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Abstract: The combinedSHARON-Anammoxprocesdor treatingwastevaterstreamswith
highammoniaload, is discussedPartial nitrification at high temperature a continuously
aeratedSHARON reactor shouldyield an optimal ammonium/nitriteratio, that is subse-
quently sentto the Anammoxprocesgo form nitrogengas.A mathematicamodel of the
SHARON processs presentedThe stoichiometricmatrix is formulatedin termsof yield
coeficients and biomasscomposition.Specialattentionis given to the calculationof pH.
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1. INTRODUCTION

Partial nitrification techniqueshave beendenotedfor
quiteawhile asvery promisingfor improving sustain-
ability of wastevatertreatment(Abeling & Seyfried,
1992). The realizationof nitrification/denitrification
with nitrite asintermediatds beneficialbothin terms
of oxygenconsumptiontranslatednto reducedaer
ation enepgy costs,and COD-sourceaddition costs,
with savings of respectiely 25% and40% compared
to traditional nitrification/denitrificationvia nitrate.
Up till now, the SHARON (Single reactorHigh ac-
tivity Ammoniaremoval Over Nitrite) processs the
only reportedprocessin which partial nitrification
of ammoniumto nitrite is successfullymaintainedn
practiceoveralongtime period(Mulder etal., 2001).
The SHARON processvasdevelopedmorethanfive
yearsagoat the Delft University of Technology Mi-
crobial kinetic and stoichiometricparametergor am-
monia oxidation were determinedunder the actual
processonditionsby lab-scalg(1.51) tests(Hellinga

etal., 1999).Making useof both theseexperimental
dataand literature, the developmentof a dynamical
processmodel in Matlab/Simulink for the classical
SHARON reactoroperatedwith heterotrophicdeni-
trification, was startedin view of further processde-
signandscale-up(Hellingaetal., 1999).Theinsights
gainedby simulationsallowed the immediatedesign
and constructionof a full-scale processwithout the
needfor costlyandtime consumingntermediatepilot

tests.The full-scale processs operationalsince Jan-
uary 1999 at the RotterdamSluisjesdijksludgetreat-
mentplant. Full scaleexperiencewith the SHARON

processhasrecentlybeendescribedby Mulder et al.

(2001)andvanKemperetal. (2001).

Recently the coupling of the SHARON processwith
aso-calledAnammox(anaerobi@ammoniaoxidation)
processin whichammoniumandnitrite arecorverted
to nitrogen gas under anaerobicconditions by au-
totrophic bacteria,finds more and more supportin
the searchfor sustainablevastevatertreatmentech-



nigues (van Dongenet al., 2001a). Benefitsof the
combinedSHARON-Anammoxprocesscomparedo

the SHARON procesawith denitrificationare the re-
ductionby 50% of the aerationcosts,sinceonly half
of theammoniumis corvertedto nitrite, the omission
of the needfor additional COD source,the virtual

absenceof sludge productionand the possibility to

obtain low nitrogen effluent concentrationghrough
the subsequenautotrophicAnammoxreaction. The
latter hasbeenan inspiring startingpoint for the de-
velopmentof more sustainablanunicipalwastevater
treatmensystemgJettenetal., 1997).Processebke
CANON (Hao,2001;Haoetal., 2001)andOLAND

(Kuai and Verstraete 1998), that combinepartial ni-

trification and Anammoxin onereactor arecurrently
alsobeingstudied.

An experimentalstudy on the treatmentof ammo-
nium rich wastavater by the combined SHARON-
Anammox process performed by van Dongen et
al. (2001a), shaved that the combined SHARON-
Anammoxsystemcanwork stableover long periods
andthe processs readyfor full-scaleimplementation.
Currently an Anammoxreactoris being built at the
RotterdansSluisjesdijkplant.

In this paper the SHARON modelis studiedin view
of couplingwith the AnammoxprocessSpecialatten-
tion is givento the calculationof pH, asit is essential
for future studiesof the pH control, that is a key
pointin obtainingthe desiredammonium/nitriteratio.
In this contribution, the behaiour of the SHARON
reactor operatedvithout pH control,is presented.

2. PROCESSCONFIGURATION AND BASIC
CONVERSIONREACTIONS

The set-upof the SHARON procesdasicallyconsists
of a continuous,completely mixed reactor without

sludgeretention operatingathightemperatur¢35°C)

andanaveragepH-valueof about7. Underthesecon-
ditions, ammoniumoxidizersgrow fasterthan nitrite

oxidizers, which can be washedout by sufiiciently

lowering the hydraulic retentiontime. The effluent
ammoniaconcentratiordecreasesvith higherreten-
tion time, but is independenof the inlet ammonia
concentrationatypical featureof achemostateactor
In this way, the SHARON processs bettersuitedto

achieve substantiabmmoniacorversionat high reac-
tion ratesfor relatively concentratedlows, ratherthan
to meetstrict effluent standardslt is very well ap-
plicablefor the treatmentof rejectwaterfrom sludge
digestion,wherehigh temperatureand pH are taken
adwantageof.

For high-concentratedtreamsthe protonsproduced
duringnitrification would causea significantpH drop,
lowering the microbial corversionrates.In casethe
influent containsammoniumand bicarbonateon an
equimolaasiswhich canbereasonablyassumedor

sludgedigestionrejectionwater, half of the produced
protonsis removedvia carbondioxide stripping:

NH} +1.50, - NO; +2H" + H,O (1)
HCO; + HY 2 H,0 + CO, )

However, asthe reactionschemeabove shaws, this is
notsufficientfor pH controlif nearlyall ammoniahas
to be corverted. The remaining half of the protons
producedin reaction(1) can be consumedby deni-
trification of the producednitrite. For this purpose,
thereactoris cyclically aeratecandduringthe anoxic
phasea COD-sourcesuchasmethanolis added:

NO; +0.5CH;0H + H*

Denitrificationfor pH control by addingmethanolis
cheaperthan alkali addition (Hellinga et al., 1999).
Notethatdenitrificationis notanobjective onits own,
sincethe SHARON-effluentis usuallyregycledto the
mainwastavatertreatmenplant,wheretheremaining
nitrite is corverted.

ThesimplifiedAnammoxreactionneglectingbiomass
growth, canbewritten as

NH} + NOy — Ny + 2H,0 (4)

The required1/1 ammonium/nitriteratio for Anam-
mox canbe producedy operatinghe SHARON pro-

cesswithout pH control, still assuminghe SHARON

influent containsequimolaramountsof ammonium
andbicarbonatelndeed,the momenthalf of the am-
moniumis corvertedto nitrite, the amountof protons
produceds balancedy carbondioxide stripping.

NHf + HCO3 +0.750,
— 0.5NH} +0.5N0; + 1.5H,0 + CO» (5)

Further ammonia corversion than this 50% would
leadto a pH drop, preventingfurther nitrification. In
practice,the ammonium/nitriteratio dependson the
actualammonium/bicarbonat@tio in theinfluent.

Besides the optimal ammonium/nitriteinfluent ratio
for the Anammaoxreactor alsorequiredurtherdiscus-
sion, as the above mentioned1/1 ratio hasbeende-
rivedfor the simplified casein which biomassgrowth
is notconsideredvanDongenetal. (2001b)assumed
a biomassyield of 0.066,to cometo the following
overall Anammoxreaction(including growth):

NH} +1.32N0O; +0.066HCO3 + 0.13H*
— 1.02N; + 2.03H20 + 0.26NO3
+0.066C H200.5No 15 (6)
In thiscaseanammonium/nitriteatio of 1/1.32would

theoreticallybe optimal to feed the Anammox pro-
cess.The ammonium/nitriteratio neededn practice



dependson the actual growth yield. Note also that
underthe prevailing anoxic conditionsof the Anam-
mox process,a part of the producednitrate can be
heterotrophicallydenitrifiedto NO5 , againinfluenc-
ing the ammonium/nitriteratio neededlIn ary case,
processontrolis recommendedo adjustthe ammo-
nium/nitriteratioandin this way maximizetheoverall
N-removal.

Experimentgerformedoy vanDongenetal. (2001a)
shaved that the ammonium/nitriteratio producedby
theSHARON procesganbesensitvely influencedby
changingthe reactorpH between6.5and7.5. On the
one hand,as pH increasesthe equilibrium between
ammoniaandammoniumshifts towardsmoreammao-
nia. Ontheotherhand,the concentratiorof ammonia,
ratherthan ammoniumbeing the actualsubstrateor
nitrification, in a chemostatremainsunchangedvith
changingpH. The combinationof thesetwo effects
resultsin a lower ammoniumeffluent concentration
with increasingpH. This controllaw canbe usedfor
setting the exact ratio for full nitrogenremoval in
the Anammoxprocessit is further studiedhow the
existing modelfor the SHARON processwith denitri-
ficationshouldbe adaptedor this purpose.

3. THE SHARON MODEL

To gaininsightinto the coupledSHARON-Anammox
process,simulations have been performedusing a

Matlab-Simulinkmodel. The reactoris of the CSTR
type and consistsof a liquid phaseand a gasphase,
both assumedo be perfectly mixed. Betweenthese
phasestransporiof oxygen,carbondioxide andnitro-

gentakesplace.

3.1 Liquid phasemasshalances

Theliquid phasemasshalancegor a compound with
concentratiorC; readsas

d (VL i CL,i) in in ou
—a % O — @7 - Cly

+kra; - (Cz,i - CL,,') Ve +ri -V ("

The liquid phasevolume V7, is assumedo be con-
stantin comparisonwith liquid phaseconcentration
changesLiquid phaseconcentrationsare calculated
by integrating the correspondingnassbhalancesThe
componentgonsideredregivenin Tablel.

3.2 Biological corversionreactions

Biological corversionreactionstake placein the lig-

uid phaseonly. Table1l summarizeshe stoichiometry
of the processsesonsideredn the form of the sto-
ichiometric matrix (A;;), expressedn terms of the

correspondingyield coeficients and parametersn-
dicatingthe biomasscomposition All concentrations
andreactionstoichiometriesareexpressedn amolar
basis.Decay (or maintenance)s not includedin the
model,asit is assumedo havelittle impactin systems
that operateat high microbial specific growth rates
(Hellingaetal., 1999).

Theprocesgatesp; for eachreaction; (expressedn
mol m;? s~!) aresummarizedn Table2. Thevalues
of the kinetic parametersare givenin the appendix.
From thesereactionrates,the volumetric corversion
rater; of acomponent is calculatecas

5
ri=Y Aij-pj ®
j=1

Note that the corversionrate is negative for com-
ponentsthat undego net consumption.In contrast
with the industry-standardictivated Sludge Models
(Henzeet al., 2000), microbial reactionratesare ex-

pressechereasfunctionsof the actualsubstrates,e.

the chaged or unchaged appearanceof the com-
pounds.This approachs preferredin orderto cover
thepH influencein a morestraightforvardmanner

3.3 Calculationof pH andequilibriumconcentations

The liquid phaseconcentration®f someof the com-

ponentsarerelatedto eachotherby equilibriumreac-

tions. Equilibria are consideredor ammonia/ammo-
nium, nitrous acid/nitrite, carbonate/bicarbonate/car-
bon dioxide and water Lumpedcomponentsare de-
finedfor whichtheconcentrationgqualthetotal con-
centratiorof thecomponentsactivein anequilibrium:

Crvu =CnH, + CNH;" 9
Crnvo =CHnNo, + CNO; (10)
Crc=Cco, + CHCO; + CCOg_ (11)

At eachtime step,the concentration®f the compo-
nentsthatarenotinvolvedin a chemicalequilibrium,
aredirectly calculatedby integratingthe correspond-
ing masshalanceaccumulatiorterms.The concentra-
tions of thelumpedcomponent$9)-(11) areobtained
by integrating the sum of the accumulationterms of
thedifferentformscorrespondingo thatequilibrium.

The necessityto calculatethe concentrationof the
lumpedcomponentdirst insteadof immediatelycal-
culating the concentration®f the individual compo-
nentstaking partin a chemicalequilibrium, is in the
first place due to the fact that every changein the
concentratiorof a componeninvolvedin a chemical
equilibrium, causeschangesn the concentrationof
all componentsakingpartin thatequilibrium.
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A secondreasonfor calculatingthe concentratiorof
lumped componentdirst, lies in the formulation of
the stoichiometricmatrix. Although ammoniarather
than ammoniumand nitrous acid ratherthan the ni-
trite ion are the actualsubstrategor the nitrification
processe$Anthoniseretal., 1976),the stoichiometry
of the reactionssummarizedn Table 1 is expressed
in termsof ammoniumand nitrite, astypically done.
In the sameway, the stoichiometricmatrix doesnt
containcoeficientsfor bicarbonatendcarbonatebut
only for carbondioxide. The processratesgiven in
Table2 areexpressedn termsof therealsubstrateAs
the corversionratesare calculatedfrom the process
ratesof Table 2 and the stoichiometriccoeficients
of Table 1 accordingto equation(8), they will only
be correctfor componentshat are not involved in
chemicalequilibria. The samewill be valid for the
accumulatiortermsin themassbalanceg7), in which
the corversionratesappear For the componentsn-
volved in a chemical equilibrium, only the sum of
the accumulationtermsof the differentforms under
which they occur, is correspondingo reality. This
is correctedby consideringlumpedcomponentdirst
andsubsequentlgalculatingtheconcentrationsf the
individual component$rom the concentrationsf the
lumpedcomponentgheequilibriumconstantandthe
pH, oncethelatteris known andbeforethe next time
stepis initiated.

Although stoichiometriccoeficients for protonsare
takenupin Table1 for reason®f completenesghey
arenot actuallyimplementedn the Matlab/Simulink
model. On the contrary the proton concentrationin
thereactoris calculatedrom thechagebalancean the
reactorin orderto assureghe sumof all chagesto be
zero.Thechagebalancen thereactorcanbewritten
as

—CH+ +COH— - NHI +CN02—

in which A.;, standsfor the ‘gap’ in the chage bal-
ance, which should theoretically be close to zero.
The ions originating from strongacidsor basege.g.
Nat,K+,CI=,F~), that are not influencedby the es-
tablishmentof an equilibrium pH, are accountedor
by alumped artificalcomponentZ™. It representthe
amountof netpositive chages expressedn mol m;3.
Note that this concentrationis negative if thereare
morenegative thanpositive chagespresentAs these
net positive chagesare not involved in ary corver-
sionsconsideredtheir concentratiorin the perfectly
mixedreactoris only determinedy the concentration
enteringthe reactorandtheir initial concentratiorin
the reactor Theseconcentrationscan be calculated
from the chage balancedor the influentandfor the
initial concentrationgespectiely. Every time step,
Cz+ is calculatedfrom the correspondingnassbal-
ance.

OnceC+ is known, the pH is calculatedin the fol-
lowing way. As chemicalequilibrium reactionspro-
ceedmuchfasterthanthe biological corversionreac-
tions, they are assumedo be in steadystate,so the
following equationsapply:

CNH3 . CH+

Kenm, = Comz (13)
Kenno, = CH(;HI:;ZO_ (14)
Keoo,= (;;HCO_ (15)

.
Kenco, = CH;HSSO_ (16)
Kw =Cg+ - COSH— (17)

By substitutinghe concentrationsf thelumpedcom-
ponents (9)-(11) into the steady state expressions
for equilibria (13)-(17), the concentrationof every
chaiged componentcan be rewritten in termsof the
concentratiorof protonsandlumpedcomponents:

Crnu

Kenmu
1 4
Cu+

CNHZ’ (18)

Crno
Ono; =14 Our_ (19)
Kenuno,
c
Copr- = : = (20)
3 CH+ + CH+ + 1
Kecoy-Kencog Kencog
Crc

CHCOS_ = Cy+ + 1+ Kencos (21)

Keco, Cu+
Theexpressiong18)-(21)aresubstitutedn thechage
balance(12), in which the pH remainsthe only un-
known:

Kw Crnm
A (Cg+) =—Cqg+ + -
ch (Cr+) H Cy+ 1+ K(;::—f4
n Crno Crc
C + C + Kenco
1+ Ke:zvo2 KC}éOQ +1+ Ch+ *
c
+2- = 1o = —Cyz+(22)
Ht H+ +1
Keco,-Kencog Kencos

This equationcanbe solved iteratively for Cx+, €.g.
accordingto the Newton-Raphsommethod,from an
initial guesLC'y+ .

Once the pH is known besidesthe concentrations
of the lumped componentsthe concentratiorof the
individual componentsinvolvedin anequilibrium, is
calculatedrom theexpressiong18)-(21)and(9)-(11).

As stated,the above reasoningassumeghe concen-
trationof netpositive chagesnotto vary with varying
pH, assumindhesenetpositive chagesoriginatefrom



Table2. Kinetic rateexpressions

processateequationp; [ moIemZ“ s 1]
,01 — uamm . CNH3 . . ?:}—L{%OZ . amm
mae Ky +Cnus KGT™ +Coy  KifNo, + CuNO,
p2 = “nit ) _ CHNO2 . 1002 . Xnit
maw Kj%tvoZ +CunNo, KSZ; + Co,
_ dANOs Cno, CcHs0H Kr1,0, het
P3 = Mmax " * dNO2 ) het ) K C - X
Ko, +Cnos Koyiou +Comgon £1,00 1 Co,
ps = uiNOs Cnos ] Conzon . Eros et
- max
K%%ZS +Cnos Kgiﬁ’:gH + Comzon  K1,05 +Co,
Conzon Co, het
ps = umet . 3 R . xhe
" Kiyon + Comon K& + Cos
strongacids/basedn reality, weakacidsor base<.g.
H,S, H3 PO, andvolatile fatty acidscouldcontribute
to the concentrationof thesenet positive chages. 50
Also, the steadystateassumptiommight notbe appro- 45
priatefor the bicarbonate/carbodioxide equilibrium, ;‘: e
beingratherslon. Theseassumptionsanexplain pos- Too
sible differencesin the pH calculatedby the model 3.5
from acid-basequilibriaandthe measuregH. =20
154
1.0+
0% Xai S ]
3.4 Gasphase 00 ' . : : :
05 1 15 2 25 3 35 4
SRT (days)

No reactionsare assumedo take placein the gas
phase.Gas phasemassbalancedor oxygen,carbon
dioxide andnitrogenare consideredin analogywith
theliquid phasemasdalanceg7), thegasphasemass
balancefor acompound readsas

d (VG i CG,i) in in ou
T = QG ) CG,Z - QG ‘ ) CG’Z
—kLai . (CZ,Z — CL,,’) . VL (23)

4. SIMULATION RESULTS

Thebehaviour of the SHARON reactoroperatedvith-

out denitrification, has been simulated. Simulations
were performedfor an inlet flow of 600m3 h—1,

containing70 mole mg3of ammoniumand an equal
amountof bicarbonateat pH 7. The hydraulicreten-
tion time, equalto the sludgeretentiontime (SRT),

was varied by varying the liquid phasevolume.The
reactorwas continuouslyaerated,so no denitrifica-
tion took place.Figure 1, 2 and 3 presenthe steady
stateresults(obtainedafter 50 daysof simulation)in

function of the SRT. The concentratiorof ammonia
and nitrite oxidizersis given in Figure 1. Ingrowth

of ammoniaoxidizersstartsat an SRT of 0.5 days.
In orderto preventingrowth of nitrite oxidizers,the

SRT shouldbe keptbelov 1.5 days.This canalsobe

concludedfrom the correspondingitrate formation,
shavnin Figure2.

Fig. 1. Influenceof SRT on biomassconcentrations

N (mole/m3)

2 25
SRT (days)

Fig. 2. Influenceof SRT on nitrogencompoundcon-
centrations

2 25 3 35 4
SRT (days)

Fig. 3. Influenceof SRT on pH andalkalinity



The optimal operatingSRT couldbe choseras1 day,

in order to keep a safety mamin. At this retention
time, totalammoniumandnitrite arepresentn aratio

of about2/1 at pH 7. Figure 3 shows that at this

point, indeedalmostall alkalinity is consumedThis

valueis quite differentfrom the experimentalresult
found by van Dongenet al. (2001a),who obsened
stableammoniumcorversionwithout the formation
of nitrate in a SHARON reactor without pH con-
trol (pH = 6.7 + 0.3) to anammonium/nitriteratio of

1/1.13.This canprobablybe explainedby deviations
in the values of the model affinity constantsfrom

reality. Furtherstudy of the model parameterseems
recommended.

5. CONCLUSION

Looking for sustainableN-removal techniquesthis

paper discussesthe SHARON processfor treating
wastevater streamswith high ammoniaload, in view

of its coupling with the Anammox process For this

purposea mathematicamodelof the SHARON pro-

cessthattakesinto accountpH effectswasused.Pre-
liminary simulationsshav thatthe ammonium/nitrite
ratio, producedin the SHARON processwithout pH

control,candeviate significantlyfrom the desired1/1

mixture. In future, pH control will be implemented
in the model and its effect on the producedammo-
nium/nitriteratiowill bestudied.
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APPENDIX: GLOSSARY

symbol characterization

Aij stoichiometriccoeficientof component in reactiony
Ca.i gasphaseg(bulk) concentratiorof component

C& inlet concentratiorof component

Cr,i liquid phasegbulk) concentratiorof component

Cr inlet concentratiorof component

Cri saturatiorconcentratiorof component at gas/liquidinterphase
kra; volumetricmasstransfercoeficientfor component

M molarmass

Tj volumetriccorversionrateof reaction;
R; volumetricproductionrateof component
Ve gasphasevolume

VL liquid phasevolume

Y; yield coeficientfor reactionj

% inlet volumetricgasflow rate

pout outletvolumetricgasflow rate
®1n  inletvolumetricflow rate
®1 04t OUutletvolumetricflow rate

symbol characterization
maximurrspecificgrowthrates
o ammonisoxidizers
it nitrite oxidizers
pdNO: nitrite denitrifiers
pdNOs nitratedenitrifiers
pmet. methanobxidizers
affinity constants
K ammoniafor ammonisoxdizers)
Kgrm oxygen(for ammoniaoxidizers)
Ko, nitrousacid (for nitrite oxidizers)
Knit oxygen(for nitrite oxidizers)
K]"(,K(gfz nitrite (for nitrite denitrifiers)

K(’}%’“gH methanolduringanoxicgrowth)

K}%i)s nitrate(for nitratedenitrifiers)

Kg%’g"owH methanolduring oxic growth)

K g;t oxygen(for methanobxidizers)
inhibition constants

K{'i o, hitrousacid(for ammoniaoxidizers)

Kro, ‘mathematicabwitch’
equilibriumconstants

Kenm, ammoniumedquilibriumconstant

Keyno, hitrousacidequilibriumconstant

Keco, carbondioxide equilibriumconstant
Kenyco, bicarbonatequilibriumconstant
Ky waterdissociatiorconstant

() Valueat35°C, Lochtman(1995)
(2) Valueat35°C, Wiesmann(1994)

dimension
mole

—3
moIemG3
moIemG3
molemj,

—3
moIemL3
molem;,

S—l

g mole~!

molem;? s~1

molem;® s7!
3

iy

mz,

moleX (molesubstrate)!
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