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CALCULATION OF THE NITRIFICATION
AND DENITRIFICATION PROCESSES
IN TERMS OF A MATHEMATICAL MODEL

The essence of nitrogen and organic matter removal processes in one-sludge systems is
discussed. Making use of the equations of biomass, BOD, and nitrogen compounds blance, a
mathematical model is established. The model incorporates the following parameters: growth of
biomass of heterotrophic and autotrophic microorganisms, degradation of organics, nitrification
of ammonia, denitrification of nitrates, and assimilation of ammonia by growing microorga-
nisms. It has been assumed that raw wasterwater may contain organic nitrogen, ammonia
nitrogen, and nitrate nitrogen.

Mathematical models are constructed for two configurations: 1) aeration tank placed before
the denitrification tank, 2) denitrification tank arranged before the aeration tank. Configuration
1) may or may not use external carbon source (e.g., methanol) for denitrification.

The solutions to the mathematical models for steady state conditions are obtained as
follows: a set of more than ten nonlinear equations is reduced to a single equation. Having
solved this equation, all of the technological parameters in question can be calculated in terms
of available formulae. This is illustrated by calculations carried out for both the configura-
tions, and the obtained results are discussed.

NOTATION

D,, — methanol dose, g/m?,

DO — dissolved oxygen, g/m’,

f — nitrifier fraction,

K — saturation constant, g/m?,

M — nitrogen content in biomass, g N/g vss,

m — maintenance coefficient, g substrate/g vss-d,

N; — ammonia nitrogen concentration, g N/m?3,
N, — nitrate nitrogen concentration, g N/m?,
Ny — organic nitrogen concentration g N/m?,

Ny — TKN, g N/m®, Nyy = N+ Ny,
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Q — flow rate, m%/d,

s — BODs, g/m?,

x — biomass concentration, g vss/m3,

V — reactor volume, m?,

Y — growth yield, g vss/g substrate,

Y#¢ — maximum growth yield, g vss/g substrate,

o — sludge recirculation ratio,

f — denitrification tank feed ratio (for configuration I) or mixed liquor suspended solids
recirculation ratio,

u — specific growth rate, d ™,

©™* — maximum specific growth rate, d !,

@ — retention time, d (@ = V/Q,),

AA — excess autotrophic sludge, g vss/d,

AH — excess heterotrophic sludge, g vss/d,

Ax — excess sludge, g vss/d, 4x = A4+ AH.

SUBSCRIPTS

A — refers to autotrophs,

H — refers to heterotrophs,

a— refers to ammonia nitrogen,

¢ — refers to BODs,

n — refers to nitrate nitrogen,

o — refers to dissolved oxygen,

(1), (5) — refers to reactions itemized as (1) and (5), respectively,
0,1,2,3,4,5 6, e — refers to items included in figs. 1 and 2.

EXAMPLES

YES — maximum growth yield of autotrophs in relation to ammonia nitrogen, g vss/g N-NHj,
Mmyis)y, — maintenance coefficient of heterotrophs in the denitrification reaction — in relation to
nitrate nitrogen, g N-NOg3 /g vss-d.

1. INTRODUCTION

Nitrogen removal has become a prerequisite to ensure a safe effluent for the
potential user (e.g. for industrial reuses of water), on one hand, and to meet the
demands made by pollution control authorities, on the other hand.

Biological nitrification and denitrification is among the methods of considerab-
le popularity [7]. Both the processes have the inherent advantage of being modest
in cost demand. Biological nitrification and denitrification may be carried out in
attached growth reactors and suspended growth reactors, the latter being by far
the most common case, and they may be arranged so as to form different
technological systems.
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Three major types of technological systems are as follows: three-sludge system,
two-sludge sytem and one-sludge system. Thus, three-sludge systems involve
separation of heterotrophic sludge contributing to the oxidation of organics in the
aeration tank (oxic heterotrophs), of autotrophic sludge (nitrifiers), and of hetero-
trophic sludge contributing to the denitrification of nitrates (denitrifiers, unoxic
heterotrophs). In the course of the treatment the three sludges of interest are
settled in three separate tanks. In two-sludge systems, a mixture of oxic hetero-
trophs and nitrifiers is separated from denitrifiers. One-sludge systems involve no
separation. Both oxidation of organics and nitrification occur in the aeration tank,
whereas denitrification is conducted in a separate unoxic tank. Nitrification and
denitrification tanks in many instances constitute one structural unit, wherein the
nonaerated section acts as a denitrification tank. Denitrification is carried out by
heterotrophic bacteria, which degrade organics in the aeration tank utilizing
oxygen. Under unoxic conditions, the same bacteria soon begin to utilize nitrates
as an acceptor of electrons. A major advantage of one-sludge system is the absence
of intermediate settling tanks. '

The effective design of'one-sludge systems, however, raises serious trouble. It is
necessary to take into account all the relations that might occur at the concurren-
ce of a number of different reactions.

The efficiency of organic matter removal depends on the processes conducted
by heterotrophs alternately under oxic and unoxic conditions. Moreover, the
amounts of organics oxidized in the denitrification tank account for the amounts
of nitrates reduced. The quantity of ammonia nitrogen removed is influenced by
the efficiency of nitrification and by the building-in into the growing biomass. The
nitrification rate depends on the quantity of nitrifiers contained in the activated
sludge, whereas the quantity of nitrifiers shows a dependence on the composition
of the wastewater under treatment, specifically on the ratio of total Kjeldahl
nitrogen (TKN) to BOD.

One-sluge systems involve three configurations (figs. 1 and 2). Of these, one
may appear to be the most advantageous under given conditions in engineering
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Fig. 1. Configuration I
NT — nitrification tank, DNT — denitrification tank
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Fig. 2. Configuration II
DNT — denitrification tank. NT — nitrification tank

practice. It is, therefore, useful to have a tool which could be helpful in determina-
tion of how each of the three configurations works. The recommended procedure
of choosing the best configuration involves analysis of mathematical models, thus
allowing a favourable change of the scope of technological investigations on
laboratory and pilot scales. Laboratory investigations should aim at establishing
the unknown kinetics coefficients for the process. Using the coefficient values and
mathematical models, it is possible to select the most advantageous configuration
and to determine approximate technological parameters. The parameters may be
established more precisely by pilot tests.

In this paper, the mathematical models for three configurations of the one-
sludge system are discussed. A comparison of treatment effects is given as well.

2. MATHEMATICAL MODELS OF THE PROCESS

The treatment of municipal sewage, wherein nitrogen compounds are removed
during nitrification and denitrification, involves transformations which may be
described by the following reactions:

organic carbon+O, WU, CO, + 4 (heterotrophs) +energy, (1)

organic nitrogen (N~ 3) Z2 L N H(N3), (2)
NH; (N73)+0, =", NO; (N*3)+ 4 (autotrophs) +energy, (3)
NO; (N*3)+0, (:,]:::;:ZT; NO73 (N*°)+ 4 (autotrophs) + energy, 4)

NOj; (N*%)+organic carbon "™, N ,(N°)+CO,
+ A (heterotrophs) +energy.  (5)
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Ammonification of organic nitrogen (2) is concurrent with reaction (1) in the
aeration tank or with reaction (5) in the denitrification tank when the influent
stream contains organic nitrogen.

In one-sludge system the heterotrophs, that under aerobic conditions carry out
reaction (1), are ready the change their abilities and to utilize nitrates as hydrogen
acceptor in reaction (5) in the absence of oxygen [4]. Nitrifiers are active under
aerobic conditions only. The rate of reaction (4) is markedly higher than the rate
of reaction (3), [7], and this means that under typical conditions of operation no
significant accumulation of nitrites occurs. Thus, the nitrification rate depends on
the rate of ammonia-to-nitrites oxidation (3). Reaction (2) precedes biodegradation
of organic nitrogen compunds. If a high degree of organic matter degradation
(which is a major goal of biological treatment) is expected, it may be assumed that,
practically, reaction (2) runs to completion [7]. For the purpose of calculations, we
can assume that organic nitrogen is equivalent to an appropriate amount of
ammonia nitrogen. Thus, we shall consider here only the TKN value.

In reactions (1)-(5), biomass growth is associated with the assimilation of a
certain portion of TKN. At high growth yield, nitrogen removal may be conside-
rable.

2.1. KINETICS

The following has been anticipated:
biomass growth is expressed as

dx = jioedr: (6)

substrate consumption takes the form

dx
ds = ——; 7
s Y (7)

growth yield is a function of specific growth rate [5]
1 1 m

specific growth rate for heterotrophs in reaction (1), i.e. under oxic conditions,
becomes [2]

ax S
Huay = #Tim;(——};' )
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Parameters of kinetics for autotrophic

Process m K
Oxidation upax = 6x1.03T-20d7, ref [1] K, =150 g BODs/m?, ref [3]
of organics  ufiiy = 1.05 x 10" %exp
i?o;hfasira' (—%),'ref [3] K, = 350 g BOD,/m?, ref [1]
Denitrifi- upey =0.27d7* for T =25°C

cation with  ufe} =0.18d™! for T =20°C
methanol as  ufed =0.11d™* for T =15°C
organic ca- U =0.07d7 ! for T=10°C
rbon source

ref[7] K, =0.15 g N-NO;j /m?, ref [7]

Denitrifi- §B3% = 0.675 d~! for T = 25°C

cation with S =0.0540d ! for T=20°C 17

municipal X = 00450 d~! for T=15C ( [ ]K,, =0.15 g N-NO; /m?
sewage as Ui =0.0360d! for T =10°C

organic ca-  ups =0.135 1.27720d" ! ref [1]

rbon source

Nitrifi- WP = 047 P exp[0.098(T—15)]1d" 1,
cation ref [7] K= i1ge-041 =1.158) 0
N—NH/ /m3, ref [7]
P =1-0833(7.2—pH), ref [7]
WX = 0.18 x 112019 ref [1] K, =13 g DO/m?, ref [7]

a

— values calculated from other constants reported in the literature.
T — temp °C.

Specific growth rate for heterotrophs in reaction (5), i.e. under unoxic condi-
tions, is [1]
Nll
— pymax s 10
HKu(s) #H(S)—K"+Nll (10)

and specific growth rate for Nitrosomonas is given by [7]

N, DO
(K,+N)(K,+DO)’

max

Ha = Hy

(11)

The values of the parameters included in formulae (8)-(11) are listed in tab. 1.

2.2. PROCESS CONFIGURATIONS

Two major configurations will be discussed here, namely configuration I (fig. 1)
and configuration II (fig. 2). For configuration I, two variants will be considered:
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Table 1

and heterotrophic biomass growth

YE¢G m

YiG) = 0.6 g vss/g BODs, ref [1] Mgy = 0.083 g BODs/g vss d, (*)ref [1]

Y5G, = 032 g vss/g meth, ref [7, 5] Myes)e = 0.125 g meth/g vss d, (*)ref [7, 5]
Yi&n =09 g vss/g N-NO3, (*)ref [7] Mysyn = 0.044 g N-NOj /g vss d, (*)ref [7]

YES, = 0.39 g vss/g BODs, (*)ref [1] Mys). = 0.128 g BODs/g vss d, (*)ref [1, 5]
YEG,, = 09 g vss/g N-NOj, ref [1] Mygesyn = 0.056 g N-NOj /g vss d, () ref [1]

YES = 0.05 g vss/g N~NH;’, ref [1] my, =047 g N-NH; /g vss d, (*)ref [2]
YEG = 0.15 g vss/g N-NH/, ref [7]

denitrification without methanol (IA) and denitrification using methanol (IB) (8
= 0). ' '

The following assumptions have been made:

a) there is a complete mixing both in the aeration tank and in the denitrifica-
tion tank,

b) the system works under steady-state conditions; the values of the parame-
ters of kinetics and the values of the wastewater components are all constant and
equivalent to their averages.

¢) ss =5, Nis=N,, Nys=N,. (for configuration I),

d) s3 =s., N3 =N, Ny;=N,, (for configuration II).

22.1. CONFIGURATION IA
Age of sludge

Denoting excess sludge by 4x and assuming that the nitrifiers fraction is f, we
can write
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a) for the increment of nitrifiers
44 = f Ax, (IA1)
b) for the increment of heterotrophs
AH = (1—f) 4x. (IA2)
The age of the sludge may be defined as

_Vaxs+Vsxs

SA
Ax

(IA3)

Calculating Ax from (IA3) and inserting it successively to (IA1) and (IA2), we
find the age of nitrifiers
(V3x3+Vsxs5)f

=S4 4
AA (154
and the age of heterotrophs

(V3 X3+ Vs x5) (1 —f)
AH

= SA. (IAS)

This means that the age of nitrifiers is equivalent to the age of heterotrophs
and to the age of the sludge.

Biomass growth

Under steady-state conditions we may assume that u=const and x = const.
Hence, we can write by virtue of (6)

AA =y, Vs xs f, (IA1a)
AH = ey Vs %3 (L=1)+ sy Vs X5 (1—F). (1A2a)
in NT in DNT

Excess autotrophic sludge and excess heterotrophic sludge may be calculated
as well from the balance of the substrates utilized. Thus,

A4 =Y a(Niy,0—N, ) Qo —4HMY,,. (IA1b)

The term AHMY,, denotes TKN built-in the heterotrophic sludge, i.e. that
removed irrespective of the nitrification process
AH = Yy [(1—B) so+as,—(1+a—p)s3]Q,
in NT

+ Yues) [(1+2 =) S5+ Bso—(1+0)s.]Qo.  (IA2b)

in DNT
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Sludge balance for NT
aXG—(1+O(—ﬂ)X3 =0 . (IA6)

Sludge balance for DNT
(I+a—pB)x;3—(1+a)xs = 0. (1A7)

TKN balance for NT

Ba X3 f
Y,

(nitriﬁcali,oni

— Yu1)e Qo [(1 = P) so+as,—(1+a—p)ss]M —(1 +o—p)QoNi; =0. (IA8)

(TKN built-in in heterotrophic sludge) (cfluent)

(1=P)Qo NiyytaQoN,,— V3

(influent)

N-NOj3 balance for NT

ta X3 f
YAa

(1-B)Qo Nu.o+°‘Q0 Ny, + Vi

(influent) e
(nitrification)
(TKN built-in in heterotrophic sludge) (effluent)
—Y,4.00[(1 —B) Nyyo+oaN, —(1 +a—pB)N;;JM—(1 +oa—B)QoNy; =0 (IA9)
(TKN built-in in autotrophic sludge) (effluent)
BODs balance for NT
x;(1—
(1=$) Qo 50+2Qo 5. = V#"—“’Y—“—ﬁ—(l +a=f)Qos; =0.  (IA10)
(influent) H(1)c (effluent)

(decay)

BODs balance for DNT

(1 42— ) Qoss+BQoso— Vs 195 =N (1 L iyoos, =0 (ALY

(influent) YH(5)C (effluent)
(decay)

N-NOj3 balance for DNT

(14 0= ) Qo Nys 4 B0 Nyg— V5 155" (44 5y 00 N, = 0. (1A12)

(influent) YH(SM (effluent)

(decay)
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TKN balance for DNT
(1+fx—ﬁ)Q0N|,3+BQoN|v.o‘YH(S)c[(l+“—ﬂ)53+ﬁ50—(1+°‘)5e]M

(influent) (TKN built-in in heterotrophic sludge)
~(14+a)QuN,, =0. (IA13)

(effluent)

The values of the x5, xg, S,, Ny, N3, as well as DO and pH in NT are
assumed. Adoption of concentration values of Ny and N ; according to formulae
(10) and (11) is equivalent to the adoption of the calculated values Mesy and gy,
respectively. Considering the safety factor (SF) concept developed by LAwRENCE
and McCarty [3], it is advisable that biological processes be designed so as to
keep the value of u below the maximum value which may be achieved under given
conditions (i)

SE==% (12)
u
A conservative SF is recommended to minimize process variations caused by
extreme values of pH, low DO concentrations in NT, and toxicants [7]. The SF
can be also used to ensure that substrate breakthrough does not occur during
diurnal peaks in load [6]. To achieve this, we have to keep the SF somewhat
above the value of the ratio of hourly peak to average influent load [6].

Taking these into account and considering formulae (10)—(11), we obtain the

conditions for adoption of Ny, and N, ;. Thus

K, K,
e, Ny <ot
’ SF—1

From (IA6) and (IA7) it follows that

Xs

o= (IA14)

x6 - XS ’
By virtue of (IA3), (IA4), and (1A8)—(IA13), we may derive equation (IA15), which
should be solved numerically with respect to s,
[B+ Nyo— Ny, —(So—53) MYyy).—(s3—5,) C](1 —«)
B —(50—53) [C—(1+42a) MYy, ]

S3

Y [1+a(D+1)]-D
So—S3

= IA1
1+D )

where:
B =(Ny,0—N,3)(1-MY,,),
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o
C = (1+0)2C% 4 aM [ Yype + Yaes)e (1 - MY, )],
H(5)n

D:CﬂL_QE&&
HH(1) Yhs)e
Making use of (IAla), (IA1b), (IA3), and (IA4), we can derive the condition that

should be fulfilled by the constants u of autotrophs and heterotrophs in both
tanks

O x
Hy =1+HH(5) 5 Xs

. (IA16)
HH(1) By @3 X3

It follows that p, > fy;,. Thus, considering egs. (9) and (11), it is possible to
determine the range of concentrations ss, in which the solution of eq. (IA15) is to
be sought

K

N

Having calculated s;, we may determine f§ in terms of the following equation

0<s; (IA17)

?_?U+uu+m—u
07 3
_ 1A18
b 1+D ( )
By virtue of (IA7)
1+a
X3 = mxs. (IA19)

By virtue of (IA13)

B
Ni.= N3 +—“1 [Nw.0o— N3 —(s50—53) MYys)c]
+a

_(S3 — Se) M YH(S)C' (IA20)
Considering (IAla), (IA2b), (IA3), and (IA4), we have ’

1
f=—7 (1A21)
14—
i E
where
. (Nivo= Vi) Vi

- Ya)e [(1—B) so+as,—(1 +a—PB) s3]+ Yues) [(1+a—P)s3+Pso—(1+a)s.]
—MY,,.
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Taking into account (IAS8), we get

V:’: YAa
O;=—=—2_{1-B)Nyo+aN,,—(1+a—pB)N
3 QO ,uA x3f § 1v,0 I, ( ﬂ) 1,3
—MYyye [(1=P)so+as,—(1+a—f)s;]}.  (1A22)
Using (IA9), we obtain
Nus

Oz pux3f
(L=B) Nipo+aNy e+ =222 [(1= ) (Niy,0— Ni3) + 4 (Np.e = Ny ) IMY
A,a

I1+a—p
(IA23)

By virtue of (IA12), we have

I/s YH(S)n
O =0, “ i xa—n Nyu3—Nye)—B(Ny3—N .
5= 00~ ey x5 (1—f) LTI W3 =N = (N3 =N o)l (1A24)

By virtue of (IA2b), (IA3), and (IA5), we get

Ax
_ Y. [(1=B)so+as,—(1+a—B) s3]+ Yys)c [(1+a— B) s3+ Bso— (1 +°‘)Se]_Q
1-f g
(TA25)
Considering (IA3), we obtain
] 2]
SA=( 3x3+Ax5x5)Qo‘ (1A26)

Assuming that the oxygen required for nitrification and biodegradation of
organics amounts to 4.6 g O,/g N-NH; [7] and 1 g O,/g BODs, respectively, it
is possible to determine the oxygen demand for biochemical processes. Thus,

OD = [(1-PB)so+as.—(1+a—p)s3+4.6(Nyy.o— N, )10,
—464xM(1—f). (IA27)

2.2.2. CONFIGURATION IB

Almost all of the balance equations derived for configuration IA are valid for
configuration IB provided that f=0 and sy =s, (which means that during
denitrification methanol is the only carbon source). Now, the value of S, 1S no
longer adopted by assumption; it is obtained by calculation. It is only necessary to
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introduce some changes to eqgs. (IA2b), (IA11), and (IA13). Hence, we can write
AH = [(so—S5¢) Yucye + Dm Yacs)c] Qo- (IB2b)

It has been assumed that BODs for methanol amounts to approximately
1 g O,/g methanol :

1_
(140 Qo 5.+ 00 Dy VP10 XU 4 005, =0, B11)
H(5)c
(1) Q0 N,y 3 — Yo Qo Do M —(1 +) Qo Ny, = 0. (IB13)

By virtue of (IA19) we have x; = xs.
Using (IAla), (IA1b), (IA8)—(IA13), we may derive eq. (IB15) which is to be
solved numerically with respect to s,:

e
HOM B+ Nypo— Nipe — (S0 —50) M Yy
H(5)c

—(so—5,) D = 0. (IB15)

o
1+—— MYy (1 -MY, )

1+«

The interval of the s, values is defined in terms of (IA17) after having inserted

S3 = S,.
Having calculated s,, we can determine D,, using (IB18). Hence,
D, = (so—s,)D. (IB18)
Considering (IB13), we have
MYH(S)c Dm
N ,=Nj3j—m—. I1B20
I,e 1,3 1+:x ( )

Making use of (IA1b), (IB2b), (IA3), and (IA4) and assuming

(NIV,O - Nl,e) YA,a
(S0 —5) Yuqi)e + Ya(sye Pm

E = -MY,,,

it is possible to prove that f should be calculated in terms of (IA21).
@, is calculated by virtue of (IA22), Ny, ; by virtue of (IA23), and @5 by virtue of
(IA24). Making use of (IA3), (IAS), and (IB2b), we obtain

_ [(So—Se) Ya1)e + Ya(s)e Dm]
1=

SA may be calculated in terms of (IA'26), whereas OD can be determined by virtue

of (IA27).

Ax 05 (IB25)
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2.23. CONFIGURATION II

What has been said about the age of the sludge for configuration I is also valid
for configuration II. This means that eqgs. (IA1)~(IA5), as well as (IAla), (IA1b) and
(IA2a), along with the conclusions drawn by using the formulae mentioned, still
hold. Here, the expression for increment of heterotrophic biomass by virtue of the
balance of utilized organic matter for configuration I (IA2b) becomes

AH = Yy (1+ o+ B)(ss —s.) Qo+ Yas)e [So+ (@ + B) s, — (1 +a+ B) s5s]1Q,.(112b)

Sludge balance
For DNT
axg+ fpx3—(1+oa+f)xs =0.
For NT
(I+oa+p)xs—(1+a+p)x; =0.

TKN balance for NT

Baxs f
YA,a

(1+°"f‘ﬁ)QoN1,5—V3

—Yaa)e (L +a+B) Qo (ss—s) M —(14+a+p)Qo N, = 0.

N-NOj3 balance for NT

X,
(+a+§)Qo Ny s+ 132457

A,a

—(I+a+B)QoNye— Yy a(1+0+P)Qo(N,s—N; )M = 0.

‘BODs balance for NT

_v, HH(1) x3(1—f)

—(I+a+p)Qos. =0.
YH(I)c

(1+a+p) Qo ss

BODs balance for DNT

Kags) Xs (1=f)

—(14+0+p)Qoss = 0.
YH(S)L‘

Qosot+(@+p)s.— Vs

N-NOj3 balance for DNT

Hasy Xs (1=1)

Qo Nu,0+(“+ﬁ)Qo Nie— Vs Y,
H(5)n

—(14+o+p)QoNys =0.

(116)

(117)

(118)

(119)

(1110)

(IT11)

(1112)
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TKN balance for DNT

Qo N0+ @+ ) Qo Ni.e — Yues)c Qo [so+(@+p)s.—(1+a+p)ssIM
—(14a+p)QyN, s =0. (II13)

The values of the X3, Xg, Nip.e» Niis < KJ/(SF—1), Ny < K /(SF—1) as well as
DO and pH in NT are assumed.
By virtue of (I16)

Xs (1114)

o= .
X6 — X5

Using egs. (IAla), (IA2a), (IA4), (IAS), and (118)—(I113), it is possible to derive
eq. (I115), which should be solved with respect to s, included in it. Hence,

Yas)e
(SO_Se)——'
(Niy,0— N1, (1 =MY,,0) + Niy,o = Nipe = (S0 =) MYuaye Yasm _ 0
1+G o 1
D

(I115)

where

Yacae
G = MYy (I—MYA,a— o )
H(5)c

The interval of the s, values is defined by condition (IA17) after inserting s3 = s,.
Then, we calculate by virtue of (IT18)

Y,
(SO - se) YH(S)C
H(5)n
'—1‘()_ & Nll.e i Nu.o
14—
D
= —1—a. (I118)
B Nll,e - Nn,s
Considering (II7), we have
Xs = X3. (I119)

Using (I111)—(I113) gives

_ va,o'*‘(“"f'ﬁ) N[,e—[Nll.0+(°‘+I3) N[],e-—»(l +a+B) Nysl Yues)n
Ls 1+a+p '

(1120)
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From (II11) and (II12) we obtain

Yuisin :
so+(°‘+ﬁ)se‘”;i[Nn,o+(a+ﬁ) Ny, —(1+a+p) Nys]

H(5)c
S5 = ; 12
i 1+a+p (1123)
If (IA3), (IA4), (IA1b), and (II2b) is taken into account and
i (Nivog=Ni) Vi e

Yaes)e [50+(a+ﬁ)5 —(1 +0‘+B)55]+ Yo (1+o+B)(ss—s,)
adopted, f should be calculated in terms of (IA21).

From (I119)

Yia
Oy =—" (1+°‘+ﬂ)[Nue Nll,5+(Nl,5_Nl.c)]\/IYA.a]- (I122)

HqX 3f
By virtue of (II11)
Y,
Q5 =— [ +(@+p)s,—(1+a+p)ss]. (1124)
Hrs) x3(1—=f)

Considering (IA3), (IA5), (II2b) yields
Yuaye (1 +a+ B)(ss —s.)+ Yues). [so+(@+ f) s, — (1 + o+ B) ss] 0

a4x = I—f 0-
(I125)
Using (IA3) and (II19), we have
s54=83705Q0xs (1126)
Ax
Oxygen demand is calculated as follows:
OD = [(1+a+B)(ss—s,)+4.6(Nyy.o— N, )] —4.64xM (1 —f). (I127)

3. DISCUSSION

The models presented without transformation in the form of (IA), (IB) and (II)
(1-13) for configuration IA, configuration IB and configuration II, respectively, are
sets of nonlinear algebraic equations. Their nonlinearity is associated with the
nonlinear dependence of x and Y on the substrate concentration (N,;, Ny, s3).
That is why these sets can be solved numerically only.

The transformation of the models to equations (IA), (IB) and (II) (14-27),
respectively, involves a partial elimination of nonlinearity. In consequence, instead
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of numerical solving of a set of more than ten equations, it is necessary to solve
numerically one equation only (IA15), (IB15), (II15)). Needless to say that it is
much easier and more convenient to solve one equation, the more so as this can
be done even without a computer.

The design of the process by using the model in question is quite simple. After
s; has been calculated in terms of (IA15), or s, from (IB15), or s, from (II15) for
configuration IA, configuration IB or configuration II, respectively, the remaining
process parameters may be determined direct from successive formulae.

For calculation, special computer programmes in BASIC have been developed.
Two versions, NIDE and NIDES, are available for microcomputer ZX81 and
microcomputer ZX SPECTRUM, respectively, and the design procedure is quick
and easy. Although the model is rather complex it does not take into account all
details. Thus nitrogen and organic matter concentrations, measured in the effluent
from the sewage treatment plant, will be higher than those calculated in terms of
the model. It is, therefore, advisable to add the following to the calculated values:
a certain amount of organic substances either nondegradable or resistant to
biodegradation, as well as a certain quantity of organics contained in the sludge
escaping from the secondary settling tank. Also organic nitrogen included in the
escaping biomass should be added to the nitrogen in the effluent.

To prove that the model-based predictions are logical, a series of calculations
was carried out, using the two computer programmes.

3.1. TREATMENT EFFECTS OBTAINED FOR THE SAME SEWAGE
BY MAKING USE OF THE THREE CONFIGURATIONS

3.1.1. EXAMPLE 1 (TYPICAL TKN AND BOD)

0, = 20000 m*/d, s, =300g O,/m> N;,=35¢g N-NH;/m?, N;,=10g
N-NO;/m3?, N;,=50¢g N/m?®, T =10°C, pH =69 (nitrification tank), DO
=3g0,/m? SF=15xs=23000g smo/m* (for IA and 1IB) or x;
— 3000 g smo/m? (for II), xs = 8000 g smo/m”>.

Major computational results are listed in tab. 2a. As shown by these data,
effluent nitrogen concentration for configuration IA is high, with N-NH/ as the
main contributor. This is to be attributed to the intensive wastewater stream (B
= 0.48) which has been sent direct to the denitrification tank, wherein only a slight
part of TKN is assimilated by the heterotrophs. Thus, most of the TKN enters the
effluent.

The application of methanol as the sole carbon source for denitrification
(configuration IB) enables an almost complete removal of nitrogen, as only small
amounts of TKN are passed to the denitrification tank. However, this configura-
tion needs the expenditures for methanol and for the dosing installation.



Table 2 w
Comparison of configuration
Parameter
Configuration @, h @5, h ©,+05.h Ny, Nip. 5 Ne Se oD Ax D,
Vsom®  [Vsm® [(V3+Vihm® gN/m® gN/m’ gN/m® gOym® kgOyd kgsmoid [ % B o s
a) Example 1, M = 0.123
44 6.2 10.2
1A = —= = 24.46 0.3 24.76 5 7850 1579 0057 06 048 0
3667 5166 8833 -
127 75 20.2 :
1B " = - <045 0.3 <075 26 12105 2985 004 06 O 221.8 b=
10583 6250 16833 o
53 8.1 138 &
11 E e S 045 10 10.45 23 9531 1426 0095 06 6.1 0 =
4750 6750 11500 c
=
b) Example 2, M = 0.123 N
IA 12 39 139 3.7 0.3 4.0 5 9032 3410 0.005 06 0.19 0 =
9971 3227 13198 ' ‘ ' ; S Z
IB 213 316 249 045 03 0.75 315 10724 4242 0004 06 O 111 2
17712 2996 20708 ’ - ’ ’ ) )
I 137 39 sho 045 35 395 321 9364 3434 0007 0.6 253 0
11393 3221 14614 : ’ ) ’ ‘ ) :
c) Example 2, M =0
1A 105 il 152 64 0.3 6.7 5 9858 3176 0015 0.6 028 0
8726 4771 13497 ’ ’ ) g : g
IB 177 2 2 045 0.3 0.75 298 13119 4442 0014 06 O 181.6
14738 4850 19588 =
12.6 6 18.6
11

—_— — —_— 04 : A A X K ;
10494 5013 15507 5 35 395 305 10318 31637 0019 06 92 0
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Configuration II yielded effluent nitrogen concentration which was less than
half that achieved in configuration IA. It should be noted that configuration II has
one more advantage because the main contributor to the effluent nitrogen
concentration is nitrate nitrogen. And nitrate concentration may be further redu-
ced by applying more intensive recirculation (by increasing the § value) from the
nitrification tank. Thus, with g = 43.4, the following values were obtained: N,
=2, N;,=045,5,=2, 0;+0;5 =143, OD = 9205, 4x = 1302 (units as in tab. 2).
When B increases, so does the dissolved oxygen load (BQ,DO) entering the
denitrification tank. Hence, it may happen that once a certain high f value is
achieved, it will no longer be possible to obtain unoxic conditions in the
denitrification tank. But this trouble may be overcome. The problem of how to
overcome it, will be discussed in a separate report.

The volume of the nitrification tank for configuration IA is quite small. This
should be attributed to the fact that only 52°, of raw wastewater enters the
nitrification tank.

Volume V; for configuration IB is much larger. This should be attributed to
two factors (direct and indirect) — 1) nitrification involves the total amount of
wastewaters under treatment, and 2) the content of nitrifiers in the biomass is
decreased (f = 0.04). What accounts for the decrease in nitrifier content, is the
unfavourable change in the ratio of nitrified nitrogen load to the load of BOD
removed (because of the application of additional methanol BOD).

The nitrified nitrogen load for configuration II is practically the same as that
for configuration IB, but there is a difference in the nitrification tank volume
between the two configurations. That for configuration II is markedly smaller,
which should be attributed to the substantially greater content of nitrifiers in the
biomass.

Compared to configuration IB, configuration IT has the inherent advantage of
using less oxygen and producing less amounts of excess sludge. This is because in
configuration IB, the whole BOD load of the wastewater should be removed under
oxic conditions, whereas in configuration II a considerable part of it is removed in
the denitrification tank. The application of methanol brings about large amounts
of excess sludge in configuration IB. '

Comparison of results shows that configuration II and configuration IB yield
effluents of higher quality than does configuration IA. On the other hand,
configuration II involves lower expenditures and running costs, as compared to
configuration IB.

3.1.2. EXAMPLE 2 (LOWER TKN, HIGHER BOD)

Ny =17, Ny = 30, Ny = 5, so = 500 (the remaining data are the same as in
example 1). Major results are given in tab. 2b. As shown by these data, cach of the
three configurations yields sufficiently good effluents, but configuration IB is the
most expensive.
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3.2. SIGNIFICANCE OF BUILT-IN TKN

It is a frequent practice that calculations for the needs of design do not include
TKN built-in in the biomass [7]. Furthermore, it is believed that the resulting
error is insignificant. To verify this, the models derived in this paper were made
use of. Comparison of results was carried out for M = 0.123, and for M = 0 for
the data of example 2 (tabs. 2b and 2c). As shown by this comparison, assuming
M = 0 yields too short times of nitrification (@3) and too long times of denitrifica-
tion (@5). For configuration IB the overestimation of @5 in the example considered
amounted to approximately 40°/,. Similar degree of overestimation pertains to the
methanol dose. Summing up, it is pbvious that neglecting the TKN building-in
problem may lead to serious inaccuracy of design. The trouble may easily be
overcome by applying the mathematical models presented here.

3.3. RELATION BETWEEN WASTEWATER COMPOSITION
AND THE COMPOSITION OF THE BIOMASS

The formula describing the nitrifier content in the biomass (f) shows that the
composition of the biomass depends on the ratio of nitrified TKN load to the load
of BOD removed (more precisely on A4A/AH ratio which is dependent on
TKN/BOD ratio).

Thus, it is interesting to note that the increase of TKN concentration in the
wastewater at constant BOD does not lead to a proportional extension of the
nitrification time. This is so because the increased TKN load is nitrified by an
increased number of nitrifiers. From the expressions for @; it is obvious that the
amount of nitrifiers has a strong influence on the nitrifiction time required. Thus,
for example 1 and configuration II (provided that s, = 500 g O,/m?), the rise in
N, from 35 to 100 g N-N;/m? brought about the following: the increase of f
from 0.037 to 0.106, the decrease of @5 from 12.6 to 9.0 h, the increase of @5 from
6.5 to 14.7 h, and the decrease of Ax from 3162 to 2271. As shown by the these
data, the 76°/, increase of TKN accounted for an approximately 30°/, decrease of
the nitrification time required. This curiosity is the result of an almost threefold
increase of f. The substantial increase of f should be attributed to the overlapping
of two effects — the effect of the increased TKN load in raw wastewater and the
effect of the markedly increased contribution of BODs load degraded in the
denitrification tank. The previous one brings about increment of excess nitrifiers
sludge (44) from 116 to 241 kg vss/d. The increased contribution of BODs load
oxidized in the denitrification tank is due to the increment of nitrate load being
reduced there. The growth yield of heterotrophs in the denitrification tank is
nearly one third that occurring in the aeration tank (Ygs, = 0.127, Yy,
= 0.331 g vss/g BODs), and this brings about decrement of excess heterotrophic
sludge (4H) from 3046 to 2030 kg vss/d. Taking into account the more than
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doubled increase of denitrification time, the total time of retention (&5 + @ 5) showed
an approximately 25%/, increase only, although the TKN load increased by some
76%6.

4. CONCLUSIONS

The mathematical models presented in this paper include some significant
factors affecting the nitrification and denitrification efficiencies in different configu-
rations of the one-sludge system. The predictions established in terms of these
models for each of the three configurations are consistent and in good agreement
with the results of qualitative analysis making use of the theory of the phenomena
involved. The models are fit for the design of the process. When the wastewater
under treatment is municipal sewage or a liquid of similar properties, it is
advisable to use the parameters of kinetics listed in tab. 1. The models presented
here may also be of utility in the treatment of any other wastewater provided that
the values of the parameters of kinetics are determined or estimated.
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PROJEKTOWANIE PROCESU NITRYFIKACII I DENITRYFIKACII
W OPARCIU O MODEL MATEMATYCZNY

Przedyskutowano podstawowe zasady usuwania azotu i zwigzkoéw oragnicznych w procesie
jednego osadu. Na podstawie rownania bilansu dla BZT, azotu i biomasy zbudowano model matema-
tyczny procesu. W modelu uwzgledniono nastgpujace elementy: przyrost biomasy heterotroficznej i
autotroficznej, rozklad zwiazkow organicznych, nitryfikacj¢ azotu amonowego, denitryfikacje¢ azotanoéw
i asymilacj¢ azotu amonowego przez przyrastajaca biomase. Zakladano, ze $cieki surowe moga
zawiera¢ azot organiczny, amonowy i azotanowy.
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Zbudowano modele matematyczne dla nastgpujacych konfiguracji: 1) komora napowietrzania
przed komora denitryfikacji, 2) komora denitryfikacji przed komora napowietrzania. W konfiguracji 1)
uwzgledniono mozliwos¢ wykorzystania zewnetrznego zrédla wegla (np. metanolu) w denitryfikacji.

Rozwiazania modeli matematycznych dla warunkéw ustalonych zostaly uzyskane przez przeksztal-
cenie uktadu ponad dziesigciu rownarn nieliniowych w jedno réwnanie. Po jego rozwiazaniu wszystkie
parametry procesu mogg by¢ obliczone wprost z podanych wzoréw. Aby zilustrowaé sposob korzysta-
nia z modeli, przedyskutowano przykladowe wyniki obliczeri dla obu konfiguracii.

INTPOEKTUPOBAHUE TTPOLIECCA HUTPU®UKALIUU U JEHUTPUOUKALIUU
HA BA3E MATEMATHUYECKOW MOJEJU

O6cyxzaeHbl OCHOBHbIE TPHHUMNBI YJAl€HHS a30Ta M OPraHMYECKHX COENMHEHMH B Mpolecce
omHoro ocaaxa. Omupasch Ha ypaBHeHus Gamanca wis BZT, azota u 6MOMAcChl, IOCTPOMIM MaTe-
MaTHYeCKYI0 MOJIeNb mpouecca. B Monmenn ywiM crenyiolMe 3JIEMEHTHI: TNpHpalleHHe TeTepo- M
ABTOTPODHYECKOH MAacChl, PACHpele/IeHHE OPraHHYECKMX COEIMHEHMH, HUTPUDHKALMIO AMMHAYHOIO
a30Ta 4epe3 npupacTarouryro Guomaccy. Ilpeanosaranock, 4To ChIpble CTOUHBIE BOIbI MOTYT COIEp-
KaTb OPraHUYeCKMH, aMMHAYHBIH M HUTPATHBLIA 430T.

ITpocTpoeHs! MaTeMaTHYECKUE MOMIEH LIS CIIEYIOLUMX KOHpUrypaumit: 1) aspoTank nepen kame-
poil neHMTpUDHKaLMH, 2) KaMepa NEHMTPU(DUKALMM NeEpea aIPOTaHKOM. B meppoil kKoH(Urypauunu
YYTEHa BO3MOXXHOCTb HCIMOJIb30BAHHMS BHELIHETO MCTOYHMKA YIJiis (HAmp. MeTaHosla) B JEHHTpHH-
xauuM. PelleHMs MaTeMaTHYecKHMX Mojesell Ul YCTAHOBJIEHHBIX YCJIOBHH GBUTH MOJyYeHBI MyTEM
npeoGpa3oBaHus CHCTEMBI CBBILIE NECATH HEJIMHEHHbIX B OAHO ypaBHenue. ITocne ero peurenus Bce
NapameTphbl MPOLECCa MOTYT BBIYUCIIATBCA HENOCPE/JICTBEHHO M3 OaHHBIX B paborte dopmya. C uenbio
HJUIIOCTPALMK Crocoba noJib30BaHUsl MOJENAMH 00CYKICHbI IPUMEPHbIE PE3yJIbTAThI BBIUHCIEHUI 115
obenx koHpUrypaumii.




