
ioxide, half bound carbon dioxide, magnesium and the ammonium lon.

he lime dose required to achieve a given pH and phosphorus removal is
imarilya function of the wastewater alealinity and 1t is relatively
ndependent of the phosphorus concentration in the influent, This is

0t true for the metal salts,

fastewater with a high content of sodium bicarbonate is not a gdbd
anditate for lime treatment, The high pH of 11 or more is produéed
y sodium hydroxide instead of calcium hydroxide when the wastewater

does not econtain sodium bicarbonate..

‘he pH requirements are different for pre-precipitation and post-pre-
cipitation (see next section). In the former case the pH mustnot be too
high for the subsequent biological treatment, Therefore pH should not
exceed 9,5 in pre-precipitation., If it is higher the effluent has to

be recarbonated before the biological step, For post-precipitation,
however, the pH should be higher than 11 in oxder to get small residual

phosphorus levels, A reduction of pH might be required before disposal,
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ut today no such pH reduction is used in Sweden,

ime sludges are easier to dewater than iron or alum sludges. Lime
udge can also be recalcined to reusable lime in.an incinerator,
ineration is a complex process, and detailed experiences can be-

und in the literature cited,
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% Vhere to add the chemicals?

:sedimentation taking place after the precipitation is similar to
happens in other sedimentation tanks. Yor removal of the chemical
's one can use flotatipn and lamella sedimentatibn as well, This

peen done with good experience in Sweden,

 chemicals can be added in different parts of a wastewater treat-

plant, as illustrated by fig. 3.7.

before a flocculation and sedimentation unit, where no bhio-

logical unit process is available (direct precipitation)

in the biological section with removal in the secondary ged-

imentation tank (simultaneous precipitation)

just before the primary tank with removal taking place in

the primary (pre-precipitation)

in a separate stage after the biclogical treatment (post-

precipitation)

n Sweden simultaneous precipitation is used o a less extent than the
ers. It has, however, been met with increasing interest especiélly
ogether with external aeration and ironsalts as precipitants, Post-
wecipitationds the most common process in Swedish plants (BO -85 %

f the chemical plants). For further details, see Ulmgren (1973 B) and
1971), Kugelman (1972), Hannah (1971) and Hilmer (1971). |
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4 Tvpical disturbances of the chemical treatment .

2

. flow changes giving different settling characteristics in

the primary treatment and in the elarifier
. - pH changes. .. L e et e e e e
., bicarbonate alcalinity changes

. phosphate content changes

. organics solids load changes

specially flow and pH changes have to be detected carefully., They
n also appear suddenly as chock loads. The other disturbances mainly

occur as diurnal variations,

6 Nitrogen removal

R e T

trogen can exist in wastewater in four different forms:
ganic-N, ammonia-~N, nitrite~N.and nitrate-N.

is found primarily in the first two forms.

Swedish plants phosphorus removal has been emphasized at the cost

" nitrogen removal, But degpite this fact nitrogen contamination is
important factor in wastewater,.Here the main problems and the most
portant methods for nitrogen removal will be mentioned, | o
large number of reports are treating nitrogen removal, especially at
theEnvironmental Protection Agency,USA much attention has beeﬂ paid to

this problem, Buropean work is also presently going on, Ulmgrén (1973 C).

1e major water quality objective of nitrogen control is to prevent
excessive depletion of dissolved oxygen of the recipient by the biolog-
ical oxidation of ammonia-N to nitrate-N, This conversion is illustrated

¥ following reactions:
Nitrogomonas sp.

[ . - +
+ 1.5 02 Co NO2 + HQO + 2H

NN

Witrobacter sp.

10~ R T .
02 + 0.5 02 IJO3



27

rogen control is also important because ammonia-N have a chlorine

ind which reduces disinfection efficiency.

bnventional activated siudge process can be.altered to provide for

nificant degree of nitrification. Such changes include increase of

ation rafe, contact time and sludge age as well as mzintaining the

2t 8.0 - 8.4, see Wild (1971),

nally a 20 - 25 % reduction of nitrogen can be achieved in an acti-

ted gludge process, Under good circumstances the nitrogen removal can

much higher. In the Kappala plant outside.Stockholm it is about 50%.

& reactions are quite temperature sensitive and below 18°C there is

ignificant decrease in the reaction speed, "

nitrogen in any form can sexve as an algal nutrient, nitrification

'sewage is not enough to get good nitrogen control,

er anaerobic conditions the nitrate ion can react with an organic

uch as menthanol to form nitrogen gas,

5 CHBOH + 6 NO5~—-—~>— 5 002 + 3 N2 + 7}120 + 6 OH

eterotropho serve as &
he dosage of methanol is a typical loop which is suitable for auto—

catalyst in this biological denitrificatipn.

atlc control. In practice the dosage of methanol is close to 3 mg

ethanol to 1 mg nitrate-I,
ion have been achieved at the Blu

Some experiences of biological denitrifica-

e Plains Wastewater plant,Washington
DC, see Olsson-Ulmgren (1973),

here are also physical-chemical means to remove nitrogen, Breakpoint

hlorlnatlon has been tried in pilot plants, e.g. in Blue Plains, as

eported in Bishop et.al, (1972) and Olsson-Ulmgren (1973) The pre-
erred reaction is

+ - + -
% 012 + 2 NH4 —_— N2 + BH' 4+ 6 CL
here are, however, several side reactions competing with this reactimn

iving undesirable nitrogen trichloride {which is odorous) and nitrate.

reakpoint chlorinabion also gives an interesting control problem, be-

ause the desired reaction is dominating when the pH 1ls held between

and 7. As the pH tends to decrease because of bthe reaction it has to

e adjusted continuously.
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ﬁrogen removal . by air-gtripping has been tried at some, places, as
eﬁortéﬂ in Olsson-Ulmgren (197%). Nitrogen is present in either
monium or ammonia form, depending on pH. When pH in increasing the
mﬁonium ion is converted to the WNH, form which is;a slightly soluble

3

g, The solubility isya function of temperature. éy rising pH above

~ammonia-N can he removed by stripping it out with air. The potential

r the integration of air stripping with lime precipitatioﬁ ig obvious,

At o T o S8 o B st e e WA

ygether in order to get realistic cost te performance figures of the
iant. .

ludge is a thick suspension of organic solids which is drawn from the
larifiers.

he sludge handling involves severals steps, such as thickening or sta-
ilization, dewatering and ultimate disposal.

he sludge handling has also to be considered in water treatment because
f some feedback effects. The sludge water wnich is brought back from

he stabilization and dewatering processes can give significant disiur-

ances, such as

. flow disturbances, often as chock loads
. TH changes

high suspended solids disturbances

s the sludge water has a very high suspended solids content the gdig-
urbances in the prmary treatment can be significant even if the flow
ate is not high., Sometimes lime is added ito the sludge for stablliza-
ion, The return water (reject water) can give some undesired distur-

ances in the biological treatment or metal salt precipitation,



n the sludge treatment processes there are sone control.probleus

nich can be considered separate from the water treetment problems,
one example of control problems anaerobic digesters can be coch-

sifered. There the organics are reacting with micfgorganisms acting

as catalysts to form new anaerobic microorganisms, Earbnn dioxide,

ethane and water. '

Tﬁe operation of digesters is by no means simple and many failing di-

gésters have been reported.

Some control problems connected {o¢ anaerobic digesters have been dis-
ussed by Wells (1971),

cbhblems,

8 Tiliration

ome major problems in in-depth filtration will be considered in this
gection. In Sweden there is now an increasing interest in this fype

oI processes, Surface filtration by neans of mieroscreens or diatomac-
eous earth filtration or sand filters will not be discussed hereJ

?he objective of filtration is to produce an effluent that meets the
established treatment criteria at minimum cost. Then trade-offs have

to be discussed between the degree of pretrestment, desired length of
ilter run and Tilter cleaning reguirements. A quite complete discussion
f these topics is found in Culp (1971) and Tchobanoglous {1970A ,B).

't has been found that the nature of the particulate matter in the in-
lueni to be filtered and the size of the filter materials are perhaps
he most important process variables, Influent characteristics such as
'nspended gsolids concentration, particle size and distributioh and floe
strength are crucial. Turbidity is often used as a practical means of
lonitoring the filtration process, and is often correlated to the sus-

ended solids concentration,

loc gtrength is probably the most important influent characteristic .
For example, the residual floc from the chemical precipitation of bio-
ogical processed wastewater may be considerably weaker than the resi-
ual biological floc before precipitaioen, Fufther the strengtih of the A
iological floe will vary with the mean cell residence time, i.e, increase

.

rith longer mean cell residence times.
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riltration process influences the operation of the other parts
he.plant in the sense, that backwash water hasg to be recycled
b.the process. The backwash flow, if returned directly to a
ifier, 4s usually large enough in relation to the design flow
ough the clarifier Ko cavee a hydraulic overload of the elarifier.
ypically the length of the filter run may be 10 - 12 hours, while
backwashing time is ncrmally 5 ~ & minutes, To avoid the chock

d of the returning watef the backwash wastes should be stored in a
fer tapnk and be returned in a controlled flow rate.

volume of the backwash water is typically 2 - 5 percent of the
:1e design plant flow, and therefore the units must be designed in a

ro?er way to meet this new demand. ’

‘dome essential control problems in a wastewater treatment plant

-this chapter the wastewater treatment will be considexed out of a
ontrol point of view, In 4.1 some introductory remarks are made and
fter that, in 4.2 the most essential control loops are listed. The

65t common extornal disturbances are described as well, It 1s essen-

31 to distinguish between smalil and large disturbances, which is

Jlustrated in 4.3,

Introductorv remarks

wtomatic control in wastewalter treatment plants occurs very seldom
oday. Very little on-line instrumentation and conirol equipment has
een introduced and only some local controllers are common today,

hose controllers might be essential for the operation of the plant but

hey represent by no means automatic control of entire uvnit processes,

ome examples of frequently used local controllers can be mentioned.
evel. control for the influent pumps is quite common. Tenperature con-
rol of anaerobic digesters and of incineration furnaces iz also well

stablished.

The interest for more advanced control maturally increases when the
uality regulations get more sirict and the processing costs are ris-
ng.,

good automatic control of a plant is intimately related to a number

f demands., The following questions must be considered before a new

-

ontrol system is designed:
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. does it exist suitable instruments and control devices? .
. are there reliable process models for control purposes?
.. what are the estimated process improvemenis?

., what is the economic Jjustification? '

5

b
'

he first two queétions will be discussed more in detail in following
hapters. The third and fourth ones are certainly very difficult to
answer. Nevertheless, they are the fundamental questions. Some aspects

i1l be given in chapters 8 and 9.

t should be noted, thait for several exiternal disturbances there are

o control strategles available today. Such disturbances include dumps
of 0il, grease, industrial chemicals or heavy metals, Storm floods often
ause overflows, thus giving an insufficient degree ;f contamninant re-
moval, In some cases on-line instruments are not mandatory for control
urposes. In the biological processes some time constants are of the

order of several days, and therefore laboratory tests are adequate,

.2 Rgsential control loops

In table 4.1 the most important contreol loops of a wastewater treat-
nent plant are listed along with possible measurement and controi vari-
ables, In the table there is no indication of the size of the distur-
ances, and certainiy the control actiorn will be different depending

n the amplitudes, which is further discussed in 4.% and in following
chapters.

Iﬁ should also be observed, that all the loops are not decoupled from
each other. Tor exanple, in the activated sludge process the control

ﬁf the return sludge flow rate could not be separated from the dissolved
xygen control, There are alsoc many disturbances to which the control

gystemn has to responéd by acting on the same contrel variable, -

lany disturbances occur early in the plant. If they could be detected
jroperly it ghouvld theoretically be possible to control them by feed-
Torward control strategies. HWow there are model inaccuracles and process
listurbances which make feed-Torward control insufficient, Tt has to be
ombined with feedback control, Ag an examlpe pH contrel of chemical
recipitation could be considered, An approximate dosage of chemicals
ould be calculated out of influent pH., In order to get more accurate
ontrol, however, the effluent pH has to be fed back to the dosage con-

roller in order to make adjustments,



The table also shows the need for a careful and thourough evaluatioﬂ

_available and reliable gauges, These problems are further discussed

chapter 10, .

wr u e hem s e ey mrEm e e o
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rder to illustrate the time scale of the disturbances two typical

al flows are shown in fig, 4.1 and 4.2,

1rst plant is an American one, designed for 0,44 ma/s (or 75000 p.e.)
”oesler (1972 A). The figure shows that the phosphorus disturbances
oughly varying with the same speed as the flow but may be delayed.

4,2 shows the flow variations together with the B0D5(BOD5= BOD7/ 1.15)
for the Henriksdal Vastewater treatment plant in Stockholm, Sweden,
1000 p.e.)

pxygen demand, measured in TOC (Total Organic Carbon) or COD (Chemicdl

en.demand), is also related to the flow variations.. .

mentioned in 3.7 the sludge return water can cause ¢hock leoads occur-~

ioughly ones an hour,
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Small and large disturbances .

.-o—-c—'-.—-—--—..—o—-—---—-—..—-—-—.-— — o -

amplitnde if the disturbances occuring are important in dediding

at’ control strategy to use, In this section it w111 be discussed two

erent types of strata:wes, depending on if there are small or large

turbances on the plant s

nphasized in 4,1 there are disturbances which are not possible to

rol, either because of their amplitude or on their very nature, such

oxic chock loads heavy metals etec,
a2 real plant small disburbances occur all the time and small corrective

ions could be taken to eliminate the conseguences of them. Typically

¢ dynamic parameters of the plant, sucl: as the time tonstants are not

ged significantly under these conditions,
near controllers can handle this type of disturbances in general, and
st often a PID controller ig sufficient., In some cases a linear multi-
riable controller might be rewarding to use, e.g. in the activated
ﬁdge process, but yet no experience. is available from any plaﬁt.

e performance criterion is often to minimize the variations around a

rtain reference value for a parame ter, see table 4.1, Loops of that

ture include the control of

pH in chemical precipitation

dissolved oxygen level in aerator

+

mixed liguor suspended solids value

large disturbance causes gignificant changes in the dynanics of the

ocess, such as time constants if nonlinear effects are dominating,

an example the time constants of the sedimentation tanks and the acti-
ted sludge process change whenever the influent flow changes, During
:ch large disturbances there is an obvious risk for decreased control per-
'rmance due to decreased detention times, deteriorating sludge properties

’hlch inecreasing sludge volume index, changes of the spatial distribution

£ the oxygen demand in the ‘aerators or changes of the content of mic~
Ybes.,
handle large disturbances PID or similar regulators might be in-

sufficient, Either the correction has to be nore elaborate or the process

as to be operated differently.
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example consider what can be done at a large flow digturbance,

ig in fact a grade change of the process, If there is a hold

: before the plant the influent gates could be used to level out
a&sturbanqes. Chemicals could be added to the prlmary sedimentation
: in order to improve the effluent going to the bioclogical process,
i@l nolding tanks of microbes might be used to get enough amount of
fated sludge, On the other hand, if the influent flow rate is very
é@mpared to the design flow, the process operation might be changed
éet another demand, There ig e,g. a chance to increase the detention

:in the primary sedimentation tanks,

ontrol of the influent flow rates

of the requirements for optimum wastewater treatment is a steady in-
nt flow. Since raw wastewater flow is characteristically not steady,
e influent control to allow constani flow would aid the treatment and

mation. A basin for raw wastewater storage prior to plant entry could

e to be ugeful for gualizing flow, especially during storms.In very

e plants, however, this strategy is not considered realistic, see

son-Ulmgren, (1973), chapter 7.

iher approach can be used if the plant is superimposed on the existing
érage system, Then it should be potential possibilities to punp a

%dy flow to the plant, while the sewer is the buffer system.

2 municipal wastewater treaiment plant the flow is generally charact- -
stically diurnal depending on the habits of people. A plant serving a '
_ge severage system has generally guite alsmall variation in the day,
ause of the different lengths of the partial flows to the plant, The
.ference between peak flow and minimum flow might be 30 - 50 %, On the
er hand in plants with a geographically concentrated seweraéé system
difference might be a factor of ten'between max and min flows,
variations between different days depend mainly on the weather, At

torm floods and rains the flow can increase several times,

rol of the influent gate will therefore be discussed here. As an ex-
le experiences from the Kédppala wastewater treatment plant in Stock-
m will be discussed.

t Képpala one-of the gates, the so called segment gate, has been equipped

ith control equipment and a hydraulic motor in order to control the




uént to the plant,
:g the tests of smoothing the influent variations some problems

ared. The raw water basin functioned as a gsedimentation tank, If

v water was held more than one day the amount of suspended material
so0 large, that the sdveens were overloaded when the gate was opened.
test indicates, that ‘the gate must be opened at least once a day.
means that only smoothipg of diurnal variations should be possible.
he design stage of a plant, however, it should be possible to design
screens so that they do not get overloaded at such gate openings. Then
basin could be used for storing raw water for several days.

sithere are several factors which must be taken into account when the

Vi
quent flow rate should e contrclled, and they can be summarized as

the average flow varies from day to day
the gate must be opened al least once a day
the gate should be cpened during normal working hrurs, so

that the screens can be monitored

general conventional equipment can be used for the control, even 'if

a1 supervision is necessary.

ontrol of sedimentation tanks

' clarification process going on in a gedimentation tank, either a
imary or a secondary clarifier, is purely fluid mechanical, Clarifica-

on is a basic element in all wastewater treatment, and suspended solids

e removed by sedimentation,

Sedlmentatlon

ere are different natures of the sedimentation going on. In disgcrete
ttling, the particle remains 118 individuality and does not change its
ape, gize or density during the seitling process. Flocculant settling
curs when the particles aéglomerate during the settling period. Zone
ttling, finally, involves a flecculant suspension which formeg a lattice
tructure and settles as a mass,

he theory of the different sedimentation processes which can occur can

e found in some standard text book, i.,e, Xckenfelder (4964), Culp et.al,
1972) or Hetecalf & Eddy (1972).
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- works on operation of sedimentation tanks have been based on
dy state analysis, i,e., Smith (1968 A, 1968 G, 1970 B), Hansen
1, (1969). Design is then generally based on some assumptions of

riain inflow rate and constant particle size and ‘wass concentration,

it

:fIOW'IatE, however, is deviating consgiderably from the normal flow
ost times and it 1s varying significantly. Therefore the operation
he sedimentation tank should be considered carefully, especially to

ckle the diurnal variations of the influent flow rate,

e e et e e o e d k t

hainker et,al, (1970) have developed a mathematical éynamic nodel of
gpended solids in elarifiers, The derivatisn of the model is based on
e physical laws in fluid mechanics, This structural model has then
adjusfe& to real data from a real plant,

e purpose of the model is first to give the engineers added insight in-
the time-varying process. If has also been used to evaluate different.
;gulant conirol policies for primary clarifiers,

:fpartioles are divided into a number of size clésses. For every size
ss the settling velocity of the particles is governed by Stoke’s law.
:fdifferental equaiions describing the settling are in general non-
éar. The observed output of the system is the concentration of sus-
ded solids in the effluent,.

nother approach is presented by Bryant et.al, (197 ). They use the re-
éfién between the overflow rate and the suspended solids remaoval effici-
¥ as a basis for the model. The clarifier is structured as an ideal
uid-solids separator followed by a series of complete mixing depart-

1 tanks, These tanks are used to simulate the hydraulic delays, The

el is derived by mass balance equations around each elenent,

.3 Disturbances and control strategies

B ot e e e e et e o e g e e o o ot et e et e b ek ke o ot e £F e

he essential disturbance t~ a sedimentation tank is the influent flow
éfe. Therefore a control strategy should mainly recognizme this fact in

fder to give an acceptable effluent gquality,

chainker et,al. (1970) have studied the cffect of chemical coagulant

:ntrol. Becausge of the inereaged sive ol the particles the settling
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,aé gignificantly increased and the effluent gquality conse-
ﬁProved. .

P?ak 1oad occurs which is greater than the dgsign flow,.and the

d sludge process can easily be overloaded during a storm flood.
éwater-then can only be treated by the primarf gsedimentation

aﬁd it is interesting to try scme improvement of the sedimentation

these peak hours.

on and lamella sedimentation processes offer special problems. Some
onal experiences of lamella cedimentation tanks are reported in
et.al. (1972). The lamella sedimentation tank is.more sensitive
‘1oad variations than an ordinary tank. If the amount éf sludgé
foo much, then the distance between the 1amellas}ﬁight be insuffi-

and thus the efficiency is decreased.

athematical models of the achivated sludge process

 activated sludge (AS) process dynamics is quite complicated and it
cludes many unknown and mnmeasurable phenomena, 8411l it is of course
iportant to develop mathematical models in ordeT to increase the under-

tanding of the dynamies.

ithough the unit processes of a wastewater treatment are simple in con-
ept, in reality they are highly complex biological systems with poorly
wnderstood behaviour, From a biological point of view, meat of these
processes may be classgified as continvous-flow enrichment cultures of
mieroorganisms with the species of microorganisms predominating being
ﬁetermined by the characteristics of the input wastes and the environ-

mental conditions oreafed through process design and operation.'

An excellent survey of the kinetics of biological processes ig found in
Andrews (1970), where different growth and decay theories are compared.

A literature survey of biological kinetic models is also made by Carlsson
(1973).

As many phenomena in the AS process are spatially dependent, the dynamics
should be described by partial differential nonlinear equations. By in-
voking a number of gsimplifications nore reasonable mathematical models

can be developed, consisting of crdinary differential equations and

*
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arameter descriptions, The nodels, huvever, have te be nonlinear.

*

P

very limited number of msdels have been verified during transient

sting conditions, and mostly ~nly in 1abcratory scale.

nost popular pr-cess model is based on the comple te mix AS process
S). Quite a large number of authors have described different ap-

hes to this type of process. An important contribution was made by
berg (1967) and the model was using mass balance equations for living
éil as dead bacteria, and the balance between substrate and living
aria. Curds (1971) has considered sewage bacteria instead of dead
éria and has considered the presence of ciliated protoza asrwell,
westbers model has been used by Brett et. al, (197?) to synthesize a
forward control of an AS process, Ancther approach, but still based

ass balance eguat ons has been made by 0%t et.al. (1971).

Environmental Protection Agency (EPA) in USA has sponsored the devel-
nt of mathematical models for wastewater treatment unit processes,

5 others an AS process, described in Smith (1970 A) and Smith et.al.
9 B). '

der to describe the spatial dependence better Curds (1971) agsunes
“the aeration tank is split up into a number of complete mix tanks,

nsiders only living organisms,
b

.—.__....-__.......-_.-.---.-—-.——...—...-..-.._._—-.n_....-__.—...- e e o ko T el o i St W A P

rocess dynamics is assumed to be described by ordinary differential
tions., Here the most important state variables will be considered,
'ly living organisms, dead organisms, sewage bacteria and subSLraue.

erivations are based on mass balance equations for the aeratlon tank,

ludee density in the clarifier is assumed to have a concentration C
es the aciivated sludge conbentration‘in the aerator. The volume of the

Talor and clarifier are assumed constant.

et/ e

sider the naterial flows around the aeration tank of fig., T.1.

ass balance equationsg are generally formulalted as

umulaticrn = input + recycle - outflow - endogenecous decay + growth



judge inflow is .

inflow = @ * X,

0y
v

Q = influent flow rate, X, = influent sludge cépcentration.

'the activated sludge conéentration x in the aeration tank.

return activated sludge is assumed to be

recyele = ¢ Q O x (c>1)

-« ¢ = ratio of return sludge flow rate to influent flow rate,

a1 clarifier,

often X is consideréﬁ to be =zero. X, igs certainly much smaller

ompaction ratio so that C + x ig the sludge concentration in the

46.

(1)

(2)
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.

\

aeraticn E 8 3 ‘ final x
=4 tank ! 1+£l"g*—iji"$ﬁ clarifier (1v) 9,
| . }
% volume V 1 :
[ —— e ——— 3 l i R

e i e et o o et

ig, 7.1 Schematic flow sheet of a complete mix AS process.

The symbols are defined in the text., -
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stberg (1967) adds the input and recycle terms in a different way

input + reeycle = @ (1 + x) X . ' (3)

here % - concentration of living bacteria in‘theltotal flow supplied

" the aeration tank. ﬁ& then neglects the influent sludge concentration

3 the final results resembles that of (1) and (2),

he outflow is simply gasumed to be
outflow = (1 + =) Q@ x (4)

rhe bacterlal growth and decay terms are the most controversial ones,
Bacterial growth will take place in the reactor and at the same time,
o substrate will be consumed. The rate of growth depends on the nunmn-
r of bacterial present and on the supply cof substrate, The gpcwth of

pacteria is not proportional to the number of living bacteria as pointed
t e,g. by Vestberg (1967). Death and redissolving of cells can net

- disregarded, especially in case of recirculating and high sludge
res,

stberg assumes the net growth would be
net growth = VQ/LX._?.ﬁ) (5)

ere V = tank volume,/j{= growth rate coefficient,/z = gdeath rate

sefficient {assumed greater than zero) ans s= substrate concentration,

me authors, e.g. Ott {1971), assume the death rate proporiinal to

e living organisms, i.e.
net growth = V g/{- x-yz%ix) _ (6)

hus disregarding the influence of the substrate. Curds (1971) com-

he specific growih rate coefficient is ofien expressed as

{1 = L g ‘ (7)

/”“f/am Kx+s

n which/ﬁ{% is the maximum growth rate and Ky the substraté con-~
entration at whlch/jéls equal to 0, i/ . This equation is comnonly

‘nown as the Monod equation, Monnd (194/).



ner. expression derived by Teissier (1936) has the forn

/.;7_;{1 (1 - exp(-cs)) ‘ C(8)

_re ¢ is a constant lor the system, Bspecially at\high substrate

centrations the 1attar express1on is considered more accurate.

fimes & simpler expression foiffis used,
=L 8 '
o /Jg ~ (9)

.% ig an empirically determined constant for a“certain plant.

sodification of the Honmod theory was presented by Waldane (1930).

Alm : . :
L= —7—5{——“‘— ‘ (10)
< 1+ =0+ ;%i

his growth theory has been uvsed by D Ans et.al. in their models,
“é section 8.3. '

Combining equations (1) - (5) the active sludge mass balance equationA‘

achieved to

¥ %£~ = Q- xp+T Qe Cx- (1 + r) Q « x+
t s
input  recycle output
X ;
+V(/[x-—fz——s—) : (11)
growth * decay
Disregarding the influent sludge concentration x and the substrate

variations (s = constant), eq. (11)-can be simplified to
E:r-F.C.x—(1+r)F-x+/{x —/L/dx (12)
;where P = /7

fwriting/}{j/wd - a the equation gets

dx = ax + F (x¢ -1 -7 ) x (13)
dt
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ation has interesting structure from a control point of view.
=m1nds of a bilinear equatlon as the control variable r is multi-

gith the state variable . The main disturbance of the systenm

e influent flow rate Q. Thus also this term F'is multiplied with

A
Y

quence of this ‘structure is, that the system time constant

'¢onse
nanged both for changing influent as well as changing return sludge
W rates., Whenever some of these flow rates is increased the constant

he living prganisms of the AS process is decreased.

‘Massﬁbg}gpge_fgr_dgag,_bgpiegig

. net growth of the dead bacteria is desribed according to Westberg

967) by
3 L X &
net growth per m and b .qz i ) X% _ (14)
g = gubstrate concentration
x = activated aludge concentration

concentration of dead hacterias

]
1

term represents the adding of new dead bacterlas. (Cf ed.(S))
The second term represents the redissolution of the dead bacterias.

This is supposed to be proportional to living as well as dead bacterias.
(z). This dissolution is caused by enzymes : and the concentration of

hem is supposed to be proportlonal to the activated sludge concentration,’

The total balance equation can be derived similarly to the living orga-

nisms and the vesult is

dn (M) w20 | (15)

(1) = v W (16)
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% Eaﬂs_pg;gpgp_fg;_sgbgﬁzaie_

g balance can also here be expressed as

mas

gmulation - inflow + recycle - output - utlllzat;on
\

mass flow terms ars\defined.from fig, 7.1 where 8 denotes the

e concehtration in the aeration tank and So the influent

measured as BOD (mg/1).
pived analogously to the
nted on

strat
bétrate concentration,
input, output and recycle terms are de

e the utilization terms will be comme

gvious dlscu531on. Her
he utlllzatlon of substrate as the Viving organisms’ grows

a3 o an

ere Y = the yield constant = weight of sludge mass formed / weight

substrate consumed.

t/coefficient is the same one as in 7.2.1,

n term is discussed by Curds (1971), by sewage bac-

Thegse organisms are defined as those pbacteria which are born in

le guantities,

try into the aerator they do not flocculate and are congidered to

in the sedimentation tank.
he soluble constituents of

n. en
Thege organisms are

emain in suspension

ike the sludge bacteria able to utilize t

ewage but since they remain dispersed are themselves available as a

or ciliated protozoa that may be present,

ocd source T
or the sewage bacteria to Yb'and-gro

efining the yield constant f

ate coefficient/-f-b the utilization is .

wth

£ ' '
?__}%gﬂl__ , (18)
b ,

here Xy, is the concentration of sewage bacteria.

festberg (1967) does not discuss any sewage bacteria but adds another

m the dead bacteria. The negative temn? x =z from edq.

term coming fror
(14) corresponds to a positive term in the substrate mass balance. The

substrate mass balance equation thus reads
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ds -Q*s +Q° " s~ (1+r7)Q"* g+ i .

V'E§“ o}
input recycle output A
e % My + %3 L |
o, ~ X _ ; ‘ .
sVt ze Ty s (19)
vfrom dead utilization
bacteria

ne cquations (11), (15) and (19) thus define the dynamics of the CUAS

ons should be combined with a sblid balance egquation around

We assume no solids built up in the clarlfler and

he equati
he final clarifier.
he input (on the LHS) equals the output (on the RES)

(1+r)@x=(1-m0efx+walCx+rQlx (20)

here / 2= fraction of clarifier solids escaping the effluent,

= waste sludge flow rate as a fractirn of the sludge entering the

larifier. If/sis assumed negllﬂlble compared to the sludge waste rate,

hen w can be solved from eg, (20) to

(1 -’rI‘-I‘Q (21)

ﬁus the excess sludge can be expressed by the paraneters r and C.

.3plcal numerical values of the coefficients of the CHMAS dynamics equa-
ions can be found in Westberg (1967), Smith (1969 B, 1970 A) -and Ott

1971). These authors reler to other sources as vell for parametex

ralues.

Curds (1971) also includesother state variables in the CMAS dynamics,
not only a single [loceunlated bacterial species, He conglders a ciliate

nd bacteria growing together in the aeration tank, and three types of

ciliated protozoa are included in his AS model.
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Mathematical mod-i of a spatially dependent AS process

n o e o o At o T 4 v Tt B P Tt St AR S T Wy e e et Ak e e ot s T o o ot p

5 step aerated AS process (SAAS) or a plug flow AS process the
patial distribution of the sludge and substrate concentrations must

s taken into account, This is made by introducing finite differences

(1+r) Q,s1,x1

. ; TR 1—'_"_“"7"
S ) i

e T —r P

(1-w)q,=

Fig. 7.2 Schematic flow-sheet of a step aerated AS process, approx-

imated with three cﬁmplete—mix AS tanks, R

Some details can be found in Smith et.al, (1969 B), Curds (1971) and
Milbury et.al. (1965).
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4 Dissolved oxygen models .

dlssolved oxygen balance has not been included in the models,
egented in 7.2 and 7.3, but it could be 1ncorporated easily as

«n by Smith and Eilers (1970 A). In the previous models it was
Sumed that the dissolved oxygen (DO) concentration was large enough,
~that it can be consmdered sn excess nutrient, In fact, if the DO
oncentratlon ig maintained at 2.0 mg/1 or greater the removal of BOD
the process.can not be’ influenced by DO changes. The DO becomes &an
portant varlable however, if one attempts to optlmlze the operation

.y

d the economy of the AS process.

naterial balance equation of the dissolved oxygen can be formulated

follows (the variable names refer to fig., T.1).

ap _ - =, . N . a0
at y > © (]_)E_ D) O Vaip. 7oAt (22)
\““"-v' o e - LN
net from blowers regspiration
outflow _

dissolved oxygen concentration (mz/1)

=y
©
H
o]

]
It

DS= saturation level of DO in water, ~ 8 mg/1

uair= air flowrate from the blowers

overall ligquid phase gas transfer coefficient

152
o«
]

u
o
|

oxygen uptake rate.
he oxygen uptake can be modeled according to an expression of " WMcCinney

a0 - Y
_— = <$>Si + iﬁﬁ'X. (25)

here Si represents the concentration of the ith substrate and Xi re-

- . Ltho .
resents the concentration of the 1 nicroorganism,



- riences in Palo Alto, California reported by Wells (1973) indicate
5% the term Q/V can be neglected compared to the other terms in (22).
should also be observed that the DO dynamics 1s a bilinear syﬁtem,
ke the mass balance eq. (11). '

s DO model of the type (21) has been compared to \actual per-

Spmance in an AS proce%g in Pale Alto, see Wells (1973). 1t was found
rge discrepanbes between the theoretical model and praciical experi-
nts, A simplified linear model of second order with time delay was
dentified, based on simulated data from the model from Smith (1970 A).

gtructure then was

1

| fey

X1 ~ay By X 00 ~

B G e G
2 Vo

ith both time constants about 6 hours and the time delay Td about 5
inutes, Experimental experiences, however, indicated that the time
.nstants are in the order of about 15 minutes.

e differential equations in fact are time variable, thus creating
ifferent time constants av different times.

esent identification works at the Division of Automatic control at
nd Institute of Technology seem to verify this result,

ata are supplied from the Palo Alto Plant,
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o trol _of the activated sludge process

ntroduction

-_._..--—.--—.-.-...-—.

are several theories how to control an activdted'sludge Process.
yst common strategy is based on the assumption, thé% the food to
irganism ratio should bYe constant. Another one assumes a strategy
5% the life time of the microbes is constant at a desired value.
uﬁcessful full scale control implementations based on theoretical

s like those in chapter 7 have been reported, as far as the authors
1aTe. Generally those models have been shown to be too simple to

1y describe what happens in a real plant.

are so many different types of microbes, both aotivé and dead, and

s not possible to measure the microorganism concentration on-line,

over ideal mixing is not possible in the aeration tank. There are

any other contaminants in the water, that the accuracy of the hacterial

th models gets too low.

~ssential variable describing the activated sludge process is the
éntration of living and dead bacterias. Since there are no instruments
easure these variables, gsome 'indirect variables have to be measured
ead, BOD, TOC, COD, ete. are measures of the biological activity, but
problem is to get rapid measurements to be used on-line, As remarked
ﬁapter 10 there are respirometers being developed today, which at

t can give quite a good measurement of the oxygen uptake as function
ime. To the authors’ knowledge there is no closed loop application,

ed on any COD, BOD or TOC meter, Other interesting substrate variables
the mass of organisms (}ISS etc,) and the amount of oxygen supplied

he blowers (dissolved oxygen DO),

use of the measurement problems in biological environment many plants
using indirect methods of control. Such a control is based on measure-
é of DO, sludge 1evel, MLSS, respirometers etc. Return activated sludge
¥ rate, excess activated sludge flow, blower power, sludge pumping etc,

can be used as control variables, :

Feedforward-feedback control of the activated sludge process

control of the'dynamics described by the balance equations between
eria and substrate has been studied by Westberg (1969) and Brett et.al,

73). A further attempt in the same direction is presented in Davis-
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_Brett (1973). The authors have not considered any external variab-

'h as dissolved oxygen or pH in the models.

pose of the feedforward control is to keep the substrate at a con-
1ndependent of disturbances in influent Substrate and flow

AN
|

JhS process, defined by ea«(7.11), (7.15) and (7.19) is to be controlled

ontrol structure showed in fig. 8.1,

evel,

isturbance appears as a product §Q Soin eq. (7.19), and the flow rate

srectly disturbs the bacteria concentrations in eq. (7.11) and (7.15).

P

gfg has made two major assumptions in the model, The term. x z in eq.

~and (7.19) is replaced by . - x ¥ where Xgis the average concentration

:over a'cycle ( = a day).rThe other assumption is that the disturbances

jéwn and they are specifically assumed to be sinusoida}.

furn sludge flow rate can be calculated algebraicly so that distur-
in 8, and § are complefely outleveled by the feedforward controller.
all feedforward control systems, the major difficulty is that the
‘model has to be accurate, otherwise the feedforward will create’

me. Small errors now are corrected by the feedback control law, More-

the time derivatives of the disturbances @ and the product Q: So have
:calculated.

uld also be stressed, that the size of the disturbance can be very

as discussed earlier. An accurate control of such a disturbance is

nly not a simple task.

5(1975) has considered the same problem as Wesiberg but his assumptions
mewhat different. The model has been linearized around an operating
and the fecdforward control then has been evaluated %o extinguish

;Sturbances in the substrate level, Also here the control law includes

atives of the disturbances.

alidity of the model is further decreased because of the linearization.
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Ple model of an activated sludge process has been used by D’Ans et.al.
51 1971EB, 1972) mainly for the purpose of the application of optimiza~
theory. The dynamics is represented only by the state variables living

#ia and substrate. The control variable u = Q/V (see fig. 7.1)
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Fig. 8.1 Feedforward - feedback control of an

activated sludge process according to Brett.




‘sidered limited, .

ssctor is a CMAS process where the growth rate is described by

.10).

B et x WX e B
d K s" + 8+ K, L ) ;
.%% _ ;SX +  u(1 - s) (3)

: KES + 8 + K1,

'x, 8, ¥ and t are normalized suitably

If y is inserted according to (7.10)

'%-15-=p.x.—u»x (4)
s Lopx o+ w1 - s) (5)

at

e in (4) and {5). As the equations are not verified to measurements,

H e X
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Some essential activated sludge process feedback loops
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blower speed or mechaniecal aerator power is used to control the DO
el in the aerator., This type of control has been realized at some
nts, see Olsson-Ulmgren (1973), Wells (1972), Stepner (1972). The
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n this control can be used in the pr0posed way is, that the micro-
nlsm food uptake rate is not affected by the dissolved oxygen content

s content is above a certain level (ny 1 mg 02/1).

utput variable is measured by one or more DO sensors in the aeration
| guch a control system is intended to reduce the variations in the
1t of oxygen delivered. This control scheme can save electrical power,

btion 8.5 it is shown the cost savings in one installation,

. are some models evaluated of the DO dynamics, as shown in chapter

osition of DO probe is very important. Consider e.g, if the probe
placed near the influent %o the aeration tank. The influent consumes

en very rapidly. This control system ensures that only at the point

re the probe is placed the oxygen level will be satisfactory. The mixed
v could possibly be anaerobic at the end of the tank'with such a

trol system. Thus the DO profile is important.

her important loop is the control of the return activated sludge (RAS).
é:control is intended to supply the required biomass o the aeration
based on oxygen requirements, thus maintaining a constant food-to-

porganism ratio.

5 early demonstrated by the equations (7.11), (7.15) and (7.19) that

RAS control variable (r) is essential.

RAS flowrate is manipulated in response to a change in the total air

irements operating under DO control.

if the DO control is good enough, a change of the DO concentration
be taken as an indication that the food-to-microorganism rativ has
Eed. This procedure then is analogous to using the entire process as
espirometer. From the mass balance equations it can then be calculated
required solids concentration to maintain a constant food-to-micro~

nism ratio.

rect measurement can also be made by measuring the microorganism re-
ation rate. On-~line respircmeters will be available soon commercially,
today there exists some prototypes in the market (see ch. 10). The
flow rate is then changed in order to get the desired food-to-micro-

nism ratio. o .
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ctivated sludge process is getting more effective when the mixed

f suspende d solids concentration (vrs88) increases in the aerator,
hé MLSS is held too high, however, the final settiér will be over-

ed and the-sludge will‘escape in the final effluent. Now the MLSS can
ntrolied in different ways. Wells (1973) suggests that the MLSS is
Blled around a certain setpoint by the RAS flow rate, In this

iéular control system the food-to-microorganism ratio is not held
ant. The setpoint could be established by the operator, or it can

djusted by other measurements, as discussed in 8.4.4.

.(1971)Vhas suggested another control variable, the excess sludge
Irate. This loop is however very slow, and it is therefore quite
iecult to control the MLSS level within given limits. On-line meters

aoure MLSS in the aeiation tank are available and are claimed to

ave satisfactorily.

control

ré are several signals which can be used as indications, of changes
e food-to-microorganism ratio. Bxcept those mentioned in 8.4.2
rimary effluent can be monitored by a TOC or COD measurement and
eed-Torward signal can be used for control of the activated sludge
ss, The signal can e.g. adjust a setpoint of a MLSS controller.
ontrol has to be corrected for small variations by feeding back
r COD signals from the secondary effluent. The control signal is

here the return activated sludge flow rate (RAS).

dge blanket control is sometimes used as an alarm system for too high
blanket. The objective is to prevent overflow of solids from the
ondary clarifiers. Corrective action is required whenever the sludge

et alarm is activated. The return sludge pump is then turned on,

Controllers

M the discussion in 8.4 it has been demonstrated that the activated
dge process is a truly mulitivariable system. The input variables i.e.

lowers and the return activated sludge flow rate, arg coupled %o
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ral outputs, and therefore a good confrol strategy should take these

1ings into account.

fhe authors” knowledge no multivariable control ig implemented today
any activated sludge process, but some discussions ‘on this problem have

en place, see Olsson—Ulmgren,(1975).

ny of the control loops could possibly be ocascaded together as single-
*ﬁt-singleuoutput control loops. An ordinary PID controller might be
ufficient in some cases, especially for large disturbances, The reason
‘that the dynamics is nonlinear, as shown in chapter 7. For large
turbances or at grade changes the PID controller either has to have a
y low sensitivity or has to be tuned automatically. in the former case

controller will give a poor control.

éhould be emphasized, .that the measuiement problem is crucial. First,
accurate control requires accurate measurements, i.e..good instrumenis.
Linstrumentation problem is further discussed in chapter 10. Then there
‘some variables which cannot be measured automatically, One example is

‘sludge volume index as an indication of bulking sludge or rising

dge (see 3.%), '

the activated sludge process is spatially dependent there is also an
ortant question where to place the measurement instruments. If the
profile is time varying in the aerator, then one DO probe is certainly
ufficient.

e o e e e ey e —— o g Yt Pt

e performance of DO control has been compared to manual control for the
ton Sewage Treatment Plant in Seattle, Washington, USA described by
slexr (1973), The plant is a conventional activated sludge plant with
g flow in the acrators., Twelve DO-probes were installed in the aerator.
y one of the probes was used for control purposes while the other 11

S were used for monitoring the DO profile.

plant was run manually during a three month test period in 1970 and
matically during corresponding three months in 1371. The estimated
omic improvements were 10 % in power cost savings or approximately
00 per year in the plant, designed for 1,1 ma/s (= 190.000 pe). The
ontrol had an effect only on the biologiczl activity as meaéured

the BOD. The BOD removal increased from about 82 % to 95,5 % because

D0 control. Considering loading differences, differences in mixed
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, suspended solide and hydraulic flow the improvement was even

ro substantial in biological degradation, Also Ryder (1969) has

sted experiences from this plant.

v

éometer control has been tested at the Jones Islégd Treatment Plant,
aukee, Wisconsin, as ﬁfported by Genthe (1972). With this control it
possible to keep the food-to-microorganism ratio closer the desired
e, thus saving blower cosis. A saving of 15 % out of § 560 000 annual

o costs 1s claimed to be realized due to the respirometer monitoring.

o br e e TEwa 3 g eldy T



ontrol of phosphorus reduction

lear that chemical precipitation costs are significant in. the

e
reatment plants, and therefore the adding

ration of wastewater T

Y

emicals must be optimized. .

ne the feed of chemicals not only the flow of the

order to determi
centration of phosphorus,

uent must be measured bub also the con

the pH value, Not ev

oval is a function of the flocculation of other compounds

ds rem
.-’

n phosphorus, as remarked in 3.5.

ood control system must of course take these influences into

a certain mole ratio between phos~

onslderatlon. In many cases
for

hemicals added can be stated out of experlence,

orug and ¢
¢ -individual plant and a control system must of course take this
is obtained

o account, With lime as the coagulan® a good control i

H measurement. B

+ that feedforward control is combined with feedback

s imporian
the flocculation should be

ol, Thus the actual pH value in

asured in order to make corrections of the dosage. Moreover on-

ne monitoring of the effluent can indicate the chemical pre-
Such monltorlng may include turbidity,

COD.

pitation effectiveness.
; dissolved oxygen and oxygen demand e.g.

tomatic control of lime precipitaion bhas been tested in pilot

ant scale in Blue Plains, Washington DC,

972), Bishop et.al. (1972) and Olsson-Ulmgren (1973).
conductivity, pH or

gee Convery etb.al.’
The amount

lime fed to the process is controlled by
alinity. The pH control system philosophy in the lime pre-
itation is also applicable to other pH control systems, such
ination or breakpoint chlorination.
they are not

recarbonation, prechlor
ce these unit processes are unusual in Sweden,

iscussed in this report, Some experiences are reported in

sson-Ulmgren {1973). ’

s for continuous monitoring of the phos-
e.g. the Tellusond, Johngon and

ere exist instrument
orus content in the water.

chnicon Phosphorus melers.

en.this information is, satigfactory as. the, ...
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conomies associated with four alternative strategies for re-
ng phosphates by precipitation by alum has been calculated
jonvery (1972), Roesler (19724), The phosphate loading has been
n for a 0.5 m3/s plant (= 85 000 pe), The four different

ategles are

a) addition of a fixed amount of alum to precipitate out

the maximum amount of daily phosphate loading

b) +two daily dosage levels of alum according o diurnal

variations of load
¢) alum addition as a function of flow
d) alue addition as_function of mass loading of phosphate

remove one mole of phosphorus 1.5 mole of aluminum was used.,

.tudy showed clearly that the savings were successively larger when

the saving were about $ 75.000 a year for strategy d)

pared to a)., Then the control equipment costs were not taken

‘On-line measurement for control

chapters 4, 8 and 9 a number of variables have been mentioned,

h are important for the control schemes. In the text considera-
as already been taken to the status of existing online in-
ents. There are two principal types of instruments for

ring process information.

. In-stream probe or sensor which generates an analog signal

of the wvariable measured.

Automated analybical procedure (or antomated wet chemistry)

which samples a quantity from the flow and subjects the
sample to an automatic laboratory procedure, reguiring
reagents. Although the procedure may be rapid, a cexrtain
amouhd .of time must elapse before the measgured value is

recorded.

Maintenance problems seem to be the real hard ones to solve.



“environment is of course very destructive for a sensor, and
yefore regular cleaning, calibration and other maintenancé
.id be the natural routine. The problem is, that there is
1i%tle personnel for this type of business and mosﬁ often

personnel is not adequately trained for on-line instruments,

the following paragraphs the status of the instrumentation
i be briefly reported for the most important water charac-

istics variables.

1 Flow measurements : e

At Bt s st At P o e e e e S

gurement of flow is the most important monitoring in 4 waste-
er treatment plant. The flow changes cause the major dis-
gances, and flow measurements are necessary for the control
everal unit processes,'e.g. primary pumps, sludge wasting,
ernatant return, chemical dosage. It is beyond the scope of

5 work %o look in detail at the flow measurement methods.

can be found elsevhere e.g. Ulmgren (1973), Metcalf & Eddy
72) chap 3, Nordstrom (1972), Viksell (1973B) and in standard

¥s on instrumentation,

ay all new plants are equipped at least with some flow meter.
weden the most common principle is based on level measurement
her in an overflow or in a Parshall flume, where the level can

measured with ultra sound.

se flowmeters seem to be reliable and the accuracy is about
3%, The calibration may, however, be complicated as there is

inear relationship between flow rate and level, Magnetic

ensive. The accuracy igs claimed to be between 1 and 2%, For
11 water velocities the accuracy may be as bad as 5%. Some

eriences are reported in Olsson et. al. (1973).

s important for the chemical dosage as well as for charac-
zation of influent and effluent. As remarked in chapler 3.5
?recipitation ig very sensitive fo the pll value. It is also
ndication to changing conditions for the activated sludge pro-
"; see chapter 3.3, The pH can be conveniently measured with a

eter,

meters are getting more common even if they are sometimes -
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srature is important for certain unit processes, especially

age treatment(digestion) and is automatically measured.

é also essential for the activity of the microorganisms in
ctivated sludge process., The temperature variations, however,
generally so émall, that they can be neglected as influencing

operation and control,

Dissolved oxygen

mentioned in chhp. 8.4 the DO concentration is critical in the
: Fd
trol of the activated sludge process., DO check of final effluent

lso interesting.

v there are several DO-probes available, but the experiences
he reliability seem to be very varying, Some users claim, that
correlation between the instrument signal and the oxygen con-
tration is very poor, others that the probes give adequate in-
mation, see Werner (1970, 1972), Olsson-Ulmgren (1973) ch. 3.6
9,9, and Roesler (1972), Wiksell (1973B).

ig true that many DO probes reguire significant amounts of
ntenance due to membrane clogging and rupture. The DO probe
1lso an essential part of a respirometer to measure the oxygen

ake,

hould .be mentioned that both stationary and portable DO probes
in use, Naturally the latter ones are more reliable in general

hey are more maintained.

indicates the oxygen requirements of the organic and chemical
er. BOD removal is a prime function of the activated sludge

egs,.

“BOD is an effective parameter for measuring biodegradable
anics, Since it takes 5 or 7 days for the standard determina-
n and 20 days for an estimation of complete bio-oxidation it

ertainly inappropriate for automatic control.



determination of BOD is also in general very inaccurate., It is
_unusual to get 20% error in the determination., Despite ther
floned drawbacks some experts consider BOD still 1nterest1ng,
Halfgott et. al. (1972) The problem is “to use the information
;rectly. BOD hasg some nl{e properties. It can tell what the
teria can do by way of assimilation and oxidation. If toxies
tér the system the BCD may serve as a bioassay test. Both

5, BODT and BOD,,
order to determine this curve one needs several points to Zed

are poinfe on a first order decay curve.

etter accuracy; then one gets a Warburg respirometer response
ve. Such data can only be collected in days and weeks and not
ome minutes to some hour necessary for automatic cortrol of

sctivated sludge process.

line BOD respirometers, are presently developed, Genthe et., al.
972), and some prototype is today in the market (Badgér'Meter),
 01sson—U1mgren (1975). The respirometer automatically with-
s a sample (some'liters) from the wastewater stream and

isures the oxygen utilized by the biomass in the sample as it
sume waste material. The test period may be from 15 minutes
‘some hours. An acceptable accuracy between the relation of this
it term oxygen demand and a long term BOD has been reported,

. Genthe (1972).

he principle of oxygen uptake measurements basicly employs
principle of the Warburg respirometer. The sample has to
taken in a sealed container and the oxygen concentration
issélved oxygen) has to measured at time zero and time %,

h the Badger Meter instrument the oxygen depletion is mea-

red by means of a sensitive preséure transducer, see Arthur -
968). Another principle has been developed by Abson et. al.

67)}. The consumed oxygen is gradually replaced coulometrically
d.the amount of replaced oxygen is measured (the Simcar respiro-
ter). Montgomery et. al. (1971) have also described this
strument, Still another principle is presented by Ingols (1968).
Tepetitive short BOD test is performed by using a diasolved

 gen electrode.

VL S
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6 Oxygen reduction potential

“(oxygen reduction potential) is the potential required to
ﬁsfpr electrons from the oxidant to the reductant and it pre-

ts a gualitative measu{? of the state of oxidation in the
atment processes. 5\

tinuous ORP monitoring as a measure of biological activity has

n proposed e.g. by Dirasian (1968).

biological degradation of organics many oxidation-reduction
ctions take place, where different compounds act as final
‘drogen acceptors, In aerobic systems (e.g. the AS process)
lecular oxygen is the ultimate acceptor of hydrogen., Effen-
.ger (1967) has related ORP to dehydrogenase activity and
e'éorrelation was found-to be good. The correlation coef-

ient is, however, a function of the specific activated

dge process.

reliability of ORP sensors seems still to be low, see e.g.

fgobt (1972),

.7 Total carbon and total organic carbon

o o Am s e ok Bk Bt P ot A B P e h -t P W o et S B8 Pk M e o BT 3 o o

'and TOC represent an approach to use non-blological tech-

jues for demand measurements. It is assumed that TC and TOC

in constant proportion to the oxygen demand. The TOC does

t include the oxygen demand. equivalent of nitrogen and some
rganically bound reduced mebtals that can be present. A TOC
etermination thus specifically represents oxidation of only
rhonaceous materials, While inorganic carbon may cause inter— .
fénce, it ig removed by acid {reatment of the sample or by a

parate determination and subtraction of the inorganic carbon

om the total sample reading (TC).

ypical ranges of operating values of P0C are 60 - 350 mg/1

¥ raw wastewater and 3% -~ 18 mg/l after 95 % removal,

00 measurements are very common in the USA, There is an in-

éasing interest also in Sweden for this type of instruments.
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ical oxygen demand (COD) also represents a demand measure and
sed to represent BOD., An effluent sample is reacted with a

né oxidizing chemical at elevated temperatures,. Tﬁg intent is

casure all oxidizable substances in the sample and thus obtain
'élue somewhat higher than (bﬁt correlated with) uwltimate BOD,
e COD analysis is considered to be repeatable with good satis-
ion. However, it takes some tine to get the anéwer, of the

der half an hour or more.

s often Ep&ssiﬁie to establish a séfiéf;otbfj linedf relgtién—
ip between BOD and COD {or between BOD and TC). Any correlation
‘however, generally charécteristic of the plant and its own data,
6.¢.g. Rowe et.al, (1968)., Davis (1971) and Ford (1968} have
mpared COD with TOC. Thé COD-to-TOC ratic varies as a function

aeration ‘time for biological treatment of domestic wastes.

day there are several COD meters in the market e,g, Johnson,
11lusgond and Technicon. The COD meters have been used e.g. for
nal effluents. Sometimes the accuracy has been unsatisfactory.

¢ problem ig; that the COD test in most casesrgeneraﬁéé mercury
ﬁtaminants. The TCC test is better in this special context. If
he residual chlorine concentration is too large, then the test is

so disturbed by wrong reactions.

9 Total oxygen demand

ill another method of analysis uses combustion of all the
ygen-demanding matter, Total oxygen deman&.(TOD) analysig reacts
sample with oxygen gas at about 900°C and the oxygen consumption
‘measured, The results are available in a few minubes, Replicate
mples give closely similar answers -~ within 2 to 5 percent,
§ording to Bochinski (1973). There are interferents, notably
trate, Nitrate interference varies from a relatively small

iect to a highly significant one, depending on the design of the
ecific TOD instrument, Bochinski (1973) supports the view that

e TOD test is guite realistic and correlated to the COD but more

nvenient to determine.



71

dday there are two principal types of T0D jnstruments available in
e market. In one instrument type a continuous flow is entering
e instrument, in the other discrete filtered samples are drawm

om the stream. ' 5

1

5
A

0.10 Auvtomatic analyzers

ere are some other analyzers except the ones mentioned for
different oxygen demand analysis. There is one analyzer (Technicon)
r phosphorus (phosphate) analysis. At Tellusond and the Axel

hnson Institute in Sweden analywers have been developed recently.

6sphorus appears in several forms, such as total phosfhate, ortho~
hbsphate, pyrophosphate, condensed phosphates and organic phos-
hatés. One way to measure the phosphorus content is by the amount
total hydrolyzable phosphate. This principle is used in many
struments, like the Johnson, Tellusond and Technicon Avtoanalyzers.

he specific range is about 0.1 - 20 mg/l, measured as total phos-

developed - one by Orion Research and anether by BElectronic

struments, Litd. The methods are described by Harwood (1970 a, b).

11 Suspendad solids

ere arelseveral methods for suspended solids méasurements. Here
nly the methods based on light-absorbance and Light-scattering

1 be discussed. The light can be either visible or infra—red.‘
trasonic waves and gamma radiation have also been used, The
blems have been penetrated in detail in Zensz (1969), Wiksell
al. (1973 A, B) and Dowming (1965)., The experiences indicate
at vigible light gives poor result, both absorbance and re-
cttance. The influence of colours in the water are negligible

T infra red light, and also the influence of collodial particles
inishes, The normal accurécy is about 10%. One instrument baged
\ light transmission has been developed at the Royal Institute
Technology as reported by Wiksell. Another instrument based
infra ped light was tested as early as 1968 by EPA in USA,

11 another sensor is available from Eeene for the range 500 -
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Instrumentation and control in Swedish plants

il some years ago the wastewater treatment plants were poorly equipyed

ompletely. . \
: \ .

uring the great building program during the 1960 decade the interest

or instrumentation and control increased considerably. The plants at
sppala (Stockholm) and Rya (Gateborg) are two examples of more elahorate
nstrumentation and computer installations, The computers are used for

ata aquisition and storage. C e e

pere are flow meters in all large plants and this was considered natural
ntil the end of 1960 ‘s, Of economic reasons flow meters were not install-
d in the plants during this period, but nowadays the new plants are

quipped with these insiruments again.

he flow rate can be measured either in open systems (Parshall flumes,
verflows) or in closed systems (magnetic flowmeters, differential

ressures ).
n open systems the flow is registered by some level sensor,

Host sensors are either based on ultra sound techniques or different $ypes
f level meters. The old types of capacitance meters are unusual today

n the municipal wastewater plants, mainly because of maintensnce reasons.

Magnetic flowmeters are not yet very common, but in the new large plants

they are getting common.

issolved oxygen is measured mostly in laboratory tests. There are some

few plants equipped with continuous DO meters.
Some respirometer profotype is available in Sweden. -

-A new type of sludge level indicator has been developed among others'
by Tellusond. It can be used for sludge removal in the sedimentation

anks.

COD-analyzers and suspended solids sensors are installed at some Svedish

plants, e.g. Kdppala, Vixjd, Frovifors' and Sundsvall.

or the gquality control of fthe final effluent pH, SS, COD and phosphorus
could be measured, In Sweden it is, however, not considered realistic

to install all these sensors for quality control, except for the plants
_bigger than 6000-~10000 ms/day (12000 - 20000 p e). In most cases only
the turbidity will probalby be monitored on-line.
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o) some plants primarily the chemical dosage 1is contrdlled based on the

nfiuent flow. Sometimes the pH is measured in the flocoulation unit.,

n some cases the sludge pumping in the sedimentation tanks is controlled
y an open loop program at fixed time intervals. This is the case in
asterés, where one %tank at a time is pumped during a certain time infter-

a,lo

+ sludge dewatering in centrifuges, the polymers may be dosed automati~

s

ally according to the sludge feed.

here is no sophisticated automatic control installed today. There arve,
owever, some potential possibilities for automatic control at Kdppala,
here a computer and several on-line instruments are available. Data

ogging is also possible in Gothenburg.




» Some principal problems in a performance test

-+

a vrder o compare automatic control with manual control some eval-
stion has to be done of the performance of the plant. There are sev-

ral principal problems connected to this guestion @nd there ig no

cbvious answer, \

N

he test perioé has to be long enousgh to include the longest time con-
.stants of the process, and-the biological process constants are of the
rder some weeks, Therefore such a test period should last a least for
month, It is not correct to compare the behaviour during iwo months
after each other as the flow and contaminanf patterns are not constant.
On the other hand, if the same month is compared two jyears after each

ther many things might have changed too, including new operational
experiences,

There are some obvious measures of improvements and saving, such as the

costs for power and chemicals, The problem is to compare the costs

uring unchanged conditions around the plant.

The influent flow rate and content of contaminants should be comparable

for two test pericds, This is not easy to do, but of course oxygen-de—

‘mand, phosphorus analysis, pH etc., can be monitored during an intensive

:test period, e.g. each hour.

‘The quality of the effluent might also be different for two different

‘control test periods, The primary problem then is, that no price is
given for guality changes in the receiving water, Therefore only qual-

‘itative meagures can indicate, if an improvement has occurred.

The maintenance problem should again be emphasized. Many of the instru-
‘ments discussed reguire regular maintenance, In order to impreve the
-operation the servicelpersonnel has to aguire a certain level éf matu-

rity to handle advanced instrumentation, as the wastewater treatment
‘plant gets more sofisticated,
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