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ABSTRACT: The effects of iemperature and mean cell residence time
(MCRT) on biological nitrogen and phosphorus removal weie investi-
gated by operaung two pilot-scale continuous-flow reactors in parallel
over a range of temperatures and MCRTs. One system was operated as
a high-rate Virgima Iniuauve Plant (VIP) biological nutrient removal
(BNR ) process. and the other was operated as a conventional. fully aerobic
acuvaled sludge process for companson. Results showed that less aerobic
volume was needed for complete nitrification in the BNR process than
in the convenuonal process when conditions of temperature and MCRT
were suitable for complete nitrification. However. the BNR system was
more prone 1o nitrfier washout than the conventonal system. Nitrifi-
cauon rates and the degree of nitrification achieved by the BNR system
and the convenuonal system were equal when compared on the basis of
aerobic MCRT. Enhanced biological phosphorus removal (EBPR ) was
adversely affected by colder temperatures. with lower MCR Ts being most
affected. EBPR was not possible at a 5 day system MCRT and 10°C.
Niwrificauon, however, was more sensitive 1o MCRT and temperature
effects than EBPR under all conditions studied. Operation of the BNR
process at the lowest MCRT that provided complete nitrification provided
the best combined nitrogen and phosphorus removal when EBPR was
chemical oxygen demand ( COD )-limited. Higher MCRTs were consid-
ered opumal when EBPR was limited by phosphorus because of lower
sludge productions. M ater Environ. Res.. 65. 110 (1993).

KEYWORDS: acuvated sludge. bioclogical nutment removal. mean cell
residence ume. nitrification. nitrifier w-shout.
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The wastewater 5-day biochemical oxygen demand (BODs):
total Kjeldahl nitrogen ( TKN) ratio strongly influences nitrifi-
cauon rates, with nitrification rates decreasing as the ratio in-
creases ( Nuirient Control. 1983). Therefore. it is generally con-
ceded that the rate of nitrification in a separate stage activated
sludge plant. that is. one that removes organic matter in the first
stage and then accomplishes nitrification in the second stage. is
faster than in a single-siudge system designed to accomplish both
organic removal and nitnficauon in the same reactor. Various
reasons are given for this, including: inhibition of nitrification
in the single-sludge system by the heterotrophic competition for
nutrients or the presence of organics. less competition for dis-
solved oxygen (DO) in the second stage reactor, the rate of ni-
trification is limited by the rate of deamination in the single-
sludge reactor, and a greater concentration of nitrifiers in the
second stage reactor compared 1o the single-sludge reactor. While
the relative importance of these factors may be open to debate,
the fact of higher rates of nitrification in the two-sludge system
is widely accepted and used for design purposes.

A biological nutnient removal (BNR) svstem is an activated
sludge process designed to remove nitrogen and phosphorus.
BNR can be accomplished by incorporating anaerobic and an-
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oxic (nitrate present) zones into a single-sludge process. It is
proposed that higher rates of nitrification should be observed in
the aerobic zones of single-sludge BNR sysiems for the same
reasons given for separate stage systems. When treating municipal
wastewaters. tvpically all of the organic marter is removed before
the aerobic zone and there is less competition for DO. Also.
deamination has alreadv occurred in the anaerobic and anoxic
reactors. and this does not limit the reaction. Further, hetero-
trophic activity is considerably less in the aerobic zone of a BNR
system and competitive inhibition of nitrification should be
minimal,

If nitrification rates are faster in the aerobic zones of a BNR
process compared to a conventional process, less aerobic volume
will be required for nitrification in the BNR process. If true, the
lesser required aerobic volume should be incorporated into BNR
design, and into zone volume determinations when retrofirting
conventional planis for BNR. This could make retrofit of con-
ventional plants to BNR more economical. The primary objec-
tive of this study was 1o compare nitrification rates and efficien-
cies for a BNR and a conventional process over a range of tem-
peratures and mean cell residence times (MCRTs) to determine
if this hypothesis is true. A secondary objective of the study was
10 raonitor the cphyg_nced biological phosphorus removal (EBPR.)
in the BNR pro%=s. and make recommendations for the oper-
ation of such processes to optimize nitrogen and phosphorus
removal.

Experimental Methods

The study. was performed by operating two pilot-scale activated
sludge systems side-by-side. treating the same wastewater. The
two systems used are described and compared in Figure 1. The
experimental svstem was a high-rate Virginia Initiauve Plant
(VIP) configuration ( Daigger er al., 1987, and Daigger er al.,
1988) BNR system with three anaerobic sections. three anoxic
sections, and six aerobic sections. all'of equal volume. The second
system was a conventional. fullv aerobic system, which also had
a total of twelve sections of equal volume. Baffles were placed
10 separate the sections such that the flow was under the first
one, over the second. and so on. to prevent short circuiting. The
Iwo sysiems were operated with the same nominal hydraulic
retention ume (HRT) of 8 hours. the same MCRTs, and the
same temperatures throughout the research. The only differences
in the two systems were the differences in reactor and recycle
configuration.

Domestic wastewater was used as the substrate, and it was
pumped from the main sanitary sewer of the Blacksburg, Virginia
Polytechnic Institute collection system twice a day and stored
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Figure 1-—Comparison of experimental BNR and conventional systems.

in two 263-L tanks. Potassium phosphate was added to the the BNR system, biodegradabie COD removal was always vir-
wastewater to increase the total phosphorus ( TP) concentration sually complete betore the flow reached the aerobic zone. The
by approximately |3 mg/L so that phosphorus would not be sewage was held in the tanks for 12 hours before feeding to the
limitng refative to the biodegradable COD. Consequently. in two systems for three reasons: to equilibrate with room tem-
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Table 1—Parameters monitored (Standard Methods,
1985).

Parameter Method name (method number)

CcoD Ciosed Refiux, Titnmetnc Method (508 B)

MLSS Total Suspenaed Soligs Driea at 103-105°C (209 C)

MLVSS Fixea ana Volatle Solids igniied at 550°C (209 D)

PO.P Ascomic Acid Method (424 F)

Towal P Persultate Cigesuon (424 C-llly followed by Ascorbic
Acia Metnod (424 F) 3

TKN Semi-micro-Kjeidan Metnod (420 B) followed by
Distiliauon (417 A) ana Titrauon (417 D)

NHa-N Presminary Distlauon Step (417 A) followed by
Titnmemc Metnod (417 D)

NO,-N Determinauon of Anions by ion Chromatograpny
with Conguctvity Measurement (429)

Alkalinity Alkalinity (269)

pH Direct measurement with a prH meter assembly
(Fisner Accumet pH meter. Moae! 610 A)

Dissoivec Direct measurement with a YS! Moagel 54 A

axygen memorane elecirooe oxygen meter (421 F)
Temperature Direct measurement in Sy usiNg a mercury-filed

Celcws thermometer (212)

perature. 1o eliminate any DO. and 10 promote fermentation.
The enure sysiem was housed in a building with the tsmperature
kept constant within 1°C by thernizstat-controlled air condi-
uioning and heatng equipment.

Both sysiems were seeded with sludge from full-scale plants
operaung in the same mode. that is, the BNR svsiem was seeded
from a full-scale BNR plant and the conventional sysiem was
seeded from a full-scale conventional piant. MCRT served as
the primary control parameter and constant values were main-
tained by including the suspended solids lost in the effluent in
the sludge wasung calculation. Wasting was performed at the
end of each 24-hour interval for most MCRTs. but continuous
wasting was pracuced at MCRTs of less than 3 days.

The systems were assumed 10 be at an approximate steady
state when operaung and performance parameters remained

fairlv constant over a period of several days. Steady-state data
were never taken any sooner than three MCRTs after a change
in operating MCRT was made. At least 30 davs were allowed
for sieady state 10 be reached after the iemperature was changed
when operating a1 a |5-day MCRT. and at least three MCRTs
were allowed 10 pass after a iemperawure change at a 5-day
MCRT. Parameters such as observed vield. degree of nitrifica-
tion, and percent phosphorus in the sludge were used to confirm
steady-state conditions. True sieady state with the wastewater
was not achieved because there were dailv vanations in the
waslewater charactenstics. The dav-to-dav changes were not
large. however. and were typical of changes at any full-scale
plant, A complete listing of all experimental datwa is presented
elsewhere ( Pattarkine ¢ al., 1990,

Sieady-state data consisted of analvses of samples from all 12
sections of each system. influents from the previous 24 hours,
return activated sludge recvcles. and effluents. Because of the
extensive amount of sampling and analysis. sieadv-state sampling
was performed for only one svsiem per dav. that is, the BNR
system one day and the conventional svstem the next. The pa-.
rameters monitored are listed in Table 1. As noted. DO. pH.
and temperature measurements were made in situ,

The objectives of the research were accomplished by operating
the pilot-plant sysiems conunuously for approximately 13
months. with analysis as described above. The systems were op-
erated at MCRTs of 1.5, 2.7, 5. and 15 davs at a temperature
of 20°C. They wen:glso operated at temperatures of 10° and
15° at both 3- and |3-day MCRTs.

The initial objecuve was 1o establish BNR performance in
the experimental BNR system. Because a BNR seed was used,
acclimation was rapid and good performance was soon estab-
lished. Following operation for the appropriate amount of ume,
steady-state data for the given condition of temperature and
MCRT were collected.

Results

Typical influent and effluent phosphorus (P). nitrogen (N).
and chemical oxygen demand (COD) concentrations for the
steadv-state conditions are given for both svstems in Table 2.

Table 2—Summary of influent and effluent characteristics during steady-state periods.

Infuent (unhitersd, except for NO,N)

EMuent (fitered)

Avg.

MCRT. Tempers- TKN.  NHeN,  No,-N, TN, TP. COO, TKN, NHyN,  NO,-N. TN, ™. OP.* COD. P/VSS,

Symem aays lure. “C . Date mg/L  mg/L mg/l  mg/L  mg/L  mgiL mgJL mg/k  mg/k  mg/L  mg/L  mg/L  mg/L %
BNR 14 20 Juiy 3, 1983 224 159 00 2.4 16.4 176 Q- T3 ~a i 12 6.2
15 b May 2 1989 304 20 0.3 307 177 235 0 97 $8 135 9 as

15 e Aug. 8, 1988 248 178 00 245 14.3 166 c.2 E e 128 17 6

5 b Marcn 261990 300 275 01 301 203 244 0C 00 14 14 134 128 29 124

5 15 Nov 21 1989 342 ar 01 344 19.0 20 62 59 88 15.0 186 8.3 21 a7

5 10 Dec 7. 1989 38c 284 00 B0 17.6 283 211 194 1.6 27 15.E 158 24 3.2

27 2 Apn 111990 ANs 238 0.0 ns 18.7 263 16 16 61 a 120 Me 26° 94

15 20 Apni 19 1990 3o 298 0.0 3.6 19.5 247 162 154 23 185 1.3 148 k] 5.6

Convenmiona 15 b o Juy 4 1989 258 174 00 256 153 281 Q€ 138 162 136 130 k] 1.5
15 15 May 6. 1989 293 - 0.0 293 16.8 176 oc 20 241 25 153 15 23

15 10 Aug 1C 1989 - ) 176 Q1 255 15.8 173 ac 00 88 186 123 14 * 23 24

5 20 Marcn 28 1990 B0 289 03 353 202 344 0c 00 2% 2:8 19.2 b 24 19

5 15 Nov 20 1988 8¢ 241 (iR} 20 183 10 0 00 274 7s 17E 174 4 29

5 e Cec. 8. 1982 b 232 00 s 18.6 266 99 g1 126 25 17= 7E 3€ 26

ar 2t Ao 10 1990 33 2L 0.2 345 191 257 0C ocC a7 25" 172 16.8 r 3

E ] 2 Aprd 1T 1990 3BE 30C 0.0 366 19.2 263 LB 56 155 21§ 7€ T n s

* OF = ormopnospnate
* Secuon 12 COD concentraton SuDSUhARD 107 @/T0NE0US eMuent vase
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Complete nitrification was achieved in both systems at all tem-
peratures for the operating MCRT of 15 davs. The conventional
system also accomplished complete nitrification at all operating
conditions except |.5-day MCRT and 20°C, and 5-day MCRT
and 10°C. Partial nitrification was achieved at both of those
conditions, Nitrification was also complete in the BNR system
at a 5-day MCRT and 20°C. but it was incomplete at a 5-day
MCRT and 15°C. and was nearly nonexistent at a 5-day MCRT
and 10°C. Nearly complete nitrification was accomplished in
the BNR system with an MCRT of 2.7 days at 20°C. but was
very incomplete when the MCRT was decreased to 1.5 davs at
the same temperature.

It was found that EBPR could be maintained at an MCRT
of 15 days for anv of the temperatures investigated. but decreased
slightly as temperature decreased. The percent phosphorus in
the sludge was the most consistent indicator of the propensity
for EBPR. A maximum percent P/VSS of 20% was observed
on one occasion at 20°C. and a minimum of 4% was observed
at 10°C. Percent phosphorus was a strong function of the influent
COD. which vaned considerably depending upon whether the
University was in or out of session. The best phosphorus removal
was achieved at a 5-day MCRT and 20°C. EBPR was lost com-
pletely at an MCRT of 5 days and a temperature of 10°C. how-
ever. even with additional COD (as acetate ) added. Analysis of
the effects of temperature and MCRT on EBPR are presented
elsewhere ( McClintock et al.. 1991),

Total nitrogen removals achieved by the BNR system under
various operating conditions are shown in Figure 2. High degrees
of nitrogen removal (60-70%) were z:nieved at 20°C for ail
MCRTS: of 2.7 days or more. Greater reriovals were achieved
ata |5-day MCRT than at a 5-day MCRT fer all tevaperatures
studied. The data showed that nitrogen removal was greatest at
an MCRT of 2.7 davs and 20°C, as it varied from 62 to 76%.
Operation under these conditions is not recommended. however.
because nitrification va= incomplete. and a small shock to the
system could easily impair nitrification and nitrogen removal.
[t should be recognized that nitrogen removal was limited by
the nitrate recycle rates used. which were always 1:1 compared
to the influent flow. Q. The intent was to always obtain complete
denitnification in the anoxic zone. Therefore. higher recvcle rates
were not used. Total nitrogen removal at the lower temperatures
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Figure 2—Total nitrogen removal in the BNR system.
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was always limited by the degree of nitnfication rather than de-
nitnfication.

The mixed liquor volatile suspended solids { MLVSS) in both
systems had an average nitrogen content of 9.8% throughout
the research. The COD per unit MLVSS was 1.34 for the BNR
system and 1.30 for the conventional svstem.

Nitrification Efficiency

Since the anaerobic and anoxic zones in the BNR svstem
were not aerated. the solids retention time under aerobic con-
ditions was always less than the system MCRT. The amount of’
time the solids were held in the aerobic sections of the reactor
is referred to as the aerobic MCRT. For the convenuonal. fully
aerobic acuvated sludee svstem. the aerobic MCRT is equal to
the system MCRT. The aerobic MCRT in the BNR svstem 1s
caleuluted by dividing the solids under aeration by the to1al soiids
contained in the svstem to obtain what is called the aerobic mass
‘raction. and multipiving the svstem MCRT by the aerobic mass
fraction.

Data summanzing the nitrification efficiencies of the BNR
and conventional svstems are listed in Table 3. The aerobic
MCRTs and temperatures for each phase are listed. along with
total available ammonia-nitrogen (NH:=N). effluent NH-N
concentrations. and the percent nitrification achieved. Total
available NH.-N concentrations were calculated from the in-
Muent TKN concentration minus nitrogen utilized for biomass
synthesis and minus organic nitrogen in the effluent.

Trends were immediately obvious when effluent NH;-N con-
centrations and percent nitrification from both the BNR and
conveiticaal sysiems were compared on the basis of aerobic
MCRT. Figure 3 shcws effluent NH,-N concentrations for both
systems together on the same graph versus aerobic MCRT. Each
of the curves contains at least one data point from each system.
Some of the points overlap. For exampile. at a 2.7-dav aerobic
MCRT and 20°C. both systems had complete nitrification. that
is. 0 mg/L effluent NH;-N. The curves follow a trend similar
to what would be predicted from kinetic theory of Nitrosomonas
growth using widely accepted kinetics and temperature correction
coefficients ( Nutrient Control. 1983).

Figure 4 shows the percentages of nitrification achieved by
both systems as a lunction of temperature and aerobic MCRT.
The numbers in the Figure represent the percentage of nitnifi-
cation for the given condition. Numbers from the BNR system
are followed by an asterisk. while the other numbers represent
data from the conventional svstem. It can be seen that an aerobic
MCRT of between 3 and 8 days was needed to maintain compiete
nitrification at 10°C. while a 2.7-dav aerobic MCRT was suffi-
cient at 20°C. It should be noted that aerobic MCRTs taken
from this graph should be multiplied by a safetv factor betore
using them for design. The safety factor is necessary 1o ensure
high etficiency of treatment. process stability, and resistance to
diurr=! varations and toxic upsets. Tvpical recommended min-
imuin safety factors for complete nitrification are 1. | for plugtlow
systems and 1.5 for complete mix systems ( U'.S. EPA. 1975,
and Nutnent Control. 1983).

Nitrification Rates

Table 3 also shows the nominal aerobic HRT required to
reduce the unoxidized nitrogen concentration to | mg, L in each
of the systems. as determined from protfiles of the available NH:-
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Table 3—Aerobic HRT needed for nitrification.

Total
Aerobic NHy-M Effluent Intluent Aerobic® HRT
MCRT, MCRT, Temperature, available, NHy-N, Nitrification, CoD, Effluent to 1 mg/L Grams N
System days days °c mg/L mg/L % mg/L pH NHy-N, hours oxidized/h
BNR 13 8.33 20 18.8 Q0.0 100 176 7.2 1.7 10.5
15 8.88 15 26.5 0.0 100 235 6.8 a3 77
15 8.31 10 205 0.0 100 166 7l 22 a9
5 2.72 20 23.2 0.0 100 244 7.2 23 8.7
5 2.80 15 28.3 59 79 201 74 - —_
5 2.87 10 27.5 19.4 29 283 75 -_ -
27 1.85 20 23.2 1.6 94 283 74 g 4.4°
15 0.88 20 217 15.4 44 247 7.5 - -_—
Conventional 13 15 20 21.2 0.0 100 281 7.2 3.2 6.3
15 15 15 26.6 0.0 100 176 6.4 48 5.8
15 15 10 225 0.0 100 173 6.9 2.2 6.7
5 S 20 26.5 0.0 100 344 6.8 38 6.7
5 5 15 219 0.0 100 110 7.0 6.0 as
5 5 10 23.1 8.1 65 266 72 — —
2.7 3 20 271 0.0 100 257 ] 6.0 44
gt 1.5 20 26.1 5.6 79 263 7.3 100 2"

* Thus is the nominal HRT required o reduce the unoxidized nitrogen concentration 1o 1 mg/L in each of the systems.

° Estimatedg values

N through the aerobic sections of eas h reactor. The nittification
performance of the two systems will be compared on the basis
of these parameters,

The progressions of the ammonia concentrations through the
aerobic secuons of the conventional and BNR sysitems ata 15-
day MCRT and 20°C are compared in Figure 5. The available
ammonia-nitrogen concentration shown at an HRT of 0 hours
is the actual concentration entering the first aerobic section after
correcuon for nitrogen urtilized for biomass synthesis and for
organic nitrogen in the effluent. Concenwrations entering the first
aerobic zone of the BNR system are less than those entering the
convenuonal svstem because of increased dilution due to the
recvcle configuranon. The graph shows that considerably less
aerobic volume was required in the BNR system to reduce NHy-
N 10 less than | mg/L than was required in the fully a¢robic

| '\
1 !J.c

4=
- | Tempersiure
E' 1234 1 "
: ' ue \
E 10+ \‘ i 4 \
- \
E \
iwm \ X
g | \

- ': -

| L

1

4 3 L]
Acrotec MCRT (d)

0

.o

Figure 3—Effluent NH,;-N concentration as a function of
temperature and aerobic MCRT.
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conventional system, The actual numbers. listed in Table 3, show
that only 1.7 hours of «2robic HRT were required for nitrification
10 | mg/L NH;-N in the BNR system, and 3.2 hours were re-
quired in the convenuonal system. This can be translated directly
into required basin volume and. therefore, construction costs.
Similar results were obtained from all experiments where com-
plete nitrification was obtained in the BNR system, that is, the
aerobic basin volume required 10 accomplish complete nirtrifi-
cauon in the BNR system was always significantly less than the
volume required in the conventional system.

The implication of these results is that different design infor-
mation should be used for determination of the required aerobic
basin volume in a BNR system compared 1o what is used for
conventional systems. Also. conversion of a fully aerobic plant
10 BNR operaton requires less addiuonal volume than previ-

Acrubic MORT (dap)

|
!
Tempersiure (aegrees C) T

Figure 4—Percent nitrification as a function of tempera-
ture and aerobic MCRT.
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Figure 5—Aerobic hydraulic retention time (HRT) needed .

for nitrification.

ously thought. The additional volumes required for the different
operating conditions of these experiments were found to be a
function of both operating MCRT ar.d temperature. These results
are summanzed in Table 4. Shown with the aerobic HRTs are
the estimated HRTs needed for anaerobic and anoxic zones un-
der the various operating conditions. The total estimated HRT
needed for BNR can then be compared t2 the HRT needed for
nitrification to | mg/L NH;y-N in the cor ‘entional system. The
amount of additional HRT needed is :.4acively small (0 5-2.5
hours).

While it was determined that the BNR system required less
aerobic volume than the conventional system to accomplish
complete nitrification when operated at conditions where com-
plete nitrification was achievable, it was also found that nitrifi-
cation in the BNR syster,, vas more sensitive to low temperatures
compared to the same size fully aerobic system. The BNR system
was more prone to washout of nitrifying bacteria at a given sys-
tem MCRT because the aerobic MCRT was less than that in
the conventional system. This is not surprising when the differ-
ences in the aerobic MCRTs are considered. but it is an important

MCRT = §d
Tempermmre = 15 C

= BMR = Comventonsi|

Availubic NU3 N (mgl)

0 i H 3 4 3 " - 4
Aarome HRT (howsy
Figura-ﬁ-i-.Aembic hydraulic retention time (HRT) needed
for nitritication.

consideration when comparing the relative costs of the two de-
signs.

The temperature sensitivity is illustrated in Figure 6. which
shows available NHy-N profiles at a 5-day MCRT and 15°C.
Nitrification was progressing at the same rate in the two svstems.
but the convenuonal system had sufficient aerobic volume to
complete nitrification whereas the BNR system did not. At a 3-
day MCRT and 10°C, nitrification was lost in the BNR system.
and the conventional systs™'s nitrification was incomplete.

Obsorved specifie nitrification rates were calculated for all ex-
periments. and are shown in Table 5. These values are based on
total NH;-N oxidized in the system divided by the total volatile
solids under aeration. The nitrification rate was always higher
in the BNR system than in the conventional svstem for all
MCRTs except 15 days. where they were approximately equal,
based on the total MCRTs of the systems. However. when plotted
versus aerobic MCRT. the rates from the two systems fit the
same curve. as shown in Figure 7. Similar results were obtained
when observed ammonia oxidation rates based on calculated
Nitrosomonas concentrations were compared. For this compar-

Table 4—Comparison of BNR total hydraulic retention times (HRTs) and conventional HRTs to accomplish complete

nitrification—based on steady-state resuits.

HRT, hours Additional HRT
MCRT, Temperature, neaded for

System days °c Anaerobic Anoxic Aerobic Totai BNR
Conventional 15 20 3.2 3.2
BNR 15 20 1.0 1.0 L = )3
Conventionai 15 15 40 a6
BNR 15 15 e 1.2 3.3 5.7 i1
Conventional 15 10 32 32
BNR 15 10 ;) 1.5 2227 5.7 25
Conventional 5 20 38 38
BNR ] 20 1.0 15 2.3 13 9]
Conventional 2.7 20 3.0 590
BNR 2.7 20 10 15 34° - 3

* Recommend ‘ncreasing aeronic HRT to 2.7 hours (5.7 hours total HAT) to mantain an aercbic mass ‘raction ot 0.30

® Estimated.
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Table 5—Summary of specific nitrification rates and ammonia oxidation rates.

Specific
Total nitrification
Aerobic NHy-N Aerobic rate, Ammomna oxidation
MCRT, MCRT, Temp., oxidized, MLVSS, mg N/g Nitrosomonas* rate," mg N/mg
System days days “c mg/L mg/L MLVSS:-h VSS, mg/L Nitrosomonas - days

BNR 1 83 20 18.8 26386 1.783 122 0.834
15 8.9 15 26.5 3457 1.916 191 0.703

15 83 10 20.5 2538 2019 161 0.687

5 a7 20 232 1014 5.720 74 1.729

5 28 i 22.4 1207 4.640 75 1.593

) 29 10 8.1 1352 1.498 28 1.494

27 1.5 20 21.6 749 7.210 42 2.695

15 oe 20 123 446 6.895 14 4.382

Convenuonal 15 15 20 21.2 1348 1.966 10 0.831
15 15 15 26.6 2177 1.527 143 0.580

1% 15 10 225 2082 1.344 133 0.506

5 5 2C 26.5 1284 2.580 72 1.107

5 = 15 21.8 1050 3.005 Fi- 1.038

5 5 10 15.0 1373 1.366 : 46 0.982

27 27 20 27.1 658 5.148 ) 47 1.716

1.5 1.5 20 205 424 6.044 22 2.774

* Basec on caicuialec values.

1son., Nirrosomonas concentrations were calculated on the basis
of aerobic MCRT using kinetic values found in the literature
(U.S. EPA. 1975: Benefield and Randall, 1980; and Nutrient
Control. 1983). The result was a remarkably good fit of the
combined data. as can be seen in Figure 8.

Denitrification Rates

Figure 9 shows the observed specific denitrification raies in
the BNR system as a function of temperature and MCRT. These
raies were determined from nitrogen balances around the first
anoxic section. Denitrification raies at the 5-day MCRT were
strongly affected by temperature. while temperature had little
effect at a 15-day MCRT. At 20°C. specific denitrification rates
generally increased as MCRT decreased. and ranged from 6 1o
19.6 mg NO+N removed /g MLVSS+h at the |5-day and 2.7-
day MCRTs. respectively. It should be noted that at a 1.5-day
MCRT. the NO.-N concentration in the anoxic zone was 0
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Figure 7—Comparison of observed specific nitrification
rates versus aerobic MCRT.
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mg/L. and the denitrificauon rate was limited. The NO;-N con-
centrations for the other conditions ranged from 0.1 to 2.9 mg/
L. It was not possible 1o develop a iemperature correction coef-
ficient for denitrification rates because some points were limited
by nitrate concentrations while others were not, and the 5-day
MCRT rate was more affected by temperature than the 15-day
MCRT.

Discussion

The data were analvzed further to determine why the BNR
system required less aerobic volume than the fully aerobic system
1o accomplish nitrification. considening that the nitrification rates
were the same when compared on the basis of aerobic MCRT.
It was noted that the BNR svsiem always had a higher MLVSS
concentration in the aerobic zone than did the fully aerobic
system. as shown in Table 5. It was also determined that the
vield coefficients for the two sysiems were the same. 0.41 mg

., Temperaiwre = 20 C
=&~ BNR = Convenuonal

B

Ammonia Oxidation Rate (mg/mgVaSAl)

- ‘ ° s 10 [H 14 "
Agroo MCRT (aavs |

Figure B—Ammonia oxidation rates by Nitrosomonas
versus aerobic MCRT.
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Figure 8—Observed specific denitrification rates.

VS5/mg COD. but there was a large difference in the endogenous
decay rate coefficients (McClintock et al., 1992). The fully aero-
bic system had a decay rate of 0.110/d while the decay rate in
the BNR system was oniv 0.063/d.

Thus. the BNR system had greater MLVSS concentrations in
the aerobic sections than did the fully aerobic system for two
reasons, First. the BNR system was operated in the VIP mode.
where the recycles are configured such that MLVSS concentra-
tions in the anoxic and aerobic sections are approximately double
that in the anaerobic sections. Therefore. even though aerobic
volume in the experimental BNR system was 50% of the total
volume. the aerobic mass fraction was always greater than 50%.
Consequently, a higher MLVSS concentration would exist in
the aerobic sections of the BNR system compared to the con-
ventional system. all other factors being equal. Second. the en-
dogenous decay rate in the BNR svstem was considerably less
than in the fully aerobic system which would result in a greater
observed yield in the BNR system when operated under the
same conditions. that is, the same substrate. MCRT. and HRT.

With the exception of reactor volume requirements. probably
the two most critical factors that must be considered in the retrofit
or design of a new BNR system are: ( | ) Can the final clarifiers
handle the increased solids loadings that BNR operation would
place on them? (2) Since required aerotic volume is reduced
and solids concentrations are higher in BiNR svstems. is the aer-
ation system capable of supplving adequate axvgen? If the an-
swers to these questions are positive, then economical retrolit
of many conventional plants where it was previously thought
that insufficient reactor voiume was available, may be possible.

Nitrogen and phosphorus removal were both adverselv af-
fected by decreasing MCRTs and temperatures. The degree of
nitrification achieved, and not denitrification. was alwavs the
limiting factor in total nitrogen removal. [t should be noted that
nitnification. and therefore nitrogen removal. was more sensitive
to MCRT and temperature effects than was EBPR under all
experimental conditions studied. To illustrate this point. Figure
10 was developed.

Figure 10 shows steady-state data from the BNR svstem at
20°C over the range of MCRTs studied. Included are the percent
nitrification. the percent P/VSS. and the phosphorus removal
in mg/L. The graph shows that phosphorus removal was greatest
atan MCRT of 3 davs—the lowest MCRT that provided com-

March/Apni 1893

plete nitrification. Nitrification was more severely affected by
lower MCRTs than was phosphorus removal. Similar results
were obtained for analvsis of data at temperatures of [5° and
10°C. The practical application of these resuits 1s that operation
at the lowest MCRT that provides compiete nitnification ( with
a safety factor built in ) provides the best combined nitrogen and
phosphorus removal when EBPR is limited by influent COD
rather than phosphorus. which was the case for these data. Op-
eration a. ;»gher MCRTs would be optimal as long as low effluent
phosphorus concentiations are maintained. that is. when EBPR
is limited by phosphorus rather than COD. because of reduced
sludge production at higher MCRTs.

Conciusions

This invesugauon shows that single-sludee BNR systems re-
quire less aerobic volume to accomptlish complete nitrification
than do conventonal. fuily aerobic activated siudee svsiems.
This 'advantage is probably enhanced when the VIP or UCT
configuration is used.

Complete nitrification occurred in less volume in the BNR
system under favorable conditions because of greater biomass
concentrations in the aerobic sections of the BNR svstem com-
pared to the conventional system. The greater biomass is main-
tained because of the recycle configuration and because the en-
dogenous decay rate in the BNR system is much less than the
decay rate in the fully aerobic system. The smaller required
aerobic volume should be incorporated into BNR design and
into zone volume determinations when retrofitting conventional
plants for BNR.

Ni-sification rates ( VSS basis) and the degree of nitrification
achieved by the BNR system and the conventional systems were
equal when compared on the basis of aerobic MCRT. Design
for nitrification in BNR systems should be on the basis of aerobic
MCRT.

Operation at the lowest MCRT that provides compiete nitri-
fication ( with a safety factor built in) provides the best combined
nitrogen and phosphorus removal when EBPR is COD-limited.
Operation at higher MCRTs would be optimal as long as low
effluent phosphorus concentrations are maintained because of
reduced sludge production.
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Figure 10—Effect of MCRT on percent nitrification and
phosphorus removal: temperature equals 20°C.
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