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SUMMARY

Domestic and industrial wastewater treatment plants (WWTRse been
estimated to be thé"ighest contributors to atmospheric concentrations of both nitrous
oxide (N'O) and methane (G respectively. The total contribution to greenhouse gases
(GHGs) from wastewater treatment has been estimated2é.be 162 g carbon dioxide
(COy) equivalents during the year 2007. This project identified theceswf NO and
CH, within three conventional activated-sludge plug-flow WWTPs, quadtifiheir
annual total fluxes, and compare them to theoretical fluxes modelevifa the
Intergovernmental Panel on Climate Change (IPCC) guidelines. Aualiyipthis project
characterized these GHG emissions, using carbon and nitrogen is@aperements, to
investigate the possible biological sources of these gases, pati@ifldN,O. In fact,
whether NO is produced by nitrification or denitrification within the aerati@sins of
single-stage nitrification plants is subject to debate.

Sampling was conducted at the Stickney, North Side, and Egan WWTPSs in the
Chicago area. Most of the treatment processes were sampledCfand CH analysis.

The results show that the aeration basins represent the maire $08626) of NO.
Methane is produced by a variety of processes where anaerobic contitvehsp, such
as primary treatment and anaerobic digestion, possibly includingibafitec anaerobic
micro-sites in the aeration basins. Within the aeration basinbl,(hés mainly produced
when the dissolved oxygen ranges from 0.2 to 2.5 mg/L. A significant lootndn to

total GHG fluxes from the plants is also constituted by the numeracegs-specific

Xiii



SUMMARY (Continued)

plant exhausts. The calculated cumulative fluxes from the Stickn&ff®vVwere 5.9 x

10° kg N;Oly (204 g/Pely), and 2.8 x A&gly of CH, (1122 g/Pely). The calculated
cumulative fluxes for the North Side WWTP were 1.7 % kly N,O (12.3 g/Pely), and
8.6 x 10 kgly cha (61.1 g/Pely). The calculated cumulative fluxes from the Egan WWTP
were 1.6 x 1bkgly N;O (91.8 g/Pely), and 6.0 x 4614 (353.6 g/Pely). About 0.94%,
0.16%, and 0.97% of the incoming total Kjeldahl nitrogen (TKN) is emitteth® at
Stickney, North Side, and Egan respectively. Although our data are in go@inagte
with calculated CH fluxes, our results for JO total fluxes are 1.5 orders of magnitude
higher than those calculated following the IPCC model.

The study of the site-specific stable nitrogen isotope distoibuti N,O showed a
site preference (SP, intramolecular distribution’® between the central and later
nitrogen in the linear N-N-O molecule) averaging ~0%.. This datuncamels that this
GHG is produced mainly by denitrification in the aeration basin desifymenitrification
of ammonia. This is probably due to inhibition of a key denitrifieryere (nitrous oxide
reductase) by increasing levels of dissolved oxygen along the flow-path of the weastewat
within the basin. Between 5 and 20% of the nitrate produced by ammxidetion is
emitted as BO. The study of bulk stable nitrogen isotope ratios of nitrate and armmoni

showed a trend that can be modeled with ammonia nitrification plus a variable gount

14
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SUMMARY (Continued)

to 20%) of nitrate denitrification. This was the first time that site-§ijpagirogen isotope
analyses of BD were applied to determine the source @®Nn a WWTP in the US.
Furthermore, to the best of the author’'s knowledge, this was thetfidst that modeled
in detail the isotopic mass-balance within the aeration basin of a WWTP.

This study provided some unique information about the sourcegOpiNd CH
within conventional single-stage nitrification WWTPs: the tfitates of NO and CH to
the atmosphere from the three WWTPs investigated, and the meclwdmpsoauction of
N,O within the aeration basins, which are the main sources of Ghi& within
conventional WWTPs.

Some of the most striking conclusions are: (1)rtfeasuredotal N,O flux from
the WWTPs could be consistently 1.5 orders of magnitude higher thoxhmedicted
by the currently used mathematical method; (2) th® Ns mainly produced by
incomplete denitrification within aerobic processes; (3) the disdobxygen level is a
key factor in NO production and emission control. This information will prove
fundamental for designing tanks that minimize the wastewatemgeeatinput of GHGs

to the atmosphere.

15



CHAPTER 1

BACKGROUND INFORMATION

1.1 INTRODUCTION

Domestic and industrial wastewater treatment plants (WWTRse been
estimated to be thé"ighest contributors to atmospheric concentrations of both nitrous
oxide (NO) and methane (CH respectively (USEPA 2010). The total contribution to
greenhouse gases from wastewater treatment has been estiméied4.4 x 15 g
carbon dioxide (Cg) equivalents during the year 2007 (USEPA 2009). Nitrous oxide can
be released as a by-product of nitrification and denitrificationndubiological water
treatment. Methane is an expected end product of anaerobic treati® excess
sludge; however, CHemissions can also occur in anoxic micro-sites within aerobic
processes. Additionally, GOs produced in considerable amounts both during biological
oxidation of organic matter, endogenous respiration of cells, and duringohicae
digestion of sludge through bacterial fermentation, acetogenesis andnagghesis
(Tchobanoglous et al.,, 2004). The greenhouse gas (GHG) formed can enter the
atmosphere as fugitive emissions from tanks and also be releadeel dwhtust outlets
of different treatment processes throughout the plant. Tank @eredin also enhance

GHG emissions through a stripping effect. Only a few studiegpi€k et al., 1995;



Sumer et al., 1995; Wicht et al.,, 1995; Kimochi et al., 1998, Sommaet.,ei998;
Kampschreur et al., 2008; Ahn et al., 2010; Bellucci et al., 2010) havused®nn situ
greenhouse gas monitoring from WWTPs, and no extensive studies on A0taCN,,
and CQ fluxes from such plants have been published to date. The goal sfuittysis (1)
to identify the sources of 0, CH,, and CQ within three conventional activated-sludge
plug-flow WWTPs, (2) quantify their annual total fluxes, (3) compamasared to
theoretical fluxes modeled following the Intergovernmental Panel lona@ Change
(IPCC) guidelines and to fluxes from other well established greeehgas sources
(fossil fuel combustion, wetlands, farmlands, etc.), (4) investitp@tgossible biological
sources of these GHG emissions, particularly aON using C and N isotope
measurements; (5) implications of the results for design amageanent of WWTPs as

well as the global inventory of greenhouse gases will be explored.

1.2 GREENHOUSE GAS EFFECT OF NO, CH4, AND CO;

Nitrous oxide, CH, and CQ are naturally occurring GHG that also have
anthropogenic source$dble I, USEPA 2010). The global atmospheric concentration of
these gases has increased from the pre-industrial era (exmingthe year 1750) to the
present day. Nitrous oxide has increased from a value of 270 ppb to 319 ppbQHa%);

has increased from a value of 715 ppb to 1732 ppb (148%); apdaSncreased from a



value of 280 ppm to 379 ppm (36%, IPCC, 2007) over this time period. Caltvi@ues

of global warming potential (GWP) for,® and CH over a 100-year period are 310 and
21 respectively (IPCC, 2006), meaning that the radiative forcing inductdteby gases

in 100 years is expected to be 310 and 21 times more than the effectegrdyuan
equal mass of COResidence times are estimated to be 114, 15, and 110 yeae©for N
CH,4, and CQ respectively (IPCC, 2007). Nitrous oxide is of particular concaénogsts
effect is not limited to radiative forcing potential alone, bgbab its major role as an
ozone-depleting chemical (Ravishankara et al., 2009). Quite inert itrapesphere,
above 30 km BD undergoes photochemical decomposition, absorbing high-energy
photons to produce molecular nitrogen and an excited oxygen atom (O*), agctwdi

the reaction:

N-O + hv—> N, + O*

Below 30 km, in the stratosphere, O* reacts witdNo produce NO radicals (NO-):

N2O + O* - 2NO -

NO - acts as a catalyst for the destruction of ozone, ancejeémerated at the end of the

cycle:

NO-+Q=> - NG+



-NG+0~> -NO+Q

Modeling done by Ravishankara et al. (2009) shows that the ozone ntgpleti
potential (ODP) of MO is comparable to that of many hydrochlorofluorocarbons
(HCFCs) that are currently phased out under the Montreal Protoawit(@al, 1987),

while N>O is still unregulated.

1.3 WASTEWATER TREATMENT PLANTS

Wastewater Treatment Plants are engineered to achievelwnefivater quality
in line with the regulations imposed by the Federal Governmentr(@der Act, 1972;
Water Quality Act, 1987; USEPA regulations). As such, physical and chemical parsame
of the influent, effluent, and each treatment step are closehjtoned. This provides a
wide database of information on wastewater composition such ashMedsOxygen
(DO), Biological Oxygen Demand (BOD), concentration of N-specieg) tjheldal
nitrogen (TKN, sum of organic nitrogen + ammonia), temperature tqibl, dissolved
solids (TDS), total suspended solids (TSS). Operational unit paemsich as the
volume of air supplied for grit chamber and aeration basin operatindsyaumetric
data on inflow/outflow are also monitored. In this way WWTP aaitained as close as

possible to steady-state conditions and, as a consequence, so are the chemical and
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TABLE |
RECENT TRENDS IN U.S. GREENHOUSE GAS EMISSIONS (data are in GgegQ

YEAR
1990 1995 2000 2005 2006 2007 2008
CO, 5090049 5417330 5965343 6089031 6001920 6102951 5905470
Fossil fuel combustion 4718945 5016877 5575723 5728608 5631767 5736487 5552330
Non-Energy Use of Fuels 118370 138233 144987 136421 141597 135501 132892
Iron and Steel Production & 109760 103116 95062 73190 76100 77370 74517
Cement Production 33278 36847 41190 45910 46562 45229 41147
Natural Gas Systems 37317 42249 29394 29472 29526 30816 29973
Lime Production 11533 13325 14088 14379 15100 14595 14344
Incineration of Waste 8049 11461 11270 12616 12684 13289 13128
Ammonia Production and Urea 16831 17796 16402 12849 12300 13968 11755
Cropland Remaining Cropland 7084 7049 7541 7854 7875 8319 7638
Limestone and Dolomite Use 5127 6651 5056 6768 8035 6182 7088
CH, 29209 29202 27907 26341 27058 27105 27015
Enteric Fermentation 6303 6844 6513 6509 6619 6723 6707
Landfills 7111 6860 5747 5980 6050 6023 6016
Natural Gas Systems 6169 6313 6223 4935 4907 4738 4591
Coal Mining 4003 3193 2881 2710 2776 2765 3206
Manure Management 1395 1612 1837 2011 2015 2183 2144
Petroleum Systems 1613 1524 1439 1344 1344 1372 1384
Wastewater Treatment 1120 1183 1199 1158 1166 1162 1158
Forest Land Remaining Forest 152 203 681 467 1027 953 568
Rice Cultivation 339 363 357 326 282 295 343
Stationary Combustion 353 340 315 312 294 309 319
N,O 1041 1107 1118 1062 1066 1060 1029
Agricultural Soil Management 656 664 678 696 681 681 696
Mobile Combustion 142 174 172 119 108 98 84
Nitric Acid Production 64 71 70 59 58 69 64
Manure Management a7 50 54 54 56 56 55
Stationary Combustion 41 43 47 47 47 47 46
Forest Land Remaining Forest 9 12 39 27 58 54 33
Wastewater Treatment 12 13 14 15 15 16 16
N.O from Product Uses 14 15 16 14 14 14 14
Adipic Acid Production 49 56 18 17 14 12 7
Composting 1 3 4 6 6 6 6




biological transformations that take place in the wastewdtssughout the plant.
Therefore, we should expect consistent and non-random GHG emissiortedraarious
process steps. However, fluctuations in the chemical compositiomeofintoming
wastewater, such as total organic and inorganic carbon (C) and niifdpeluring the
day complicate this pattern and should be reflected in changes in GHG emissions.
The WWTPs investigated for this study are the Stickney, North SideEgan WWTP
(Figure 1), operated by the Metropolitan Water Reclamation District ea@r Chicago
(MWRDGC). All three plants are plug-flow and employ activatedige single-stage
nitrification reactors to eliminate ammonia (jJHand decrease the chemical oxygen
demand (COD), but differ significantly in size, amount of wastewasated, aeration
technology used, incoming total nitrogen, and tank design.

By definition, the activated-sludge treatment process consistse®f basic steps:
(1) a reactor where the microorganisms responsible for treaamekiept in suspension
and aerated; (2) a liquid-solid separation unit, usually constitytezkttling tanks; and
(3) a recycle system to return the solids removed in (2) backheo reactor
(Tchobanoglous et al., 2004). Usually these three fundamental stepseegeed by
physical process units that remove settleable and floatable soldigrit (sand, gravel,
cinders, and other heavy solid materials that have subsiding wedoditi specific

gravities substantially higher than those of the organic putrescible solidsiawater).
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Figure 1. Location of the seven metropolitan WWTP in the @ area. The plant
Stickney, North Side, and Egan were investigatadisstudy



After step 2, the treated water is returned back to the hatater system (Stickney,
North Side), or sent to tertiary treatment (Egan) for chlorinatiotJV disinfection.
Scum from the primary settling tanks and the excess of sludgkiged in the aeration
basins are pumped to mesophilic (~36 °C) anaerobic digesters, erat@sedbic tanks
where the biological material is used as substrate for fertrmmt@nd methanogenesis.
Anaerobic digesters are present at Egan and Stickney, the lattdremting the excess
sludge from North Side. An overview of the physical and biological processsged is
reported inFigure 2andTable II.

The preliminary treatment includes removal of wastewatertitoasts such as
rags, sticks, and floatables, employing coarse and fine screens. Tisergnitoved in a
dedicated tank, the grit chamber. Air is pumped along one side intedtaamgular grit
chamber, to create a spiral flow pattern perpendicular todhetfirough the tank, and to
decrease the density of the liquid medium, which promotes partitlegeParticles
with higher settling velocities deposit at the bottom of thk tand are mechanically
removed and disposed of to landfills. Light, principally organic, pagiademain in
suspension and pass through the tank. Grit chambers are designed to remaum 0.21
diameter or larger particles. Once free of grit, the wastwa directed to settling tanks
dedicated tank, the grit chamber. Air is pumped along one side intedtamgular grit
chamber, to create a spiral flow pattern perpendicular todhetffirough the tank, and to
decrease the density of the liquid medium, which promotes partitlegeParticles

with higher settling velocities deposit at the bottom of thk tand are mechanically
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SUMMARY OF PHYSICAL AND BIOLOGICAL PROCESSES FOR ACTIVAID-

TABLE Il

SLUDGE WASTEWATER TREATMENT PLANTS

10

Treatment

level Type

Description

Operation or
process

Preliminary  Physical

Removal of wastewater constituents such as
rags, sticks, floatables, grit, and grease that
may cause maintenance or operational
problems with the treatment operations,
processes, and ancillary systems.

Coarse and fine
screens, grit
chamber

Primary Physical Removal of a portion of the suspended solids Primary settling
and organic matter from the wastewater, tanks with
removal of fine settleable solids scrapers

Secondary Biological

Removal of biodegradable organic matter (in
solution or suspension) and suspended solids,
nitrification/denitrification

Aeration basin

Clarifiers Physical Separation of treated water from biological Secondary

sludge through decantation clarifiers
Sludge Biological Anaerobic biological removal of excess sludge  Anaerobic
and scum biomass and residual organic matter digesters
treatment

removed and disposed of to landfills. Light, principally organic, pagicemain in
suspension and pass through the tank. Grit chambers are designed to remauen 0.21
diameter or larger particles. Once free of grit, the wastsws directed to settling tanks
for primary treatment. Primary treatment is designed for remoia portion of the

suspended solids and organic matter from the wastewater, and skfilgable solids.
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Primary tanks remove 50-70% of suspended solids and 25-40% of 5-day biological
oxygen demand (BODS5) (Tchobanoglous, 2004). Generally, the primary settikg) ta
are equipped with scraper flights attached to a conveyor belarfgrdar tanks) or a
single scraper with circular motion (round tanks). The scrapérstble surface and the
bottom to collect floating material and settled solids repaly, which are transferred to

the anaerobic digesters for further treatment. Therefore, troks sanle constantly being
removed from the tank. An older type of primary tanks, called “Imhtafiks, are still in

use at the Stickney WWTP; these tanks are not equipped with sceaqokethe settling of
particles happens solely by gravity. These tanks have to be scrapedllynaamc
accumulate organics at the bottom, where anoxic conditions can develop.

Due to the high BOD5 load (usually 100-500 mg/L; MWRDGC monthly reports,
2009), and the low dissolved oxygen (DO) levels, the wastewater enteengant is
expected to maintain nearly anoxic conditions throughout the prelimimaryp@mary
treatment steps. However, the introduction of air in the grit beammomplicates this
pattern, as local aerobic micro-sites may develop. The primaryingettanks,
characterized by slow water flows, usually develop strictly anaerobic conditions

After preliminary and primary treatment, the wastewater emastors (aeration
batteries), where atmospheric air is pumped into the waterubimesged diffusers to
supply oxygen for an aerobic bacterial mass (activated sludge) thanwemshe BOD5
and nitrifies the NH present in the wastewater or produced during BOD5 consumption.

At the three plants that are the objects of this study, thé@ekasins are constituted by
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several tanks, each one subdivided in 3-4 sections (passes). Tewatastrom the inlet
point flows through the passes in sequential order, therefore the DOhicoraeeases
along the path from the first to the last pass. The chemistityecheration basins is the
result of complex interaction between organic (e.g. microbialiredgm, synthesis,
oxidation of organic matter, nitrification, denitrification) and inorga(@.g. formation of
carbonates, inorganic oxidation) processes.

The microbiology of the mixed liquor (wastewater + microorganisimsthe
aeration basin is complex and varies from plant to plant (CurtisCxade, 1998).
However, some groups of bacteria are present in the vast mabrtgtivated-sludge
plants. These are typicalblpha beta andgammaProteobacteria Planctomycetesand
members of the~ibrobateres-Chlorobi-Bacteroidete§ FCB”) group (Blackall et al.,
1998). The most common genera responsible for ammonia oxidatidtitewsomonas
andNitrosospira(Wang et al., 2010; Bae et al., 2011), while denitrifying microorganisms
usually belong to the genePseudomonaandParacoccuqTchobanoglous, 2004).

Assuming COHNS as representative (but non-stoichiometric) conguosit the
organic matter in the wastewater, angHENO, as the average composition of bacterial
cells (Hoover and Porges, 1952), the following set of reactions can beleradsia
simplified, non-stoichiometric representation of the main biochdmpmacesses

occurring in the aeration basin (Tchobanoglous et al., 2004):
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Oxidation of organic matter and synthesis of new cells:

(1.1) COHNS + @+ nutrients> CO, + NH; + GH7NO, (new cells) + other products

Endogenous respiration of bacterial cells:

(1.2) GH/NO, + 50, 2 5CQO, + 2H,0 + NH; + energy

Nitrification (two-step process, requires both Nokidizer and nitrifier bacteria):

(1.3) NH" + 3% 2 2NO, + 4H + 2H,0

(1.4) 2NQ + O, > 2NO5

Denitrification:

(1.5) NG = NO; > NO > N,O > N,

where the electron donor can be represented by: COD in thewedsr, COD produced
by endogenous decay of bacteria, or an exogenous source.

The anaerobic digesters operate under strictly controlled mesophd6°C)
anaerobic conditions allowing microorganisms to use the excess sladggbstrate to

produce inorganic matter (mainly sulfates), Gitd CQ (Parker and Owen, 1986). The
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production of CH is so prominent in the digesters, that the majority of theigas
recovered and used as a power source for the boilers locateal thétreatment facility.
The anaerobic digestion process involves three steps: 1) hydrolyde gfarticulate
material into soluble compounds; 2) fermentation of amino acidstsswuayad fatty acids,

to produce acetate, hydrogen, £/@nd minor amounts of formic acid, methylamine, and
carbon monoxide; 3) methanogenesis, where the products of fermentatiosedras
substrate by strictly anaerobic methanogens to producg C&, H,O, and minor
amounts of NH (McCarty and Smith, 1986).

The solids obtained after anaerobic digester treatmentcir@rnutrients and are
centrifuged to remove excess water, and shipped to drying beds wherearthey
periodically overturned to facilitate evaporation of the residuater. Once dry, these
bio-solids are made available as class B biosolids for gatiin. Until completely dry,
the microorganisms present in the biosolid piles continue degrading the org&mi@ima

The three plants investigated for this study employ similar phyai@hichemical
processes for wastewater treatment; however, marked differexégt between them,
(Table 1lI'). The differences between the plants allow for comparative amays
determine factors most important in controlling GHG production.

The Stickney WWTP located in Stickney, lllinois is a single staifydfication
sludge plant that has a design average capacity of 1.2 billion gakorday and serves
2.5 million people. In 2009, the plant treated an average of 761 millioongadif

wastewater per day (MGD) with average influent concentration$1@# mg/L total



15

solids, 33 mg/L TKN, and 220 mg/L BOD5. The incoming wastewater iisisfd two
separate process strearRgg(re 3). The West Side influent process flow is as follows:
1) Screens; 2) Skimming tanks; 3) Grit chambers; 4) Imhoffigmy tanks; 5) Aeration
batteries; 6) Secondary settling tanks; and 7) DischargeWdst Side Imhoff sludge

process train is as follows: (1) Floating cover anaerobic digeg®) Post digestion

TABLE Il
SUMMARY OF DIFFERENCES BETWEEN THE THREE PLANTS STUME

WW ~ People Primary Imhoff  Aeration Secondary Anaerobic TS TKN BOD5
treated served ) o .
(MGD) M) tanks tanks basins clarifiers digesters (mg/L) (mg/L) (mg/L)
Rectangular
Stickne 750 25 wlth scraper Yes S_lde Round with Yes 1114 33 220
y flights on diffusers rake
conveyor belt
. Side
Zﬂgfge with diffusers Round, No (treated
North 227 14 scraperin No (Southyand adapted 748 195 101
Side . full bottom  from square ..
circular . - Stickney)
: diffusers with rake
motion (North)
Round with
single . .
Egan 28 0.17 scraperin No S_|de Round with Yes 906 28 195
. diffusers rake
circular
motion

MGD = Million gallons per day; M = million; TS = total solidsKN = total Kjeldahl
nitrogen; BODS5 = biological oxygen demand (5 days).

centrifuge; and (3) Biosolid drying beds. The Southwest Side influerdeps is as
follows: (1) Screens; (2) Aerated grit tanks; (3) Primaritling tanks; (4) Aeration

batteries; (5) Secondary settling tanks; and (6) Dischargeieatf from the West Side
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Imhoff tanks and Southwest Side primary settling tanks are combirgdtgrentering
the aeration batteries. The Southwest Side preliminary sludgmnisentrated in
concentration tanks and combined with the waste activated sludfjeNarth Side
WWTP sludge. The combined sludge process train is (1) Pre-digesintrifuge; (2)
Anaerobic digesters; (3) Post-digestion centrifuge or facultitg@ons; and (4) Biosolid
drying beds. There are eight aerated grit tanks, 16 skimming tanks,n28npsettling
tanks, 96 secondary settling tanks, and 24 anaerobic digesters. There aerdtion
batteries (A-D), each having eight tanks with four passes; th¢iometanks employ
spiral roll diffuser plate systems. Additionally, there areehirahoff batteries with 36
tanks in each battery. The North Side WWTP located in Skokie, lllia@ssingle stage
nitrification plant that has a design average capacity of 333 MGDRemwds 1.4 million
people. In 2009, the plant treated an average of 245 MGD with averdgeninf
concentrations of 748 mg/L total solids, 19.5 mg/L TKN, and 101 mg/L BAB.
wastewater influent process flow is as follows: (1) Coacseess; (2) Aerated grit tanks;
(3) Fine Screens; (4) Primary settling tanks; (5) Aeratidtebas; (6) Secondary settling
tanks; and (7) Discharge. The primary and secondary sludge colteoiad treatment
is pumped to the Stickney WWTP for treatment. There are sitedegmit tanks, 16
primary settling tanks, and 64 secondary settling tanks. There aradi@iion batteries
(A-D) where three aeration batteries (A-C) have 12 tanks andiagle pass systems.
The final aeration battery (D) has seven tanks, which are doublespsigsns. All

aeration tanks employ spiral roll diffuser plate systems.
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The Egan WWTP located in Schaumburg, lllinois is a single stagécation
and tertiary filtration plant that has a design average capzfcy MGD and serves 0.17
million people. In 2009, the plant treated an average of 28 MGD witlagerenfluent
concentrations of 906 mg/L total solids, 28 mg/L TKN, and 195mg/L BOD® T
wastewater influent process flow is as follows: (1) Coarsefiapdscreens; (2) Aerated
grit tanks; (3) Primary settling tanks; (4) Aeration batter{®) Secondary settling tanks;
(6) Seasonal chlorination in contact tanks; (7) Dual media bieels; and (8) Discharge.
The primary and secondary sludge are combined and treated accorthegfddowing
solids train: (1) Gravity Belt Thickeners; (2) Fixed cover aolaierdigesters; (3) Post
digestion centrifuge; and (4) Drying beds or land application. Theréoar aerated grit
tanks, four primary tanks, and eight secondary settling tanks. Therfowar aeration
batteries where each battery has three tanks with threespasehe North Aeration
Battery has full floor diffuser plate coverage, tapered aeratiod,a baffle in the first

pass for each tank. The South Aeration Battery has spiral roll aeration.

1.4 POTENTIAL SOURCES OF GREENHOUSE GAS

1.4.1 Nitrous oxide

Nitrous oxide can be released as a by-product of incomplete aitiofic and

denitrification during biological water treatment (Equations 1.3-1.5), lwhiwinly
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occurs in the aeration basin. Nitrification is a two-step @m®eehere each step is carried
out by a specific group of microorganisms. Ammonium-oxidizing bactertharchaea
convert ammonia (N, which at the typical wastewater pH ~7 is present ag NH
nitrite (NO,), while nitrite-oxidizing bacteria convert NOto nitrate (NQ). Even
though NO is not present as an intermediate in the main catabolic paifkribEation,
ammonium oxidizing bacteria are known to produe®N This has been predominantly
associated with nitrifier denitrification, a well-known metabopathway used by
ammonium-oxidizing autotrophic bacteria. Denitrifying nitrifiers emplaymonium
(NH4") as the electron donor at first to produce,N@nd then use the NQas electron
acceptor effectively employing both nitrification and denitrifieatimetabolic pathways
at the same time (Ritchie and Nicholas, 1972; Bock et al., 1995). Naxudes emissions
due to chemical reactions of unstable biological intermediates dlawebeen observed
(Colliver and Stephenson, 2000).

Nitrous oxide is also an intermediate product of denitrificatidmerefore
incomplete denitrification can lead to® emission. Many denitrifying microorganisms
are facultative denitrifiers, capable of using NOr NO; as alternative oxidants to
oxygen. (Robertson et al.,, 1989). It is generally agreed that anaerobiotiugthic
denitrification is the dominant denitrification pathway in wastemtgatment. However,
laboratory-scale experiments by Otte et al. (1996), and CollivérSaephenson (2000)
have shown that both nitrifier denitrification and aerobic deiu#tifon yield more MO

than heterotrophic denitrification. Non bacterially-mediated reastbetween N and
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hydroxylamine can produce,@ (Van Cleemput, 1998), but to make this contribution
significant, hydroxylamine production by ammonia oxidizing bacteriagaired, which
complicates the distinction between chemical and biologicaD Nproduction
(Kampschreur et al., 2009). Identification of the processes respofwilNeO emissions
from wastewater treatment is essential if these eomsswill require mitigation in the

near future.

1.4.2 Methane

Methanogens utilize end products of anaerobic fermentation under anaerobic
conditions to produce GHCQO,, and HO. Methanogens can use a number of substrates
for their metabolism. In wastewater treatment, the most commiastrates available to
them are hydrogen, acetate, formic acid,,C&rbon monoxide, and minor amounts of
methylamine and methanol (McCarty and Smith, 1986). A representativeof se

methanogenic reactions using these substrates are (Madigan et al., 1997):

(1.6) 4+ CO, 2 CH; +2H,0

(1.7) 4HCO® 4H' > CH, + 3CQ +2H,0

(1.8) ACO + 28 > CH; + 3CQ

(1.9) ACHDH > 3CH, + CO, + 2H,0

(1.10) 4(CH)sN + HO > 9CH4 + 3CQ + 6H,0 + 4NH;

(1.11) CHCOOH- CH, + CO;
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Methane is an expected end product of anaerobic treatment of the sixckge in
the anaerobic digesters from where it can leak out, depending oipéheftcover on the
digesters. However, anaerobic conditions favorable to methanogens majeadsop
during preliminary and primary wastewater treatment, particulaiigirwimhoff-type
primary tanks, due to the inefficient solid removal that l¢adsccumulation of organic
matter at the bottom. Finally, residual anaerobic pockets mightdseniras micro-sites
in the aeration basins, especially in the section close to thehatateceives the primary

treated water and within the bacterial floc.

1.4.3 Carbon dioxide

Among the GHG emissions produced by wastewater treatmentjsGfe most
common, both by the number of biological processes through which it is pohdard
by total amounts released as off-gas. In aerobic processesisGD end-product of
oxidation of organic matter, synthesis of new bacterial cells, addgenous respiration
(reactions 1.1-1.2). In anaerobic processes; I€@n end-product of both fermentation
and methanogenesis (reactions 1.6-1.11). As such, énissions are predominant in
both aeration basins and anaerobic digesters, and are expected in amoonts
throughout the treatment plant. In accordance with the IPCC reportideliges, special
consideration is necessary when reporting carbon dioxide emissionsbioomass to
ensure that there is no double counting. Carbon dioxide emissions froaeriblgic

treatment of domestic wastewater are not to be included in imets it is assumed
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that the biomass is produced in a sustainable manner, and tbe&Z€}ais assumed to be
carbon-neutral. The COreleased by the degraded biomass is replaced by growing
biomass, which in turn reabsorbs the same amount of atmospheria earbeas given
during the aerobic wastewater treatment process. This assumptiameionly if the
biomass is produced without fossil fuel input, which is rarely the, Gsfossil fuels are
commonly used directly or indirectly to power the machinery employed both in
agriculture and in wastewater treatment (Bani Shahabadi,e2(dl0). Anthropogenic
CO, can also be produced by wastewater treatment at petroleumeries (USEPA
2009). Methane and nitrous oxide emissions must be reported for \@tsténwwatment as
there is no reverse biogenic mechanism by which replacement dsamimoves these

emissions from the atmosphere (IPCC, 2006).

1.5 PREVIOUS STUDIES

1.5.1 Estimate of GHG emissions from WWTPs based on IPCC Guidelines
Wastewater-derived JO and CH emissions have been reported in the yearly
USEPA “Inventory of U.S. Greenhouse Gas Emissions and Sinks” publishey si@ce
1996. To date, the reported data cover the period 1990-2008. The USEPAi@vaitia
these GHGs is based on the mathematical models developed lIRGGeGuidelines

(Doorn and Eklund, 1995; Doorn and Irving, 2006). These models do not involve direct
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measurement of 0 and CH emissions, and have some uncertainties. The model
assumes that J0 sources from WWTPs are limited to denitrification in an@ooes
(USEPA, 2010). Furthermore, the IPCC Guidelines for estimatpd¥nissions assume
that NO production within the WWTPs can be considered negligible, and that the onl
significant NO source is subsequent denitrification of residual N in the WWiTlreet.
According to the IPCC Guidelines, the contribution of the WWTPs,@ &missions is

calculated as follows (Doorn and Irving, 2006):

(1.12) NZOPLANTE = I:).-I_PLANT * I:IND—COM * EI:PLANT

where:
N2Op_anTs = total NO emissions from plants in the inventory year, k@QN
P = human population
TeLant = degree of utilization of modern, centralized WWTPs, %
Fino-com = fraction of industrial and commercial co-discharged proteifgulte
value = 1.25, based on data in Tchobanoglous et al. (2004)
EFsLant = emission factor, assumed to be 3.2 X k§ N,O/person/year for non-

BNR treatment, and 7.0 x T&kg NO/person/year for BNR treatment.

The contribution of denitrification of residual nitrogen tgCNemissions in the effluent

can be calculated as follows:
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44

(1.13) N,O 28

missions: I\IEfquent. EFEfquent.
where:
N2O Emissions = NbO emissions in inventory year, kg@®ly
N Effluent = nitrogen in the effluent discharged to aquatic environments, kg N/y
EF Effluent= emission factor for pO emissions from discharged to wastewater, kg
N,O-N/kg N
The factor 44/28 is the conversion of kgONN into kg NO.
Based on limited field data, the default IPCC emission fad&i) for NbO emissions
from domestic wastewater nitrogen effluent ranges from 0.0@62t kg NO-N/kg N,
0.005 being the standard value used when no other information is availaliegziore

representing a conservative estimate.

CH, emissions frondlomestiovastewater are calculated as follows:

(1.14) CH4Emissions: [Z| j(Ui .Ti,j ¢ EFJ)]. (TOW_ S)_ R

where:
CHj4 Emissionss CH, emissions in inventory year, kg GM

TOW-= total organics in wastewater in inventory year, kg BOD/y
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S= organic component removed as sludge in inventory year, kg BOD/y

U; = fraction of population in income groum inventory year

Ti; = degree of utilization of treatment/discharge pathway or sysjefor each
income group fractiohin inventory year

i =income group: rural, urban high income, and urban low income

j = each treatment discharge pathway or system

EF = emission factor, kg Ci#tkg BOD

R = amount of CHrecovered in inventory year, kg GW

EF values are country-specific, and require a correction facipendeng on type of
wastewater treatment. The gHemission factor for thejth domestic wastewater

treatment/discharge pathway or system is calculated as follows:

(115 EF = B+ MCF

where:
EF = emission factor, kg Ci#kg BOD
j = each treatment/discharge pathway or system
Bo = maximum CH producing capacity, kg Cikg BOD

MCF; = methane correction factor (fraction); suggested MCF values are ceporte
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by Doorn and Irving, 2006.

Country-specific data for Bshould be used where available. If country-specific data are
not available, default values of 0.6 kg &k BOD5 removed or 0.25 Ghkg COD
removed can be used (Doorn and Irving, 2006)., Ghissions fromindustrial

wastewater are calculated as follows:

(1.16) CH4Emissions: Z[(TOVVI - S)] ¢ EI:I - R

where:
CH4 Emissions= CH,; emissions in inventory year, kg GM
TOWi = total organically degradable material in wastewater from industry
inventory year, kg COD/y
I = industrial sector
S = organic component removed as sludge in inventory year, kg COD/y
EF = emission factor for industiy kg CH/kg COD for treatment/discharge
pathway or system(s) used in inventory year. If more than one treatment practice is
used in an industry this factor would need to be a weighted average.

Ri = amount of Ckirecovered in inventory year, kg GW.
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An EF value of 0.25 Cihkg COD removed is used if measured EF values are not
available. Therefore, the EF constitutes the biggest sourcearfierthis model, as a
direct measurement is often impractical and would require aletetaiudy of each
specific treatment facility and wastewater pathway. The mdéherefore a tool to
quantify total GHG fugitive emission fluxes, but does not provide angrrivdtion
regarding the specific processes that cause the emissionsvétptie IPCC model can

be quickly applied to each specific wastewater treatmentitjaco estimate the
magnitude of expected GHG emissions. For example, the IPCC modetdappli
Stickney yields values ranging from 7.4%16 9.3x18 kg/y for N;O, and from 5.6x10

to 14.6x16 kgly for CH, emissions respectively, depending on which EF values are
chosen. Additionally, Bani Shahabadi et al. (2010) proposed a mathdmatidal that
takes into account the various steps of the wastewater trgat@amel also considers the
off-site emissions due to factors such as power production to rumacigy, and

transportation of materials to and from the treatment plant.

1.5.2 Compound-specific GHG emissions from WWTPs

Early full-scale and lab-scale studies on WWTP emissions dgnfreused on
guantification, modeling, and control of hazardous volatile organic compd\iaiSs)
and odors, rather than GHG (DeHollander, 1997, and references thereih).thé/it
recognition of WWTPs as significant sources of GHGs (Sahebl.e2006), several

models and field studies have been developed to quantify these emissibiises
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specific sources. Due to its high GWP (310; IPCC 2007) and ODP (Ra¥ishankara
et al. 2009), MO has been the main focus of most direct studies. Literature exeport
high variability in the fraction of nitrogen emitted asONfrom wastewater treatment,
with values ranging from 0 to 4% for full-scale studies and fratm 85% for lab-scale
studies (Kampschreur, 2009, and references therein). It is agreedyenowieat
biological nitrogen removal is a significant contributor to atmosphex@, lind that MO
production mainly occurs during aerobic nitrogen removal. A single study régbee
N>O emissions from different types of WWT bioreactors in 12 U.Slitfas (Table IV,
Ahn et al.,, 2010), finding diurnal variability in the,® production, and a good
correlation between the variations of TKN, N@nd NO emissions throughout the day.
Their calculated emission factors show a wide range, from 0.28 tg 140/person/year
(g/Pely). No studies were found whergONor CH, emissions from each step of the

wastewater treatment were reported.

1.5.3 Stable isotope studies and bacterial N fractionation

The majority of the isotopic studies that can be related to wasteweatment
concern NO. The main focus of these studies was to distinguish the production
mechanism of BD, particularly nitrification/denitrification. Isotope studies dhe
biological N-cycle report wide variations in the degree of N isotéraictionation both
during nitrification and denitrification (Heaton, 1986). For the overdiification

process:
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TABLE IV

SUMMARY OF N;O INVENTORY
MEASURED AT SEVERAL FULL-SCALE

WWTPS
WWTP Water T Emission fraction
configuration () (% of TKN)
Separate
stage 14.7 0.05
nitrification
Four-stage
Bardenpho 136 0.18
Step-feed
BNR 29.4 3.2
Step-feed 17.4 0.26
Plug-flow 1 11.4 0.6
Plug flow 2 11 0.1
(1.17) Organic-N> NH;" > NH30H > NO, > NOs

it has been observed that, while the conversion of organic-N 16 iNtblves very little
fractionation (about 0 %o), the following steps, yield large kintictionations, between
-38 and -5%. Nitrosomonasand Nitrosospirg Casciotti et al., 2003; unidentified soil
denitrifiers, Mariotti et al., 1980). Similar values have been teddior denitrification

processes:
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(1.18) NG@ 2 NO, 2 NO> N;O> N,

for which fractionations of -35%. (unidentified groundwater denitrifie¥sgel et al.
1981), -40 to -30%o0 (unidentified oceanic denitrifiers; Cline and Kad@i5), and of -
33 to -10%0 (laboratory experiment; Mariotti et al., 1982) have been rep@imilar
values were also reported by numerous studies on denitriffera the genera
Pseudomonaand ParacoccugqYoshida, 1984; Toyoda et al., 2005; Sutka et al., 2006;
Ostrom et al., 2007). In general, both nitrification and denitrificapimtesses yield a
>N-depleted metabolic product and a substrate that is passivaiehin'>N. Mariotti
et al. (1982) demonstrated that the rate of fractionation during dieatton increases as
the rate of reduction decreases. For extensive denitrificatiovet tropical forest soils,
Perez et al. (2000) found that isotopically heay®@Nan form as residual.®, and that
the NO isotopic signature was regulated both by the isotopic compositioheof t
substrate and by the,@ emission rate. Due to its high variability, the sole use of bulk
1N to constrain the metabolic pathway responsible fe© Nproduction can be
inconclusive in some cases (Koba et al., 2009).

In recent years, however, Sutka et al. (2006) have demonstrated théfiogtiamt
of the relative abundances BN in the central) and terminal §) N atoms in the pD
molecule (“site preference” or “isotopomer ratio”) canused to isotopically distinguish
nitrification by denitrification. Isotopic studies on® production by the denitrifiers have

shown that the isotopomer ratios (site-specific intermoledllesotope ratio analysis) of



31

NO reflect production and consumption of this GHG gas. This paramsatanied “Site

Preference” (SP), and is defined as:

(1.19) SP 3"°Ny—5"Npg

where a and 3 indicate the central and end N atom in the linear N-N-O molecule
respectively. The SP has been shown to yield information that igandent of
conventional (bulk) isotopic ratio. For example, Toyoda et al (2005) foundtieig
denitrification experiments in lab reactors usifgaracoccus dentrificansand
Pseudomonas fluorescerte SP is almost constant while the b&tRN varied by 10-
20%0. Sutka et al. (2006) found a distinctivegONSP value of 33%o. for nitrification by
ammonia oxidizing and nitrifying microorganismsitfosomonas europaea, Nitrosospira
multiformig and of 0% for denitrification by both denitrifiersPgeudomonas
chlororaphis and Pseudomonas aureofacjeasd nitrifying denitrifiers Nitrospira
multiformig. A study on the biological nitrogen removal (BNR) reactor of an aehnc
metropolitan WWTP in Tokyo showed that isotopomeric data can be asgntify the
relative contributions of nitrification and denitrification tgQ\production (Toyoda et al.,
2011). The BNR operation at this plant includes anaerobic, anoxic andeps; sn the
basis of bulk N and isotopomeric N compositions, the authors conclud@ YH&tO is
mainly produced by denitrification and partly reduced in the anoxic tank; (2

hydroxylamine oxidation and NOreduction contribute nearly equally to theON
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production in the entrance of the oxic tank; and (3)sN@duction (nitrifier-
denitrification) is the main pathway ob@® production from the middle to the end of the
oxic tank, and (4) hydroxylamine oxidation slightly dominates oves Kguction in the
secondary settling tank and.® is partly reduced. For these distinctive results,
isotopomer analysis of J is rapidly becoming a popular technique to determine the
biological processes responsible fofONproduction (Toyoda et al., 2005; Wesley et al.,

2006; Jinuntuya-Nortman et al., 2008; Toyoda et al., 2011).

1.6 TIMELINE AND OBJECTIVES OF THIS STUDY

This study is constituted by a three-year project that had thaeeabjectives: (1)
Identify the main sources of , and CH emissions from the Chicago metropolitan
WWTPs of Stickney, North Side, and Egan managed by the MWRDGC,; (2jnitede
measured full-scale total fluxes for,® and CH and their emission factors; and (3)
identify the biological reactions responsible faxN\oroduction.

The project was subdivided in three stages. Stage 1 (Septemberidén2008)
was constituted by a pilot study on the Stickney WWTP to evaluatatinef emissions
of NoO and CH from various steps of the wastewater treatment process. irharpr
objectives of this reconnaissance study were to determine the magoituG&lG

emissions from different treatment steps, and to identify wkimhrces carried the
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highest environmental impact. A secondary objective was to teatietyvof sampling
and analytical methods. This initial approach included the collectidranalysis of 55
samples.

Stage 2 (June-December 2009) was an extensive survey to detemmitatal
fluxes of NO and CH from the different treatment processes and plant exhausts from the
WWTPs of Stickney, North Side, and Egan. All three plants emploglesstage
nitrification reactors but differ significantly in size, amount whstewater treated,
aeration technology used, incoming Total Kjeldahl Nitrogen (TKN), and teskgn.
Therefore, the comparison of these WWTPs and effluents provided aughor
characterization of potential greenhouse gas emission and per capadons. The
results were compared to theN and CH emissions obtained following the IPCC
protocol for the calculation of GHG emissions from WWTPs.

Stage 3 (June-November 2010) consisted in a detailed studg@n(¥H,, and
CO, emissions from aeration battery B at the Stickney WWTP. The améctive at this
stage was to understand which biological pathway/s is responsibidy@production
within the aeration basins. We used concentrations, and bulk and sifeespigogen
stable isotope data on,@(g) and aqueous N species (ammonia nitrogens-Ntnd
nitrate nitrogen, N@N) to determine: (1) distribution of the aqueous N species dlang
flow path of the wastewater in a single aeration basin t@)lstéble isotope trends in the
agueous N species along the wastewater flow path that couldalbedréb nitrification

and/or denitrification processes; (3) production mechanism,Gf bhsed on the site
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preference (SP) data; (4) a N isotope mass balance for a @inglef the aeration basin.
An additional objective was to isotopically characterize the &kl CQ emissions from

the aeration basin, the anaerobic digesters, and the Imhoff tanks.
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CHAPTER 2

METHOD DEVELOPMENT AND ADOPTED EXPERIMENTAL
METHODOLOGY

2.1 SAMPLING AND STORAGE METHOD TESTS

Four methods were tested for collection and storage of fugitive ienmsss
ambient air, or exhaust gas samples from unit processes; te#sedsiare described in
the following section.

Method 1:60 mL plastic syringe with gas-tight valve and pre-evacuated viarays
60 mL plastic syringe was used for sample collection; the symegele was inserted
into the desired source. The syringe plunger was drawn and releasetinieewith the
gas sample to flush the syringe volume. A final 50 mL gas samgl¢hena collected; 10
mL were flushed out before inserting the syringe needle into a peated (P < 10
pMTorr) 20 mL evacuated glass vial with an Exetaiftegas-tight rubber septum top.
About 25-35 mL of the gas sample was pushed into the vial to ensurdieepossure
(2-10 psi) to prevent contamination by atmospheric air in case of leakage.

Method 2: 150-500 mL pre-evacuated glass bulbs with stopotetk The glass bulbs

were pre-evacuated (P < fu@orr). Upon sampling, the bulb inlet was positioned at the

35
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desired source, and the stopcock was slowly opened. A gas samplawasmdide the
bulb, and the stopcock was closed to preserve the sample.
Method 3: 60 mL plastic syringe with gas-tight val8ame procedure as per Method 1,
but the sample was preserved inside the syringe instead of bewstetrad to a pre-
evacuated vial. The needle was removed after collection, withatlie closed to isolate
the sample; two models of valves were tested.
Method 4: AC'SCENT vacuum chamber with gas-tight 1L polyvinyl-fluoride
(TEDLAR™) bagsThe sample was withdrawn from the desired source using flexible
plastic tubing connected to the vacuum chamber sampling input valve-eAgraated 1
L sampling bag was placed inside the vacuum chamber. During eapidir each
sample bag in the vacuum chamber was conditioned allowing airl&teidieflate the
bag. After the equilibration time the sampling line was flushed fb® 3econd with the
sample gas before a sample was collected in the bag. Samplingdsn@5-2 minutes.
The vacuum chamber was evacuated using a built-in air pump, calsisgmple bag
inside to inflate, while about 500 mL of sample was passively dratenaind collected
inside the bag. The bag valve was closed and the bag stored until analysis.

These four methods were tested using a standard gas mix contai@ipgri of
N>O and 1000 ppmv of CH Samples were collected in triplicate for each method, and
each sample was analyzed by gas chromatography (GC) as descridmdion (2.3).
Analytical results are reported Table V and inFigures 4-5 Methods 1 and 2 presented

the lowest standard deviations and were the most accurate amomfgutheethods
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considered, while the syringe storage proved to be the least tecowgthod, possibly
due to leaky stopcocks and/or valves. Additionally, Methods 1 and 2 aster i< 1
minute per sample) than Method 4 (10-15 minutes per sample). To ftethehe shelf
life of gas samples stored in the ExetalMeglass vials, four samples were prepared
using a gas mix of about 100 ppmyNand 650 ppmv of CHThese four samples were
analyzed by GC at 0.5, 44.5, 71.0, and 240.0 hours after sample prepafafiva 6).

No significant variation were observed between the four runs, showinththaamples
still maintained their BO and CH initial concentrations after 10 days shelf time.
Methods 1 and 2 were used, sometimes interchangeably, as methodsefdthimig the
2009-2010 extensive sampling campaigns at the Stickney, North Side, and/BiEPs.
Method 1 was the main sampling method. All sample vials weredatlibrate at
laboratory temperature (20°C) overnight before GC analysis, and all esmalsre
completed within 3 days from collection, to ensure that sample ¢bastics did not

change due to a longer shelf time.

2.2 FIELD METHODS

2.2.1 Off-gas emissions capture
All gas samples, from all sources, were collected at leasluplicate for GC

analysis; when other types of analyses were required, an appropraber of additional



TABLE V

ANALYTICAL RESULTS FOR A 100 PPMV NO AND 1000 PPMV CH
STANDARD GAS MIXTURE USING FIVE DIFFERENT COLLECTI®

DEVICES.
Average Average
Method (p'\;fv) (p%';l‘i/ y N0 Stdev  CHi  Stdev
(Ppmv) (ppmv)
Vial 1 99 989
Vial 2 104 1023 99.7 4.0 1003 17.6
Vial 3 96 998
Bulb 1 95 964
Bulb 2 91 1012 96.3 6.1 989 24.1
Bulb 3 103 991
Syr 1 (white) 79 936
Syr 2 (white) 93 981 91.7 12.1 980 43.5
Syr 3 (white) 103 1023
Syr 1 (blue) 105 1041
Syr 2 (blue) 95 977 96.0 8.5 988 48.9
Syr 3 (blue) 88 945
Bag 1 94 1023
Bag 2 87 976 91.7 4.0 992 26.9
Bag 3 94 977

Stdev = standard deviation; Syr = syringe (blue/white = color-coded valves).

38



39

120

100 -+ ]

N,O (ppmv)
|
\
I
|
|
|
I

40 +H H H H H H o
20 H H H H H —
0 T T T T T T T T T T
N O N TN DD
D @D @D VYV R R R VYO YRS
F I N N & & & P PP
Q’Q’Q’\\q,\rb\ "lz‘bQ)

Figure 4. N,O concentrations from different gas collectidevices containing a stande
gas mixture (see Table"

1200

1000 +=~17] - —

800 { {1 H1H e

600 —{ {1 .

CH, (ppmv)

O T T T T T T T T T T
NG > N s N AT e N g et 9 o

@D @ Y W N N N N N \ S .0
I QY o P sy oV oY &Y oV o Q)q,@ P> P

Figure 5. CH, concentrations from different gas collection desicentaining a standa
gas mixture (see Table"



40

110
. — S o [
’é\ 90 1 - 850 g
S 80 - —6—N20 100 ppmv 5
5 70 | - B -CH4650ppmv | | 750 =
™ I
Z. 60 - O,
m--" ~B------ B - 650
50
40 550
0.5 44.5 71.0 240.0

Shelf time (hours)
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samples were also collected. Plant intakes and exhaustsamaped through Method 1
or 2, withdrawing the sample directly from the source. The crosesaktrea of the
exhaust was recorded and the exhaust velocity measured using a T$&theelo? air
velocity meter. Temperatures were recorded at all samplogatibns using a
thermocouple thermometer with an accuracy of + 0.1 °C.

Off-gas emissions from liquid surfaces and biosolid drying beds wagtured
using floating off-gas hoods of different surface area (0.13 and 3.Camd volume
(0.025 and 0.84 i, depending on the process. The 0.F3anea/ 0.025 fivolume hoods
(Type 1 were stainless steel AC'SCENT™ flux hood chambers manufachyeSaint

Croix Sensory Inc., equipped with a tire inner tube to ensure @oté&igure 7). When
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not used for active surfaces (aerated basin and aerated gribe)agas sample
collection, this hood was also equipped with a 12V 4” diameter fansiare proper gas
mixing within. Samples were collected per Method 1 through a gaspaghtequipped

with a pierceable rubber septum or through a flexible rubber tube. The? Zuat0.84

m® volume floating hoodsTlype 3 were used exclusively for aeration basin and grit
chamber sampling at Stickney. They were custom built and equipped Witkd elbow

joint and a 5 cm ID flexible plastic hose to ensure proper gasdtamvminimal pressure
build-up Figure 8). Gas samples were collected using Method 1 through a needle-size
hole located approximately 3 m from the hose outlet.

To collect the off gas from the ~15 cm wide annular space betthieeftoating
cover and wall of the anaerobic digesters at Stickney, a spgtirahey device was
constructed. The sampling device (chimney) was made by attachiegdhe a 15 cm
diameter plastic funnel to a 50 cm polyvinyl chloride pipe. At theofape pipe is a T-
intersection equipped with a brass fitting sealed by a piercegiileséo allow sampling
using a syringe. To sample, the bell end of the funnel was placed abbeko®’ the
sludge surface channeling the off gas up through the apparatus, alMeiingd 1 to be
employed. A flexible Tygon™ tube coming out of the sampling apparatus wascteshne
to the T-intersection of a 10 mL glass flow meter that alder flux measurement
(Figure 9). The funnels were allowed to equilibrate for 30-60 minutes, dependititgeon
flux, so about 3 bed volumes of fugitive gases were flushed through thdsflehere a

sample was collected. The travel time of the gas through the feterfmom the 0 mL to
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10 mL gradation was recorded. Three funnels were used at eacledigesdifferent
locations, and for each funnel 15 flux measurements were taken, thexdfuied of 45
flux measurements were averaged for each digester in ordstit@ae an average flux

(m3yr). Flux calculations are described below in section 2.4.

2.2.2 Sample collection for isotopic analysis

Samples for Nif isotope analysis were filtered through a Quasfilter, and the filtrates
were collected in 1 L polyethylene bottles with Polyseal caps. Each sample sav@de
by adding 2 mL concentrated,$0, to achieve a pH value < 2 and stored at 4°C until
analysis. Samples for NONOs isotope analysis were filtered through 0448 filters,
and stored in 125 mL polyethylene bottles. Samples were preservedding aone
reagent-grade “pellet” of NaOH to achieve a pH value of 10-11, taneldsat 4°C until
analysis. Gas samples for ¢kotope and PO isotope and isotopomer analysis were
collected by attaching 500 mL pre-evacuated glass bulbs to the hdsegitadrawing
sample gas until the bulb was full (Method 2). The bulbs were alsedsad 4°C before
analysis. Samples for suspended solids isotope analysis wereetbltecthe 0.4mum
silica-glass fiber filters. The filters were freezeedrin laboratory and preserved at -4°C
until analysis. Samples for GQsotope analysis were collected per Method 1 and

analyzed the following day after equilibration at laboratory temperature gterni
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usec for a variety of liquic
surfaces and biosolid dryir
beds samplini

Figure 8. Type Il flux hoods
usec for sampling at th
aeration bass ad grit
chamber at Stickn. The
chamber in the pictu is
approximately 2m x 1.5m i
size.

Figure 9. Sketch of the
b Sampling port custon-built chimney device
used for of-gas sampling c
. the floatini-cover anaerobi
digesters

Flow meter

Chimney




44

2.2.3 Sample collection for water quality analysis

During certain sampling events in the aeration basins and grit chaatbe
Stickney, associated mixed liquor samples (2 gallons) were @alldot NH;, NO,,
NOj, total organic carbon (TOC), TKN, BOD, chemical oxygen demand (Camj,
TSS analyses. The raw samples were collected using a pb#lianL scoop and
transferred to two 1-gallon plastic containers. All samples \weneediately stored at -
4°C until analysis, and analysis completed within three days frollection at the
Stickney Water Reclamation Plant Analytical Laboratory Davisusing standard
procedures described by Eaton et al. (2005). Temperature, pH, andnBdtovere also

measured in situ using dedicated probes.

2.3 LABORATORY METHODS —GAS CHROMATOGRAPHY ANALYSIS

All gas samples were transported to the UIC Environmental Isotope Geocliemistr
Laboratory for GC analysis of GHN,O, and CQ. Samples were allowed to equilibrate
at room temperature and were analyzed within three days fobection. All samples
were analyzed by gas chromatography using mainly a SRI Instruments Gree@asus
Gas Chromatograph, or alternatively a Hewlett Packard (HP) 589@hyamatograph
operating in split mode. The HP chromatograph analyz#£d dsing a Restek QPlot

capillary column coupled with an electron capture detector (E@Md) CH using a
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Restek Molecular Sieve capillary column coupled with a flasnézation detector (FID).
The SRI gas chromatograph was used to simultaneously anajgxeQ¥,, and CQ
using two Haysep-D columns coupled with an ECD (fe©ONletection) and a FID-
Methanizer (for CH and CQ detection) and no make-up was useédyyre 10). The
make-up gas in similar GC instruments is usuallyoNHe, and it is used to increase the
total flow through the ECD detector to improve the stabilityhef signal. However, in
the SRI apparatus this would also lead to an increasedgeallow through the FID-
Methanizer, which in turns introduces instability in the signal fthis second detector.
The SRI GC inlet and outlet were modifidéiqure 11) to allow for rapid evacuation of
the sampling loop, for equalization of the sample pressure to atmmmsphessure, and
for rapid injection of standards; this achieved a run time of 7 es/fsample for the
determination of all three compounds of interest. However, in thalistages of the
study, an inlet GC system that allowed for sample pressure eitalizvas not
available. Therefore, the effect of sample pressure on the E@QDFHED-Methanizer
signals was tested to determine the appropriate correctiothdodata to account for
different pressures of injection. Six samples were prepared ablgtbod 1 using a
standard gas mix containing 100 ppmyQy\ 1000 ppmv Cl and 1000 ppmv CO
Different amounts of gas were injected into the glass vials trobtrange of different
sample pressures upon injection (0.74 — 1.56 atm); samples weranéthered using the
SRI GC. The resultsTéble VI andFigure 12) show that the intensity of the GC peak is

strongly dependent on the pressure of injection. Pressures < ltraimglys affect
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the ECD signal, while P > 1 atm strongly affect the FID-Metrenggnal.
However, there is good linear correlation between pressure ofiamexstd signal on the
detectors (0.87 <% 0.97). When the samples were injected at different pressures (2008
sampling campaign only), a linear correction was therefore apphethe data to
normalize them to atmospheric pressure. The majority of the eaniad injection
pressures ranging from 0.9 to 1.2 atm. Sample pressures from thea@602010
sampling campaigns were reduced to atmospheric pressure befatomjeand no
correction was needed. Standards mixes of @kl CQ were analyzed every 3 to 8
samples to ensure proper calibration of the instruments throughoain#iyses. The
absence of make-up gas made the calibration of the ECD challeagitige calibration
curve was not linear, particularly at high concentration; for teason NO standards
(having similar concentrations to the samples) were run evergaBasles. A list of the
standards used for calibration is reportedable VII. Lower detection limits on both
machines for Clj N,O, and CQ were 0.4 ppmyv, 0.3 ppmv, and 100 ppmv, respectively;
any analytical result below the respective detection Wais considered to be zero for
the purpose of calculating total fluxes. All gas concentrationse werrected for
temperature and ambient air concentrations (when appropriatey time of sampling.
The air concentrations were assumed to be 0.35, 1.70, and 379 ppm®OfaCiNi, and

CO, respectively (IPCC, 2007).
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TABLE VI

RESULTS FOR PRESSURE OF INJECTION TE

injzcgfon CH, CO, N.O CH, % CO, % N.O%
(atm) (ppmv) (ppmv) (ppmv) change change change
0.74 612.0 609 50.8 39 39 50
0.97 953.6 850 69.0 5 15 32
1.00 999.3 1001 101.8 1 1 2
1.05 1217.3 1003 101.0 121 100 101
1.44 1519.8 1272 118.3 152 127 116
1.56 1854.3 1455 162.0 185 145 159

1.8 7
6 R*=0.97
_ R?=0.87
£
5 141
c
2 121
§. ©CH4 (ppmv)
£ 10
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Figure 12. Dependency of ECDN,O) and FIL-Methanizer CH;, CO,) signal or
pressure of injection. ? values for the linear gressions of the data are sh
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TABLE VII

STANDARDS USED FOR GC CALIBRATION

Standard Concentration
as
type (ppmv)

Mix N,O 100
CH, 1000
CcO, 1000

Mix N,O 300
CH, 1000
CcO, 10000

Single N,O 0.3

Single N,O 10

Single CH, 100

Single CO, 1000

2.4 FLUX CALCULATIONS

2.4.1 Active surfaces (aeration basins and grit chamber) and exhaust points
Once an average concentration for the GHG of interest was abtaineeGHG

flux (Fene) was estimated in kilograms/year (kg/y) from exhaust systems as follows:

oc rr MHone (2.1)

(2.1) Foue =0
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where:
Q = Gas flow rate (rily)
[GHG)] = GHG concentration (ppmv)

MWehe = Molecular weight (kg/mol)

R = Universal gas constant {ratm/mol-K)
T = Temperature at time of sampling (K)
P = Pressure (atm)

For aeration basins and grit chamb&psyas assumed to be equal to the amount of air
that is pumped into the tanks, which is known from the air usage fdata the
MWRDGC Manteinance and Operation monthly operation reports (e.glatde 1X).

For the exhaust€) was calculated by:

(2.2) Q=VIA,

whereA, is the source emission areanif, andv is flow velocity in m/sec, measured in
the field. For the anaerobic digeste€@,was measured directly using the flow meter

attached to the gas sampling chimney.
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2.4.2 Emissions from floating-cover anaerobic digesters

The GHG flux from the anaerobic digesters was calculated as follows:

(2.3) Forne =Q GHG(ﬁ’J o gP MWei6
1x10 A, RT

where:

Q = Off gas flow rate (ryr)

[GHG)] = GHG concentration (ppmv)

A = Annular space for the digesterjm

A = Cross sectional area of the chimney funnée) (m

MWerhe = Molecular weight (kg/mol)

R = Universal gas constant {ratm/mol-K)

T = Temperature at time of sampling (K)

P = Pressure (atm)

2.4.3 Passive surfaces (Imhoff tanks, primary settling tanks, seatsry clarifiers,
and biosolid drying beds)

The emissions from passive surfaces were calculated usingofotiee two
following methods. The first one used a measured accumulation factdiuaesl were

calculated as follows:
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2.4 R e T
where:
Ghc = Accumulation factor (ppmv/min)
Ve = Volume of the accumulation chamberm
Ac = Area of the accumulation chamber?jm
Ay = Area of the tanks (total, I
MWgrne = Molecular weight (kg/mol)
R = Universal gas constant {ratm/mol-K)
T = Temperature at time of sampling (K)

P = Pressure (atm)

525600 = Minutes in one year

The accumulation factoénc) was determined using a closed chamber build-up
method modified from Rolston (1986). Briefly, a Type | hood was flushiéid air and
positioned on the liquid surface at the desired location. For eaatiolocfive to seven
samples were collected periodically from a Type | hood over a 25+3@tenperiod as a
buildup of the gas released from the tank was collected in thepgaeadsTheoretically,
the gas concentration was expected to increase over time dueinqgdcess as long as

gas loss from the headspace did not occur. The gas concentmticnshen plotted
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versus the accumulation time and a slope was fitted to deriaea@imulation factord(
ppmv/min; e.gFigure 13). The second method used for passive surface flux calculations
was based on the sweep air method proposed by Klenbusch (1986). Brigfiye &
hood was flushed with air and positioned on the liquid surface atesieed location.
Flexible plastic tubing connected the hood to a laboratory-gradgabl tank (“sweep
air”). The hood was constantly flushed with 3.0 L/m of theghls and it was equilibrated

for 30 minutes to allow for over 3 bed volumes of gas to pass through than2gr

volume. At this point a sample was collected. The flux of the GH{&tefest was then

calculated as follows:

3000 -
y =171.49x
2500 - R2=0.9939
= 2000
I
g 1500
T 1000
O,
500
0 ‘
0 5 10 15 20
Minutes

Figure 13. Example of application of the closed chamber build up method farfilOhh

the Imhoff tank 18, pass 1, tail section. The accumulation faétois the angular
coefficient of the regression line, {R 0.99) = 171.49 ppmv/min. The regression line is
forced through the origin to represent [GHG] =0 att = 0.



GHG ] A, _P 256000
_ (9)
(25) I:GHG - steep lxloeg Iz‘A_:EIIEDMVVGHG y
where:
Qsweep = N, (“sweep air”) flux rate (L/min)

[GHG()] = Volume of the accumulation chamber}m
Ay = Area of the tanks (total,
Ac = Area of the accumulation chamberjm

MWshe = Molecular weight (kg/mol)

R = Universal gas constant {ratm/mol-K)
T = Temperature at time of sampling (K)
P = Pressure (atm)

525600 = Minutes in one year
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The closed chamber build-up method was successfully applied to the banhicff

at Stickney. The sweep air method was successfully applied prithary settling tanks

at Stickney. Primary settling tanks at North Side and Egan, secoddaifiers in all

three plants, and biosolid drying beds had low and/or inconsistent €ai§sions, and

the accumulation factors and total fluxes could not be determinedivoesgjly. In those

cases, only ranges of measured concentrations were reported.
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2.5 AMMONIUM AND NITRATE/NITRITE STABLE ISOTOPE AND NI TROUS
OXIDE ISOTOPE AND ISOTOPOMER ANALYSIS

Samples of wastewater for N and O isotope ratio determiniatiNii,” and NG
INO3 were analyzed at the USGS Reston Stable Isotope Labora®ily) (Rhe aqueous
samples for Nif N stable isotope determination were analyzed following theepoe
detailed by Hannon et al. (2008). The Nias converted to N&gas by adding MgO to
the sample to obtain a pH >9. Subsequently the §k$ was quantitatively trapped as
(NH4)2SO, on a glass fiber filter saturated with NaHSO@he filter was dried and then
combusted with a Carlo Erba NC 2500 elemental analyzer (EA) to rtotinee total
nitrogen in the filter sample intoNyjas. The M gas was then transferred to continuous-
flow isotope-ratio mass spectrometer (CF-IRMS) &N determination, defined as

following:

15 15

-
(2.6) S5N = 14N(Sampe

15

14N

N (reference
1000

(reference

where the N isotope reference is atmosphesic N
The aqueous samples for N and O stable isotope determinationsitNRO were
analyzed following the bacterial method described by Sigman et all)(26d modified

as in Coplen et al. (2004). Minor modifications of the method fan@lysis are detailed
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in Casciotti et al. (2002). The method is based on the quantitativesision of N@
INO; in the sample to O through the bacterial activity of the denitriflfseudomonas
Aureofacienslacking the nitrous oxide reductase enzyme and therefore unabhghr fu
reduce NO. The NO gas obtained is subsequently analyzed through CF-IRMS. The
denitrifying bacterial cultures were prepared in an approprisgdium lacking any
source of nitrogen. The cultures were sealed and purged with He gasdee any
atmospheric @ and NO present in the headspace. An aliquot of the sample was then
added to the culture where NMIO, are quantitatively convertdd N,O. The gas was
then stripped from each sample using a stream of He carsecg&ected cryogenically,
purified by gas chromatography and finally analyzed for N and O stditepe using a
Thermo Finnigan GasBench Il sample preparation system connectedTh@rano
Finnigan Delta Plus CF-IRMS. For NONO, stable isotope ratios, the precision is better
than 0.2%. ford™N and 0.6%. ford'°0. For NH," stable isotope ratios, the precision is
generally better than 0.2%o.

The isotope and isotopomer composition gdNyjas samples was determined at the
Michigan State University Biogeochemistry and Paleoproteomics atdgrfollowing
the method detailed in Ostrom et al. (2007). The samples were eshatyz a
multicollector GV Instruments IsoPrime Mass Spectrometerfexted with a continuous
flow Trace Gas Inlet System for purification and concentratioN,O. CQ, and HO are
eliminated from the gaseous sample using Carbosorb and magnesiumorpéchl

respectively as chemical scrubbers, and through cryogenic trapping. ;Chés Nhen
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purified through gas chromatography using a Poraplot Q gas chromatograpim col
with He as the carrier gas within the Trace Gas system. The effluentfeofnace Gas
system was then transferred to the multicollector mass trepester which
simultaneously monitors 5 masses of interest fgD Motopologues; 30, 31, 44, 45, and

46. The precision of YD concentration measurements for replicate standards and
samples is better than + 5%. The precision for the isotope maasurement is better
than 0.1%.. The central and outer N atoms in the linear N-N-O molaceili@efined as

and 3 respectively (Toyoda and Yoshida, 1999), and the SP is defined as in equation

1.19.

2.6 STABLE ISOTOPE ANALYSIS OF OFF-GAS CARBON DIOXIDE AND
METHANE, SUSPENDED SOLIDS, AND RADIOCARBON MEASUREMEN TS
ON OFF-GAS CARBON DIOXIDE

The stable isotope (C, O) composition of off-gas, @@s determined on duplicate
gas samples collected at the same time as off-gas safopl€SC analysis. After
equilibration at 20°C overnight, the samples were analyzed by continmousstitope
ratio mass-spectrometry using a Thermo-Finnigan Gas Bench Il contirfloyus
interface coupled with a Delta Plus XL mass spectrometer.pfdsion is better than
0.2%0 and 0.4%o fod*°C andd'®0 respectively.

Values ford*3C anddD in off-gas CH were determined at the Isotech Laboratories
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(Champaign, IL). Sample purification was obtained by gas chromatogratibwed by
combustion and dual-inlet isotope ratio mass spectrometry. When ngcéssasample
was cryogenically enriched prior to analysis. Precision is bestéer 0.2%. ford*C and
better than 1%o. fodD.

The suspended solids samples were weighted in tin capsules (Ovg)l.&nd
introduced in a Costech 4010 CHNSO elemental analyzer through a Zan& B
Autosampler. The elemental analyzer combustion and reduction furnace®perating
at 1000° and 780°C respectively; a chromatography column was then usedatesiea
N, and CQ formed, which were quantitatively transferred to a Thermo Finnigelta
Plus XL mass spectrometer and analyzed by isotope ratio massospery. The
precision is better than 0.2%. f6I°N, and better than 0.2 and 0.4%. ®fC and&*°0
respectively.

Off-gas CQ radiocarbon *(C) data were collected at the Center for Accelerator
Mass Spectrometry (CAMS) at the Lawrence Livermore Natidrsddoratories. The
Accelerator Mass Spectrometer (AMS) employs a cesium-spiottesource, a 7MV
tandem electrostatic accelerator, and two mass spectroffeteand high energy, for
negative and positive ions respectively). A magnetic quadrupole ¥ileer used as
focusing system and a multianode gas ionization detector was uskxetmine the

relative abundance 6fC in the sample (Vogel et al., 1995).
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CHAPTER 3

PILOT STUDY AT THE STICKNEY WASTEWATER TREATMENT
PLANT

3.1 INTRODUCTION

A pilot-scale monitoring study to evaluate the rate of emissiod©fand CH
from various steps of the wastewater treatment process amagicted at the Stickney
WWTP between September and November 2008. The primary objectives of this
reconnaissance study were to determine the magnitude of GHG emissiordifferent
treatment steps, and to identify which sources carried the higheisonmental impact.
A secondary objective was to test a variety of sampling and amdlyiethods. This
initial approach included the collection and analysis of 55 samiptdading: 1) off-gas
emissions from the water surfaces of the aeration batterigsargr settling tanks,
secondary clarifiers, aerated grit chambers, and Imhoff t@)kisigitive gas emissions
from the floating cover anaerobic digesters and sludge concentranés; t3) gas
emissions from the exhaust points of the digester, screens, and thlisttgeing process
buildings; and 4) off-gas emissions from a biosolid drying bed. A subggtsofamples
was also analyzed for their major constituents, (&, Ar) and CQ. Additionally,
samples were collected along the perimeter of the plant to detethe extent of lateral

dispersion of these gases.
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3.2 SAMPLING COVERAGE AND METHODS

All gas samples taken during the reconnaissance study were gsimgdviethod
4 (see section 2.1). Either Type | hoods or a 6” diameter plastieef connected to the
vacuum chamber through flexible plastic tubing were used for samgkxtemt. In
several cases the gas was collected using both approaches to conepaesults.
Equilibration times for the Type | hood or the funnel ranged from 5 tonBlutes
depending on the flux for each sampling site. Exhausts were sampietidajcing the
sampling line of the vacuum chamber directly into the exhaust outletsiZéeof the
outlet was measured, and the velocity of the exhaust gas measdesttidsed in section
2.2 to obtain the total exhaust flux. Samples were collected froi@retht locations
within the same treatment process: four locations each fromgrihehamber and from
the primary settling tanks, three locations from the Imhoff tankslve locations from
the aeration basin D, six locations from three different secprafanfiers (center of the
tank and outflow channel), three locations from a single floating-cewexerobic
digester, and nine exhausts. Additionally, three air samples wdlected outside
concentration tanks #4 and #8, two samples were collected from tloéidbddrying beds,
and nine samples were collected from locations along the perioidtee WWTP Table
VIII andFigure 14). All samples were analyzed for,® and CHusing the HP 5890 GC
following the method described in section 2.3. Additionally, &, Ar, and CQ
concentrations were determined with a SRS-200 Residual Gas An@R@4) in some

samples.



TABLE VIII

SAMPLING LOCATIONS AND FREQUENCY

Location

# of
samples

Aeration Battery "D"

Aerated Grit Chamber

Anaerobic Digesters

Secondary clarifiers

Exhaust - Coarse Screens
Exhaust - Fine Screens

Exhaust - Pre-centrifuge Building
Exhaust - Post-centrifuge Building
Exhaust - Roof of Digesters building
Perimeter

Imhoff Battery "B"

Concentration Tank #4 and #8
Biosolid drying beds

Primary Settling Tank #6

Primary Settling Tank #10

Total

12

N NN W WO PFPF WWwWEFEPFPO WP

6]
)]
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Flux measurements were conducted for primary settling tanks, segataafiers, and
Imhoff tanks using the ‘sweep air” method detailed in section 2.4, apmykmgpwn flux
of Nz of 1.2-3.2 L/min to the emission isolation chamber. The fluxes wdoalated
based on the sample concentrations ®NCH; and CQ using equation 2.5. When
using N fluxes < 3 L/min the equilibration time for flux hood was irased to allow for
proper flushing of the hood (at least 3 bed volumes dbdore sampling). For aeration
basin and grit chamber samples, the fluxes were calculated basthe amount of air
used to aerate the tanks (Equation 2.1), which was 4.53 arid 3.62 x 1bm’ly
respectively in 2008. Total gas flux from the exhaust points was neebasirdescribed in
section 2.4 and calculated using equation 2.1. An attempt was madesiarente total
gas flux from the digesters by collecting the gas with the sampling fumoel 2” plastic
tube. A port on the side of the tube allowed for the introduction of thé/d8cicheck
anemometer probe to record the off-gas speed. Data from aerateolechdgrit chamber
and aeration basin) and exhausts were corrected for aimiagsair concentrations of

0.4, 1.7, and 379 ppmv for., CH,, and CQ respectively.

3.3 RESULTS AND DISCUSSION

Concentrations of pO, CH,, CO,, O,, N, and Ar are reported ifable 1X in

ppmv. The analytical error is £ 0.3 ppmv fogQ\ £ 1.0 ppmv for Chl and + 100 ppmv
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for CO,. The analytical error for the measured concentrations,pfON and Ar is +
1.1%, = 0.6%, and £ 0.01% for,NO,, and Ar, respectively. ForX, CH,, and CQ, the
concentrations reported are the measured concentrations minus tast@ins in air,
assumed to be 0.4 ppmy®} 1.7 ppmv ChH and 379 ppmv CO

The highest NO concentrations were measured in the off-gas from the aeration
basin (1.4-61 ppmv) and grit chamber (9.7-15.1 ppmv). The concentratiofOofrdin
the exhaust points ranged from below detection to 1.1 ppmv. The secoratdigrs)
sampled with the sweep air method, showed relatively small adation of NO; the
center, sampled applying 1.2 L/min, Bux, reached a PO concentration of only 0.2
ppmv above air standard; this difference with air is smé#han the analytical error. The
secondary clarifier outflow channel, however, sampled with 3.2 L/mpiftuM, reached a
N>O concentration of 11.5 ppmv. The highest,@dncentrations were measured in the
off-gas from the anaerobic digester (up to 10%,)CHom the grit chamber (68-135
ppmv), and from the aeration basin (up to 65 ppmv). Primaryngetdinks and Imhoff
tanks, sampled with the sweep air method, showed accumulation 0\V@ién a 3.2
L/min N, flux was applied, an average ¢ebncentration of 130 ppmv and 3,800 ppmv
was measured for primary settling tank and Imhoff tank samples cteshe
Additionally, gas samples from some of the exhaust points showaively high CH,
concentrations, which ranged from 35 to 54 ppmv and 0.5 to 190 ppmv for the fine +
coarse screens exhausts and the post-centrifuge building exhauststivegpec

Concentrations of CO were high in the off-gas from the anaerobic digesters
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TABLE IX
ANALYTICAL RESULTS FOR GAS SAMPLES
# Sampling Location ArT WaterT N.O CH, CO, N, O, Ar
date (T) (T) (ppmV)  (ppmV)  (ppmV) (%) (%) (%)
1 11/24/2008 Primary Settling Tank #10 3 15 0 57 N/A N/A  N/A N/A
2 11/24/2008 Primary Settling Tank #1 3 15 0.1 160 N/A N/A  N/A N/A
3 10/10/2008 Aeration Battery "D" tankl 23 19 34 19 5,300 79 18 0.94
4 10/10/2008 Aeration Battery "D" tankl 23 19 27 24 5,300 82 17 0.97
5 10/10/2008 Aeration Battery "D" tankl 23 19 145 65 4,400 80 19 0.95
6 10/16/2008 “eraton Batiery "D tank 1, 21 207 33 5 6000 78 19 0.93
downwelling side
7 10/13/2008 Aeration Battery "D" tank4 25 21 0.9 1 2,800 79 20 0.93
8 10/13/2008 Aeration Battery "D" tank4 25 21 14 1 3,100 80 20 0.9
9 10/16/2008 Aeration battery "D", tank 4 21 20.7 61 2 6,300 80 18 0.94
10 10/16/2008 ~eration Batery D" tank 4, 21 207 12.9 1 300 77 20 092
downwelling side
11 10/10/2008 Aeration Battery "D" tank8 23 19 15.2 9 5,100 81 19 0.96
12 10/10/2008 Aeration Battery "D" tank8 23 19 22 0 6,200 80 19 0.94
13 10/16/2008 Aeration Battery "D" tank8 21 20.7 32 0 5,300 77 20 0.91
14 10/16/2008 ~eration Bauery D" tanks, 21 207 11 0 1,700 78 21 0.92
downwelling side
15 10/13/2008 Grit Chamber #8 27 22 9.7 70 N/A N/A  N/A N/A
16 10/13/2008 Grit Chamber #8 27 22 14.2 77 2,300 78 20 0.93
17 10/13/2008 Grit Chamber #4 27 22 111 68 1,900 78 20 0.92
18 10/13/2008 Grit Chamber #4 27 22 15.1 135 2,600 79 21 0.93

Values of zero are reported for measured concémsadf NO, CH,, and CQ equal or less than those in
air. Concentrations that were below detection anghmple are reported as BD. Concentrations thed we
not measured are reported as N/A. The analytical & = 0.3 ppmv for BD, + 1.0 ppmv for Chl and +
100 ppmv for C@ The analytical error for the measured conceminatiof N, O,, and Ar is = 1.1%, *
0.6%, and £ 0.01% for NO,, and Ar, respectively.
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# Sampling Location ArT WaterT N.O CH, CO, N, O, Ar
date (T) (T) (ppmV)  (ppmV)  (ppmV) (%) (%) (%)
19 10/30/2008 Imhoff Battery "B" Tank #31 (end) 115 16.5 0 24 300 79 21 0.94
20 10/30/2008 Imhoff Battery "B" Tank #26 (end) 115 16.5 0 21 250 78 21 0.93
21 10/30/2008 Imhoff Battery "B" Tank #37 (head) 11.5 16.5 0 9 250 78 21 0.93
22 10/16/2008 Anaerobic Digester #8 N side 21 N/A 0 860 12800 70 19 0.83
23 10/16/2008 Anaerobic Digester #8 SW side 21 N/A 0 1920 24800 61 17 0.72
24 10/16/2008 Anaerobic Digester #8 SE side 21 N/A 0 1130 13600 68 18 0.8
25 10/23/2008 Secondary clarifier #18 - center 16 19 0.2 0 N/A N/A  N/A N/A
26 10/23/2008 Secondary clarifier #14 - channel 16 19 4.7 0 800 78 21 0.93
27 10/23/2008 Secondary clarifier #14 - center 16 19 0 0 N/A N/A  N/A N/A
28 10/23/2008 Secondary clarifier #18 - channel 16 19 4.3 8 N/A N/A  N/A  N/A
29 10/28/2008 Secondary clarifier #21 - center 8 17 0.4 4 90 77 21 0.91
30 10/28/2008 Secondary clarifier #21 - channel 8 17 11 3 2200 77 20 0.92
31 10/28/2008 Exhaust - Coarse Screens 8 N/A 0.6 35 100 78 21 0.92
32 10/28/2008 E’é:‘:‘:ﬁ; - Cone. Tanks Fine 5 N/A 11 54 9 77 21 092
33 10/28/2008 E’g‘fgmé':iﬁin"”uge bld, 3 N/A 0 17 10 78 21 093
34 10/28/2008 E’g‘g;’:t - Pre-centrifuge bld, 3 N/A 0 0 20 79 21 093
35 10/28/2008 ;’g‘g;ﬁmiﬁiﬂ‘éﬁ”ge bld. 3 N/A 05 52 700 77 20 091
36 10/28/2008 CXNaust- Postcentrifuge bid, 3 N/A 0 7 30 78 21 093

GENERAL AREA




TABLE IX (continued)

67

Sampling Location Air T Water T N.O CH, CO, N, O, Ar
date () (T)  (ppmV)  (ppmV) (ppmV) (%) (%) (%)

Exhaust - Post-centrifuge bld,

37 10/28/2008 CENTRATE 3 N/A 0 0 0 77 21 0.92
Exhaust - Post-centrifuge bld,

3810/28/2008 CENTRIFUGE 3 N/A 0.1 17 100 78 21 0.93

3910/28/2008 Exhaust - Post-centrifuge bld, BELT 3 N/A 0.3 190 1400 77 21 0.92

4010/29/2008 FeNimeter - North Side next to 5  NA 0 0 7 78 21 093
Anaerobic Digesters - Top of fence

4110/20/2008 FeNimeter - North Side nextto Imhoff o, 0 0 NA  NA NA NA
Tanks - Top of fence

4210/20/2008 " erimeter - NE corner next to water 5  NA 0 0 NA  NA NA NA
tank - Top of fence

4310/29/2008 Perimeter - E side top of artificial hill - 5 N/A 0 0 N/A NA NA NA
Top of fence

4410/20/2008 " eNimeter - SE comer betweenthe last o, 0 0 NA  NA NA NA
two buildings - Top of fence

4510/20/2008 | eNimeter - Sside underbridge - Top 5,0 0 0 NA  NA NA NA
of fence

4610/20/2008 cNimeter - S side near Coarse 5  NA 0 0 NA  NA NA NA
Screens building - Top of fence

4710/20/2008 | eNimeter SWcomer, Wood -Topof o, 0 0 NA  NA NA NA
fence

4810/209/2008 | efimeter - W side beyond deposit 5  NA 0 0 NA  NA NA NA
building - Top of fence

4910/30/2008 Roof of Digesters building #127 115 16.5 0.3 5.7 300 79 21 094

5010/30/2008 Concentration Tank #4 Outside/above 11.5 16.5 0 0.5 20 77 21 0.92

5110/30/2008 Concentration Tank #8 Outside/above 11.5 16.5 0 19 20 78 21 0.94

52 10/30/2008 gjg)so"d pile | (lemperature of the pile: 5 5 /o 0.1 0 10 78 21 093

5310/30/2008 Biosolid Pile Il (temperature of the pile: 153 N/A 06 0 20 79 21 093

6C)
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(12,800 to 24,800 ppmv), the aeration basin (up to 6,300 ppmv), and grit chamber (1,900
to 2,600 ppmv). The samples collected near the concentration tamksCHa
concentrations ranging 0.5 to 19 ppmv above the standard air concentrati@stisiggg
that the concentration tanks leak {XHrough their cover. All samples collected along the
perimeter of the plant showed,®, CH;, and CQ concentrations almost identical to
standard air concentrations, and therefore lateral dispersiorH&sGrom the plant
seems to be insignificant, or the dilution by air is large enoughthieatiux from the
WWTP is not measurable at these locations. For the biosgiiggdoeds, the “sweep air”
method, even at low Nlux (1.2 L/min), yielded sample concentrations that were below
detection. Therefore sampling was repeated by placing the flux hood oof g
distinct dry biosolid piles, allowing for 20 min equilibration timedahen a sample was
collected. NO concentrations were 0.8 and 1.2 ppmv above air concentration
respectively, while Cklconcentrations were negligible. This method did not provide any
flux information, but allowed to qualitatively determine i and/or CH production

was still active within the biosolid mass.

The aeration basin off-gas showed bbncentrations ranging 77 to 82%; O
ranging 19 to 21%, and Ar ranging 0.91 to 0.97%. These results suggest that only about 1
to 2.5% of the oxygen pumped into the basin is consumed by biological reattisns;
corresponds to 4.3 to 10.9% air/liquid oxygen transfer efficiency. Theyefierenajority
of the off-gas is constituted by the same air that is pumped intbasia, with the

addition of variable amounts (< 1 to 2.5%) ofQN CH,, and CQ produced by the
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biological reactions taking place within the aeration basin, pacetamounts of other
volatile compounds. These observations also confirm the validity of thedesed to
calculate total GHG fluxes from aerated tanks (Equation 2.1).afyeefluxes were
calculated for each source when possibk{e X).

Average total fluxes for 2008 from the Stickney WWTP were estichet kg/y at
1.6 x 16 N,O, 2.3 x 16 CH,, and 4.6 x 10CO,, corresponding to emission factors of
64, 920, and 18,400 grams per person per year (g/Pely) f0r QH, and CQ
respectively. The emission factor for,®l falls within the wide range reported in
literature (0.28-140, Ahn et al., 2010). The aeration basins were time smarce of
fugitive N,O (92% of the total), but a significant flux ob® were measured also from
the grit chamber (5%), and minor amounts were released throughathie eghausts
(2%). CH, is mainly produced by the Imhoff tanks (85%) and anaerobic digesters (7%)
and also released by plant exhausts (6%), and also produced in aniooints in
anaerobic pockets in the aeration basin (1%). Carbon dioxide idynpoeduced in
aeration basins (89%), and also released by plant exhausts (5%), ani thargber
(3%). Other processes contribute tgONCH,;, and CQ with minor emissions.

The anaerobic digesters release off-gas by slow bubbling through afeaom
blanket floating on top of the liquid; this generally results in low aretnmittent off-gas
flow. The velocity of the gas escaping, measured with the TSI Mékeck anemometer,
was variable, ranging from 0.03 to 10.7 m/min, but at these low flowsrtbe on the

instrument is large. Following a visual inspection of the amount ared ofi the gas
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AVERAGE GHG FLUXES CALCULATED FOR THE STICKNEY WWTP
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N,O flux CHj, flux CO;, flux % of TOTAL % of TOTAL % of TOTAL
(kaly) (kaly) (kaly) N0 flux CHj, flux CO; flux

Grit Chamber 8,144 20,655 1,478,126 5 0.8 3.2
Primary Settling Tanks 0 21,898 9,266 0 0.9 0
Imhoff Batteries 0 2,076,744 546,049 0 84.7 1.2
Aeration Batteries
(A+B+C+D) 150,403 26,893 41,430,298 92.3 11 89.3
Secondary clarifiers - 46 0 513,596 0 0 11
center
Secondary clarifiers - 553 0 2507 0.3 0 0
channel
Anaerobic Digesters 0 167,627 78,700 0 6.8 0.2
Exhaust - Coarse Screens 600 12,079 97,738 0.4 0.5 0.2
Exhaust - Conc. Tanks 1,222 21,762 95,117 0.7 0.9 0.2
Fine Screens
Exhaust - Digester
Building 124 925 130,925 0.1 0 0.3
Exhaust - Pre-centrifuge
HOLDING TANK L 43 914 0 0 0
Exhaust - Pre-centrifuge
ROOM 0 0 16,985 0 0 0
Exhaust - Post-centrifuge
MECHANICAL AREA 222 8,036 305,305 0.1 0.3 0.7
Exhaust - Post-centrifuge
GENERAL AREA 0 14 191 0 0 0
Exhaust - Post-centrifuge
CENTRATE 0 0 10 0 0 0
Exhaust - Post-centrifuge
CENTRIFUGE 1,540 65,456 1,096,088 0.9 2.7 2.4
Exhaust - Post-centrifuge 134 29,650 598,989 0.1 1.2 13
BELT
Exhausts - Total 3,843 137,965 2,342,263 2.4 5.6 5
Total Fluxes 162,989 2,451,782 46,400,895

70
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bubbles escaping through the foam, gas velocities such as 10.7 m/min seahstigr
Additionally, the CH concentration measured for the anaerobic digesters ranged from
859 ppmv to about 10% in volume. The biogas produced in the anaerobic digester
however, is expected to contain up to 65%,@Hvolume, and therefore the measured
concentrations seem relatively low. The fluxes calculated usiggsavelocity of 0.03
m/min, assuming a CHconcentration of 10%, result in 1.7 x>1@/y of CH, and 7.9 x

10" kgly of CQ. No significant fluxes were measured from the biosolid drying beds
during the 2008 study. However, the “sweep air” method used for fluxes caidyde
dilutes the samples; as such, some of the lowest GHG emisggwasbelow detection,
while samples obtained from the same locations with no dilution edhasmall but

nonzero GHG emissions.

3.4 CONCLUSIONS

Direct measurement of GHG emissions at a full-scale emeter reclamation
plant during this preliminary reconnaissance study has shown that: (Jgeth&on
batteries are the main source ofO\l (2) leaks from floating-cover anaerobic digesters,
taking place between the tank cover and the tank wall, conditsiggnificant source of
CHyg; (3) the Imhoff tanks constitute, by a large margin, the main smfréugitive CH

at the Stickney WWTP. Replacement of these tanks with maieeff primary tanks
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would significantly decrease the ¢ldmissions from the WWTP; (4) the grit chamber
can be a significant source ob@®| accounting for about 5% of the;®l emitted; (5)
similarly, the plant exhausts release significant amounts,©f &hd CH (2.4 and 5.6%
of the total NO and CH respectively); (6) no significant lateral dispersion e ONor

CH, from the WWTP was detected in the perimeter samples.
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CHAPTER 4

GREENHOUSE GAS EMISSIONS FROM THREE METROPOLITAN
WASTEWATER RECLAMATION PLANTS*

(*this chapter to be submitted for publicatjon

4.1 ABSTRACT

We compared pO and CH emissions for 2009 on a per-process basis at three
plug-flow, activated-sludge, metropolitan Wastewater Treatment(8VWTPSs) in the
Chicago area (Stickney, North Side, and Egan WWTPs). Each planve®cei
substantially different amounts of wastewater and employs ditfer@eration
technologies and tank designs. €nissions also were measured for a subset of these
treatment processes. Totadfluxes were calculated to be 5.9 X k@/y for Stickney,

1.7 x 1d kgly for North Side, and 1.6 x 1&g/y for Egan. Total CHfluxes, excluding
re-captured Ck} were calculated to be 2.8 x°®1kg/y for Stickney, 8.6 x Ikgly for
North Side, and 6.0 x f&g/y for Egan. The BD emissions were highest in the aerobic
sections of the biological reactors (aeration basins), with 3@ kgly, 1.6 x 10 kgly,

and 1.4 x 10kgly for Stickney, North Side, and Egan WWTPs, respectively. Methane
was emitted mostly from primary settling tanks, aeration bagiiischambers, and as

fugitive emissions from floating-lid anaerobic digesters. Gitiambers and plant
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exhausts also contributed substantially to bot® nd CH emissions. Differences were
observed in the per capita emissions at the three plagisgiMissions ranged from 204,
12, and 92 grams per person per year (g/Pely) for Stickney, North Sidd&sgand
respectively, while Ckiemissions were 1122, 61, and 354 g/Pely for Stickney, North
Side, and Egan respectively. These results suggest that severakgeugc grit removal,
primary settling tanks, biological nitrogen removal, plant exhaumsts] anaerobic
digesters) contribute to overall,® and CH fluxes, and that the choice of wastewater
treatment technology employed has a significant impact on greenhousmiga®ns to

the atmosphere. According to our results, the currently employed maouglst

underestimate YD emissions by up to two orders of magnitude.

4.2 INTRODUCTION

According to the U.S. Environmental Protection Agency (USEPA), WWarEs
the 7" highest anthropogenic contributors of botsONand CH to the atmosphere in the
US, with 5.0 and 24.5 Tg GCequivalents in 2009, respectively (USEPA, 2010). The
Global Warming Potential (GWP) of these two greenhouse gasssnmted to be 310
and 21 for NO and CH respectively. Additionally, BO is rapidly becoming a main
greenhouse gas of concern as it is also an ozone-depleting substanite,impact on

the atmosphere is comparable to that of many chlorofluorocarbonsh \ahé being



75

phased out under the Montreal protocol (Ravishankara et al., 2009). A alstem
database of measured® and CH fluxes from WWTPs does not currently exist. Few
full-scale studies reportd® emissions from WWTPs (Czepiel et al., 1995; Stimer et al.,
1995; Wicht et al., 1995; Kimochi et al., 1998; Sommer et al., 1998; Kdmeqs et al.,
2008; Ahn et al., 2010) and only two of these reports were conducted in ted States
(US). One focused on biological nitrogen removal (BNR) operations on hatadt
sludge US WWTPs (Ahn et al., 2010), and one focused on a non-BNR WWTRvin Ne
Hampshire (Czepiel et al., 1995). None of these studies systeligatpmrted both MO

and CH emissions from the various treatment processes.

Both gases can be produced during wastewater treatment through multiple
biological pathways. The USEPA assumes that incomplete deaitioficin anoxic zones
during BNR is the main source ot®. The method used by the USEPA to estimat@ N
emissions from WWTPs operations is based on emission fact@ af NO/person
(Pe)lyear (y) for non-BNR treatment plants, and 7.0 .0/Re/y for BNR treatment
plants. However, recent studies have shown thé@ émissions are higher in the aerated
sections of the BNR treatment, and emission factor values rangmgdf28 to 140 have
been reported (Ahn et al., 2010). This suggests that oxygen-inhibitedifidatibn
and/or nitrification under variable DO conditions could be responsibledime of the
N2O production and emission (Ritchie and Nicholas, 1972; Knowles, 1982; Inamori et
al., 1998). The high Y0 emissions values may also be amplified by .@stripping

effect due to tank aeration. Emissions gONmay occur from any treatment step for
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which chemo-physical conditions allow for either nitrification or ttdmation to take
place, including not anoxic systems but micro- and aerophyll systems as well..

Anaerobic fermentation and methanogenesis using fermentation pradects
exploited for CH production in the anaerobic digesters at WWTPs (Tchobanoglous,
2004). The same reactions may also occur during the various treateEnivhenever
anoxic conditions persist, e.g. during primary treatment or in low DQoperof the
aeration basin. Moreover, Glemissions may occur as leakage from anaerobic digesters,
depending on the digester’s design.

In this study, we determined the total fluxes gONand CH from the different
treatment processes and plant exhausts from the WWTPs of $tickoeh Side, and
Egan, located in the Chicago metropolitan arEBamure 15 and managed by the
Metropolitan Water Reclamation District of Greater ChicagWWRDGC). All three
plants employ single-stage nitrification reactors but differ sicpmtly in size, amount of
wastewater treated, aeration technology used, incoming Total KjeéNikogen (TKN),
and tank design. Therefore, the comparison of these WWTPs and effiientkl
provide a thorough characterization of potential greenhouse gas emissipararapita
variations for comparable metropolitan areas.

The StickneyWRP located in Stickney, lllinois, is a single stage nitrifara
sludge plant that has a design average capacity of 1.2 billion gakorday and serves
2.3 million people. In 2009, the plant treated an average of 761 millioongadif

wastewater per day (MGD) with average influent concentration$1@# mg/L total
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solids, 33 mg/L total Kjeldhal nitrogen (TKN), a0 mg/L ‘-day biological oxygel
demand (BOD5). The incoming wastewater is splib itwo separate process stre
(Figure 1€). The WestSide influent process flow is as follows: screens; 2 skimming
tanks; 3)grit chambers; 4) Imhoff tanks; ‘aeration batteries; ¢secondary settling tank
and 7)discharge. The West Side Imhoff sludge process issms follows: 1floating
cover anaerobic digesters; post digestion centrifuge; and biosolid drying beds. Th

Southwest Side influent process is as follows: screens; 2)aerated grit tank

%
-~ & Z
Egan__ gkirie . %
. North Side %
Hanover Park \
“Chicago
downtown
City of Chicago >
MWRDGC Stickney
e WWTP
Intercepting
sewer Calumet
o -
Lamont N L4
5 miles

Figure 15. Location of the 7 WWTPs in the Chicago aerea opdrat theMWRDGC.
This study concerned the Stickney, North Side, Bgan facilities
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3) primary settling tanks; 4) aeration batteries; 5) secondeitling tanks; and 6)
discharge. Effluents from the West Side Imhoff tanks and South@idst primary
settling tanks are combined prior to entering the aerationrieatteThe Southwest Side
preliminary sludge is concentrated in concentration tanks and combitrethes waste
activated sludge and North Side WWTP sludge. The combined sludgespiracess: 1)
pre-digestion centrifuge; 2) anaerobic digesters; 3) post-digestentrifuge or
facultative lagoons; and 4) biosolid drying beds. There are eightdegat tanks, 16
skimming tanks, 20 primary settling tanks, 96 secondary settling tanks, and&#lac
digesters. There are four aeration batteries (A-D), each hagig tanks with four
passes; the aeration tanks employ spiral roll diffuser plate systems ofdthtj there are
three Imhoff batteries with 36 tanks in each battery.

The North SideWRP located in Skokie, lllinois is a single stage nitrificatplant
that has a design average capacity of 333 MGD and serves lich pdople. In 2009,
the plant treated an average of 245 MGD with average influent mivattens of 748
mg/L total solids, 19.5 mg/L TKN, and 101 mg/L BOD5. The wastewatiueint
process flow is as follows: 1) coarse screens; 2) aeraiethgks; 3) fine Screens; 4)
primary settling tanks; 5) aeration batteries; 6) secondarynggetifinks; and 7) discharge.
The primary and secondary sludge collected during treatment is pumged $tickney
WWTP for treatment. There are six aerated grit tanks, 16 prisetyng tanks, and 64
secondary settling tanks. There are four aeration batteries) (#kBre three aeration

batteries (A-C) have 12 tanks and are single pass systems.nd@hasifiation battery (D)
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has seven tanks, which are double pass systemisaerstion tanks employ spiral re
diffuser plate systenr

The Egar WRP located in Schaumburg, lllincis a single stage nitrification au
tertiary filtration plant that has a design averaggacity of 30 MGD and serves 0.
million people. In 2009, the plant treated an agerof 27 MGD with average influe
concentrations of 906 mg/L total solids, 28 /L TKN, and 195mg/L BODS5. Th

wastewater influent process flow is as followscoarse and fine screens;aerated gri

H Grit chamber (indoor)
Stickney Skimming (0%) Imhoff (5.5%) Aeration basin (50%)  Final settling (7.5%)

West Side W E> I | I E> \Q\U Ii I$ >
T FTTTTTTR[—— g = ITRTTTT] (5% )

Grit chamber (25%) Primary (28%)

Final settling (9.5%)

Aeration basin (50%) ?

Aeration basin (100%) Final settling (25%)
Grit chamber (enclosed)

N T RAY @‘C—J ¢®

Primary (50%)

Grit chamber (enclosed)
Coarse screens Fine screens

North Side [pma] & | (52 |

Primary (30%)

Figure 16. Wastewater influent process flow for Stickney (Wast South Side), Nor
Side, and Egan WWTFand sampling coverage for each process (%). AkiSi anc
North Side the treated water is discharged aftaal fsettling, whereas at Egan terti
treatment (seasonal chlorination and dual medigatibn) is also employed befo
discharge
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tanks; 3) primary settling tanks; 4) aeration batteries;eBprsdary settling tanks; 6)
seasonal chlorination in contact tanks; 7) dual media filter l@ads8) discharge. The
primary and secondary sludge are combined and treated accordindditothieg solids
train: 1) gravity belt thickeners; 2) fixed cover anaerobic diges®r post digestion
centrifuge; and 4) drying beds or land application. There are foatedegrit tanks, four
primary tanks, and eight secondary settling tanks. There are f@tioadatteries where
each battery has three tanks with three passes. The nortloradattery has full floor
diffuser plate coverage, tapered aeration, and a baffle in ghgé#ss for each tank. The

south aeration battery has spiral roll aeration.

4.3 MATERIALS AND METHODS

4.3.1 Sampling coverage

The majority of the treatment processes were sampled for offrgssions at the
three WWTPs. All accessible process exhausts vents wersatgaed. Exhaust vents
are part of the ventilation systems either for a specifatrivent building or a specific
process. Imhoff tanks, floating-lid anaerobic digesters, and bigsitéisl are only present
at the Stickney WWTP; skimming tanks and grit chamber for the Bidst influent at
Stickney are located indoors and were not sampled. Similarly, thehgmbers of North

Side and Egan WWTPs are not open-topped and off-gas samples were extedoll
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Eleven of the twenty-four anaerobic digesters were sampledickingy, for a 46%
coverage. The sampling coverage for each process varies betweard 516086 (see
Figure 16). The low sampling coverage of the final settling tanks and fitaings is due
to their large number, and is partially compensated by the facthibse tanks receive
well-homogenized wastewater, and they are expected to producer siludas of
fugitive greenhouse gases. At the Stickney WWTP, the grit chambexesation basin
were both sampled at regular intervals throughout the day to investdjainal
variability in the greenhouse gas fluxes. The grit chamber wasledrat the inlet and at
the outlet every two hours from 9:00 to 17:00. The aeration basinssaengled at the
inlet, middle point, and outlet. Samples were collected every 2 hoursst@i o 20:00.
The aeration basins at North Side and Egan were sampled abpirlet, and seveeral

more locations distributed at equal spacings along the flow paths.

4.3.2 Field methods

Off-gas emissions from different sources were captured usingnfioaff-gas
hoods of different surface area (0.13 — 3% amd volume (0.025 — 0.836mdepending
on the process. For aerated surfaces (aeration basins antagnibars) sampling, the
0.836 i inner volume hoods were equipped with a 5 cm ID hose to ensure proper gas
flow and avoid pressure build-ups. Passive surfaces (primaipgeshks, final settling
tanks, Imhoff tanks, and biosolids drying beds) were sampled with 0.628nission

isolation hoods using a sweep air (Klenbusch, 1986) witlor\a closed chamber (gas
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build up) method (Rolston, 1986). The anaerobic digesters at Sticknesaeped by
inserting a funnel in the open space (~6”) between the floating lidhendontainment
wall. The funnel was equipped with a gas-tight sampling port and a fipassneter
(Section 2.2). Three funnels were used at each digester, atuiflecations, and for
each funnel 15 flux measurements were taken and averaged. A to#8 @tix
measurements were therefore averaged for each digester. Thes fuverel left to
equilibrate for 30-60 minutes, depending on the flux, so about 3 bed volurhestok
gases were flushed through the funnels before a sample was collected in duplicate.
Gas samples were collected from the desired source using a 6tenhé plastic
syringe fitted with a gas tight valve (Method 1, section 2.1). The syringe was flushed with
three bed volumes of sample gas before a final 50 mL sampleoNasted. About 35
mL of the syringe sample was then stored in a pre-evacuatedvglhggth a gas-tight
cap holding a pierceable rubber septum. The vials were maintdimpadiave pressure
(2-8 psi) to prevent contamination by atmospheric air in case ofgeakad they were
let equilibrate overnight at room temperature (20° C) prior toyaisalPlant exhausts
were sampled inserting the syringe directly inside the exhaust.ifflesvethrough the

exhaust was measured using an air velocity meter.

4.3.3 Analytical methods
The samples were analyzed using HP 5910 and SRI Instruments @reerthas

gas chromatographs (Section 2.3). Lower detection limits fof, GO, and CQ were
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0.4 ppmv, 0.3 ppmv, and 100 ppmv, respectively; any analytical result baew t
respective detection limit was considered to be zero for the pugbassdculating total
fluxes. All gas concentrations were corrected for temperature amoieat air
concentrations at the time of samplinghen appropriateDissolved oxygen (DO),
temperature, oxidation-reduction potential (ORP), and pH were dettnm-situ using
dedicated probes. Water quality samples were analyzed fostsjaénded solids (TSS),
VSS, chemical oxygen demand (COD), NHNOs, and NQ using standard methods
(Eaton et al., 2005). The analytical error is better than +10%f0rdvd better than 5%
for CH; and CQ. The analytical error for the water quality parameterbeger than
+2%. CQ was only analyzed for a limited number of processes and was ytexhéor

the majority of North Side and Egan samples.

4.3.4 Flux calculations

For aerated tanks, plant exhausts, and anaerobic digesters, the cbonemiere
averaged and the fluxes were calculated based on the ovegdkdibw rate, which was
known or was measured, using equation 2.1. Exhausts were assumed t@benaphe
hours a day for the whole year. For passive surfaces sampledh wittsed chamber
method a slope was fitted to derive an accumulation faétgis( ppmv/min) and the
fluxes calculated using equation 2.4. For the primary settling @ingsickney, sampled

with a sweep air method, fluxes were calculated using equation 2.5.
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4.4 RESULTS

Average concentrations and ranges folONCH, and CQ gas species are
reported inTable XI. Values are highly variable. The highestONconcentrations were
observed at the grit chamber and aeration basins. The highgsto@¢éntrations were
seen at the grit chamber, inlet of the aeration basins, prim#liggéanks, and anaerobic
digesters. Calculated total fluxes are reporte@iahle Xll . The error for the total fluxes
calculated on a 95% confidence interval for Stickney is + 22%, +1iélo+ &% for NO,
CH,4, and CQ respectively. As North Side and Egan were sampled only once tiedimi
number of data points does not allow for an accurate calmulafithe error. Results are

reported for each plant following the order of the tanks along the wastewatertflowpa

4.4.1 Stickney

The NO concentrations ranged from 0.6 to 452 ppmv, and @Hged from 3 to 1936
ppmv in the grit chamber sampldsdure 17). The highest concentrations were observed
at the inlet of the tank. The primary settling tanks were sampitda “sweep air”
method (Klenbusch, 1986), and ranges of concentrations are not available aWhen
sweep air flux of 3.0 L/min was applied, the calculated fluxe®wes x 16, 2.6 x 16,

and 1.5 x 10 kgly for NbO, CH,, and CQ respectively. One of the aeration basins

sampled (battery D) was being overaerated to compensate for|sbratan plate



TABLE Xl
GHG concentrations and ranges
N2O (ppmv) CH 4 (ppmv) CO; (ppmv)
Plant Process Location min max Avg S min max avg S min max avg S
Stickney
GC inlet 13 0.6 337 113 137 3 1940 800 867 160 9600 4500 4300
outlet 13 29 452 109 169 120 630 310 173 3850 8400 6500 1550
AB-B P1 16 BD 19 52 10 44 340 149 71 4604 8000 6600 1200
P2 16 35 163 71 30 1 8 4 19 12800 18700 15300 1750
P3 6 19 189 70 43 BD 19 8 4.1 12550 18250 15800 1750
P4 16 37 43 16 13 BD 1 01 05 10050 15250 12600 1750
AB-D P1 16 21 31 92 85 174 610 420 120 3700 8550 7700 1200
P2 16 47 379 157 98 BD 8 3 25 9800 15600 12250 1600
P3 16 45 406 186 109 BD 4 2 13 11100 15400 12550 1100
P4 16 19 140 62 12 BD 3 1 03 9550 12800 11100 1500
FST Center 21 06 30 38 7.6 1 130 19 27 - - - -
Rake* 21 08 72 34 46 103 1030 550 674 - - - -
AD 32 1.0 57 11 8.6 304410 564900 429300 85100 95000 132000 117000 14900
BP wet (fresh) 21 BD 03 0.1 0.1 68 190 120 37 - - - -
dry (old) 24 19 111 64 26 BD 1 01 02 - - - -
North Side
AB-B 1 19 - - 31 - - - 200 - - - - -
2 19 - - 18 - - - 38 - - - - -
3 19 - - 90 - - - 46 - - - - -
4 19 - - 35 - - - 1.9 - - - - -
AB-D P1-1 21 - - 125 - - - 15 - - - - -
P1-2 21 - - 35 - - - 97 - - - - -
P1-3 21 - - 06 - - - 24 - - - - -
P1-4 21 - - 44 - - - 14 - - - - -
P2-1 21 - -2 - - - 8.0 - - - - -
p2-2 21 - - 97 - - - 2.4 - - - - -
pP2-3 21 - - 08 - - - 1.0 - - - - -
P2-4 21 - - 82 - - - 5.8 - - - - -
PST center 23 01 05 01 - BD 260 130 110 - - - -
FST center 22 03 11 02 04 0.5 61 31 24 - - - -
channel 22 02 19 04 04 0.7 5 3 15 - - - -
corner 22 0.3 0.4 - 04 15 3 2 - - - - -
Egan
AB 1 18 - - 66 - - - 34 - - - 6500 -
South 2 18 - - 46 - - - 21 - - - 9200 -
3 18 - - 28 - - - 6 - - - 7100 -
4 18 - - 18 - - - 1 - - - 6500 -
5 18 - - 13 - - - 0.4 - - - 6500 -
6 18 - - 61 - - - BD - - - 4850 -
7 18 - - 55 - - - BD - - - 5500 -
8 18 - - 40 - - - BD - - - 5300 -
AB 1 21 - - 86 - - - 240 - - - - -
North 2 21 - - 31 - - - 96 - - - - -
3 21 - - 35 - - - 53 - - - - -
4 21 - - 79 - - - 6 - - - - -
5 21 - - 80 - - - 6 - - - - -
6 21 - - 34 - - - 210 - - - - -
7 21 - - 6 - - - 19 - - - - -
8 21 - - 55 - - - 5 - - - - -
FST center 21 BD BD 0.0 - 0.4 5 2 - - - - -
channel 21 BD 0.4 0.2 - 0.4 3 1 - - - - -
S=standard deviation; BEbelow detection; datum not available; AB=Aeration Basin; BP=Bios

Piles; FST=Final Settling Tanks; GC=Grit ChambeBTBPrimary Settling Tanks; lie rake datu
was obtained allowing the accumulation chamberottow the tank rake for one full rotation (

minutes).
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SUMMARY OF SIGNIFICANT GREENHOUSE GAS FLUXES AND SOURCES

Plant

N,O CH, CO,
Process flux flux flux
(kaly)  (kagly) (kdly)

N,O g/Pely

CH, CO,
g/Pely glPely

Stickney Grit chamber

North
Side

Egan

7.5x10 1.3x10 3.8x10
5.1x£02.0x1¢ 1.1x1¢
0.0 2.2x10 -

Aeration basins

Imhoff tanks

Primary settling 1.8x10 5.2x16 -
tanks

Anaerobic 8.7 1.4x10 3.9x1d
digester

Exhausts 3.9x10 2.8x1CF -
Biosolid piles - - -
Total: 5.9x10 2.8x1¢ 1.1x16

Aeration basins  1.6x106.4x1d -

Primary settling

tanks 0.0 i i
Exhausts 1.1x10 2.2x1d -
Total: 1.7x10" 8.6x1d -

Aeration basins  1.4xfo1.2x1d -

Primary settling

fanks 0.0 3.4xad -

Exhausts 1.3x10 1.4x1d -

Total: 1.6x10° 6.0x1d -

30.1
202.9
0.0

0.0

0.003

1.6

204.5

11.5

0.0

0.8

12.3

84.2

0.0

7.6

91.8

52.2 1515
78.3 42240
873.3 -

2.1 -

56.8

112.0 -

11225 42255

45.7 -

154 -

61.1 -

71.2 -

198.3 -

84.1 -

353.6 -
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diffusers. In the normal aeration basingON-anged from below detection to 190 ppmv,
CH, from below detection to 340 ppmv, and £fom 4,600 to 18,700 ppmv. The
overareated battery showed higher averag® Mnd CH, and lower average GO
concentrations in all passes, withQNranging from 2.1 to 410 ppmv, GHom below
detection to 610 ppmv, and @Qrom 3,700 to 15,600 ppmv. The highest CH
concentrations were observed toward the inlets. Systematicimasiatere observed in
N>O and CHemissions along the flow path in the aeration badtigute 18). Methane
decreases rapidly with distance from the inlet. Nitrous oxidestonis were generally
low at the inlet (5-9 ppmv), and increased toward the middle poithteofanks (70-189
ppmv), where DO levels were 1-3 mg/L; subsequent)) Bmissions tended to decrease
toward the outlet of the tank (16-62 ppmv), where DO levels were TA.m
Additionally, higher NO and CH emissions were observed between 7:00-9:00 and
16:00-19:00 hoursHigure 19). The secondary clarifiers hag®l concentrations ranging
from 0.6 to 30 ppmv, and GHoncentrations ranging from 0.5 to 126 ppmv. However,
when the accumulation chamber was attached to the tank scrapen @istiarbs the
sludge deposited at the bottom), CH4 concentrations reached 1032 ppmv. ditodiana
digesters had fugitive emissions (leak) constituted by 30-60% CH4, 1-13% &hd
relatively low N20 (0.8 to 57 ppmv). The Imhoff tanks showed an aveGitdé
accumulation factor 6 Equation 2.4) of 444 ppmv/min, and negligible N20
accumulation. Sampling of the Biosolid drying beds showed CH4 concentrati®8s of

194 ppmv when freshly piled, and N20O concentrations of 19-110 ppmv when dry.
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Figure 17. Variation of NO, CH,, and CQ headspace concentrations measured at the
inlet (top) and outlet (bottom) of the grit chamber versus time of the day.
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Figure 18. Average daily headspace® and CH concentrations and DO at Stickney
aeration basin B, tank 1.

However, when the closed chamber method was used (Rolston, 1986), no significa
fluxes were measured from the biosolid piles. Overall (Figure @&ation basins
constitute the main source op® (5.1 x 105 kgly), followed by grit chambers (7.5 x 104
kgly). The main source of GHare the Imhoff tanks (2.2 x 106 kgly), followed by the
plant exhausts (2.8x105 kgly), the aeration basins (2.0 x 105 kgl/y), the anaerobic
digesters and the grit chamber (1.4 x 105 and 1.3 x 105 kg/y respectivelgplthiated
cummulative fluxes from the Stickney WWTP were 5.9 x 105 = 22% k@MW

equivalent to 204 g/Pely, and 2.8 x 106 + 17% kg/CHr 1122 g/Pely.
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Figure 19. Average concentrations of fugitive®, CH,, and CQ throughout the day for
Stickney aeration basin B at inlet, midpoint, and outlet of a single tank.
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4.4.2 North Side

The primary settling tanks at North Side WWTP showe® Noncentrations
ranging from 0.1 to 0.5 ppmyv, and ¢ldoncentrations from below detection to 264
ppmv. The aeration basins showed lowONconcentrations (0.6-20 ppmv) and £H
concentrations ranging from 1 to 205 ppmv. Variations gD Moncentrations did not
appear to be systematic along the flow path, while €bhcentrations were higher in
proximity of the inlets, and decreased rapidly as in the Stickney. glae final settling
tanks showed low DO emission rates (0.1-1.9 ppmv) and Qtdncentrations ranging
from 2 to 264 ppmv. Fluxes calculated for North Side were 1.4 %xd/§ N,O and 6.4 x
10" kgly CH, from the aeration basins. The second highest contributors tdvéugit
emissions are the plant exhausts, with 1.7 % Kdly N,O and 8.6 x 1bkgly CH..
Greenhouse gas emissions from the primary settling tanks predagtedemporal
variability; NO emissions were negligible, while a great uncertainty remain€£if,
emissions. Total fluxes were 1.7 x*I@/y NbO (12 g/Pely) and 8.6 x 1&gly CH, (61

g/Pely).

4.4.3 Egan
The primary settling tanks were sampled with a closed chamé#rod (Rolston
et al., 1986) and calculated fluxes were negligible fg® ldnd 3.4 x 1Dkgly for CH;,
the largest Chl flux at Egan. The north aeration basin, equipped with full plate air

diffusers, showed MD concentrations from 6 to 80 ppmv, ands€bihcentrations from 1
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to 34 ppmv. The south aeration basin, equipped with spiral-roll diffusbowed BO
values ranging from 4 to 46 ppmv and £fkrbm 5 to 241 ppmv. In aeration basingN
emissions increased along the flow path to decrease toward the ajuthe tanks. One
exception is the very last sampling point of the north aeration basiriedooaar the
outlet, where 55 ppmv of JO were measured. As seen in the other WWTPs,
concentrations of CHare high near the inlet, to decrease along the flow path. Howeve
208 ppmv of CH were measured about 2/3 down the flow path in proximity of the
second baffle. The D fluxes for north and south basin were 1.1 %Kkdly and 2.9 x 19
kgly respectively, for a total of 1.4 x “lkg/y N,O. Fluxes for CHwere 7.9 x 1dand 4.2

x 10° kgly for north and south basin respectively, for a total of 1.2*a® CH. The
exhausts accounted for 1.3 X*1@/y N;O and 1.4 x 1bkgly CH,. Total fluxes were 1.6

x 10* kgly NbO (91.8 g/Pely) and 6.0 x 1GH, (353.6 g/Pely).

4.5 DISCUSSION

Variable amounts of GHG emissions were observed from all ¢lagmient steps
and exhausts that were sampled. Emissions from treatment tardiscdoe enhanced by
the aeration. For example, the high concentrations,0f &hd CH observed at the inlet
of the grit chamber, in combination with the short residence dintlee water in this tank

(< 2 hr) suggest that greenhouse gas might be produce upstreamew¢negstem and
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consequently released in the aerated grit chamber through an ppimsirieffect
Similarly, the high CH concentrations observed at the inlet of the aeration basing coul
be either produced in situ through methanogenesis, due to the low dissolved oxygen
levels (< 0.2 mg/L), or could be carried over from the anaerobic primary settikgy ta

A hot spot for NO emissions is constituted by the aeration basins as pointed out
elsewhere (Czepiel et al., 1995; Kampschreur et al., 2008; Ahn 20HD). The aeration
basins contribute ~85-95% of,@. Nitrous oxide is mainly produced in the middle
portion of the tanks, where DO levels are > 1 mg/L. This is cemsigtith other studies
(Kimochi et al., 1998; Ahn et al., 2010), where the highe§ Bimissions were also seen
in the aerobic portion of the tanks. The highONconcentrations observed at the
overaerated battery D at Stickney suggest that overaerationn gehéral terms a fast
rate of variation of DO levels, has a significant impact g® Emission (Kimochi et al.,
1998). The grit chamber at Stickney also accounts for 13% of theNgal Another
important contribution of pD is the exhausts, which accounted for 0.7%, 6%, and 8% of
the total NO flux at Stickney, North Side, and Egan respectively although North Side
and Egan values are likely overstimated as grit chamb@r éinissions could not be
measured at those plants.

The exact biological source of, emissions from the aerated tanks has not yet
been unequivocally determined. Several biological pathways can be rliegpdmsN,O
production, including incomplete denitrification due to oxygen inhibitionjficetion

under variable DO levels, and nitrifier denitrification (Ritctaed Nicholas, 1972;
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Knowles, 1982; Anderson and Levine, 1986; Kester et al., 1997; Zumft, 1997,
Kampshreur et al.,, 2008). The AN showed good positive correlation with,l
emissions at the aeration basins at Sticknéy=(R.7), followed by a moderate positive
correlation between 4D and DO (R= 0.38). This could be interpreted in two ways: (1)
N2O is correlated to NQand DO because it is produced during nitrification of ammonia;
(2) N;O is produced by oxygen-inhibited incomplete denitrification, which is more
prominent at higher NOconcentrations.

The NO emission factor values calculated for North Side (12.3 g/Pely) gawd E
(91.8 g/Pely) are in good agreement with similar values caécufat other undisclosed
US WWTPs (Ahn et al., 2010), while the emission factor value fokigty (204 g/Pely)
is higher. Part of this discrepancy can be explained by théhizicthe present study also
includes emissions from sources other than the ammonia nitoficagatment. Given
the average TKN values of 33, 20, and 28 mg/L, our calculations shoabitatt 0.94%,
0.16%, and 0.97% of the incoming TKN is emitted a® Mt Stickney, North Side, and
Egan respectively; this is within the range found in previousesud.01 to 1.8%; Ahn
et al.,, 2010). MO emissions at North Side, normalized to the average TKN|oare
compared to the other two plants, resulting in only 12 g/Pe@y émitted, compared to
the 204 g/Pely for Stickney and the 92 g/Pely for Egan. While sevasdn® can
account for this low value, including specific wastewater charnatics at the time of
sampling, the distinct aeration technique employed at North Sideré¢tp and the lack

of industrial wastewater in the effluent might explain the diffiee with the other plants
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studied. Further studies are required to identify the biologaaks(s) of the PO being
emitted to the atmosphere.

The distribution of CH emissions followed a different pattern thapON At
Stickney, the most significant contribution to fugitive Bl given by the Imhoff tanks,
which account for 74% of the total GiHux. Other contributions include exhausts (10%),
aeration basins (7%), anaerobic digesters (5%), and the grit chédferThe Stickney
WWTP also employs facultative lagoons for sludge treatment, wheck wot sampled
during this study, but are expected to be significant sources af Which might
significantly increase the estimated £idtal flux. Additionally, roughly 2.6 x ftkg/y of
CH, are re-captured from the anaerobic digesters gas (60-65Ydd@Heneficial use. Of
this, about 80-85% is used at the plant, while the remaining 15-20%esdl.flThe flares
are not 100% efficient; therefore some unburned (SHalso released to the atmosphere
during combustion. This contribution has not been included in this study. At Smie,
the aeration basins and exhausts contributed to 75% of and 25% @Hihemissions
respectively. The amount of Gleleased from the aeration basins at this plant is higher
than NO; this might indicate that the tapered aeration system at Safthplays a role
in both decreasing the amount ofON produced, and limiting the oxygenation of the
tanks, leading to a higher GHproduction. At the Egan plant GHemissions are
dominated by the primary settling tanks contribution (56%), followed by ethé24%)
and aeration basins (20%). Addittional I3 likely to be emitted from the primary

settling tanks at this plant. Additionally, significant concentragiof CH were observed
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in aeration basin North within the second baffle. The reason #®robserved CIH
production could be related to local anaerobic conditions depending on accamafati
organic matter or bacterial flock in this specific area of the tank, whiat semated.

In general, the presence of Clih the aeration basins off-gas suggests the
presence of anaerobic pockets and/or micro-sites within the naciftda. Furthermore,
anaerobic activity still persists in the secondary clarifiasssuggested by the buildup of
significant CH concentrations within the sampling hood when this was attached to the
tank scraper. It is uncertain whether or not the biosolid piles taest significant
source of NO (dry piles) or CH (wet piles) to the atmosphere. The accumulation of
these gases was significant only when the piles were disturbed ugotiomsf the
sampling hood, so an actual flux was not observed. It is likely, howeverliBaand
CH, accumulate in the pore space of the biosolids and diffuse outaliarate, unless
the piles are disturbed (for example when they are turned ovacilibate the drying) or
when the pore gas is displaced by rainwater.

The amount of CHll(kgly) released by the plants is in general larger than the
amount of NO and the emission ratio GMI,O in kg/kg is 4.8, 5.0, and 3.8 for Stickney,
North Side, and Egan respectively. It will be of further intetestinvestigate the
conservatism in CiN,O flux ratios ratios within and across plants based on similar
technologies or effluent characteristics. The,@@issions are associated with a variety

of processes, since GOis produced both through aerobic respiration, anoxic
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fermentation, and methanotrophy; however, this greenhouse gas is assubedCt
neutral in wastewater treatment (Keller and Hartley, 2003).

Due to the fact that during cold periods the aeration basin receares air to
maintain the wastewater temperature in an optimum range itwatacmicrobiological
activity, the temperature of the wastewater varied by only ~7°C.eMerny we did not
observe any correlation between temperature of the wasteavat€eHG emissions from
the aeration basins from the three plants. Additionally, no etioal was observed
between precipitation data, obtained from the monthly operating data tinem
MWRDGC, and GHG emissions. It is important, however, to noticelitwdations of
this study: (1) our data are limited to specific days and tmh¢lse day, and no samples
were collected at night time (between 20:00 and 6:00); (2) our dathnated to the
months June-December, therefore we have no constraints on any chan@eksin
emissions that might take place during the coldest months of #hyecember through
March).

When applied to the Stickney WWTP, the IPCC model adopted by USEPA
predicts emissions of 1.6 x 1kg/y of NbO and 1.03 x 10kg/y of CH; (not including the
CH, recaptured). Our CHestimates are lower than predicted, as €bhtributions from
the facultative lagoon were not accounted for. However, e0r éstimates of 5.9 x 10
kgly are substantially higher than those predicted by the modelleBantributions to
emissions of MO, and CH in particular, come from generally overlooked sources such

as grit chambers, plant exhausts, as leaks from anaerobicedigestid from currently
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employed obsolete technology (e.g. Imhoff tanks), that is being replatesew and
more efficient designs. This suggests that full-scale studigseehhouse gas emissions
from WWTPs are a key factor in determining correct emissaatof values on a plant
basis. If these estimates fop®I emissions prove to be correct, and representative of a
large number of US WWTPs, the USEPA estimates fg Mmissions from WWTPs
could be largely underestimated (up to 1.5 orders of magnitude). ThisrglBesi that

the global NO budget should be revised to accommodate these higher antrophogenic
emissions. At the moment, there is great uncertainty concethexgmount of BD
released through the use of both synthetic and natural fertilizemgrioultural soils
(Davidson, 2009), and the role of soils as sinks @O NMosier et al.,, 1998).
Furthermore, the IPCC methodology used to estimat@ &missions (De Klein et al.,
2006) is based on mean emission factors that need to be extrapalsaied w@aste
regions, resulting in large errors for the source estimateslikely that these increased
anthropogenic emissions from WWTPs can be accommodated withiN,eglobal

budget as our ability to constraint each source increases.

4.6 CONCLUSIONS

At the Stickney, North Side, and Egan WWTPs, total fluxes £#,NCH,, and

CO, (Stickney only) were determined. The calculated cummulative fldsaea the
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Stickney WWTP were 5.1x2kg N,Oly, or 204 g/Pely, and 2.8 x ®lRgCHu/y or 1122
g/Pely. The calculated cumulative fluxes for the North Side Ww&r 1.7 x 10kgly
N,O, or 12.3 g/Pely, and 8.6 x“1Kgly CH,, or 61.1 g/Pely. The calculated cummulative
fluxes from the Egan WWTP were 1.6 X*1@/y N,O, or 91.8 g/Pely, and 6.0 x10H,,

or 353.6 g/Pely. About 0.94%, 0.16%, and 0.97% of the incoming TKN is emittetDas N
at Stickney, North Side, and Egan respectively. The aeration basinsliyaonstitute

the main source of XD (>85%). Main sources of GHare primary tanks (particularly
Imhoff), anaerobic digesters, plant exhausts, and aeration bakm$PCC model used
by USEPA to estimate 0 and CH emissions appears to underestimate the former by

up to t1.5 orders of magnitude.



CHAPTER 5

STABLE ISOTOPE AND ISOTOPOMERIC CONSTRAINTS ON
NITROUS OXIDE PRODUCTION IN THE STICKNEY AERATION
BASINS AND CARBON ISOTOPE ANALYSIS OF OFF-GAS AND
SUSPENDED SOLIDS

5.1 INTRODUCTION

A detailed study on PO, CH,;, and CQ emissions from aeration battery B was
conducted at the Stickney WWTP between June and November 2010. The reaiiv@bj
of this study was to use concentrations, and bulk and site-spdc#fiable isotope data
on NO(g) and aqueous nitrogen species §M\Hand NQ-N) to determine: (1)
distribution of the aqueous N species along the flow path of the wastewaa single
aeration basin tank; (2) stable isotope trends in the aqueousediespalong the
wastewater flow path that could be related to nitrification /@ndienitrification
processes; (3) production mechanism gbNbased on the site preference (SP) data; and
(4) a N isotope mass balance for a representative tank of tite@adrasin. An additional
objective was to usé&’C and**C isotope data for CHand CQ emissions from the
aeration basin, the anaerobic digesters, and the Imhoff tanks, toteliaeatheir C
sources. Additionally, off-gas emission samples were cotledte times during the

period June-November 2010 to obtain a better constraint on the variabiliff-gds

101



102

emissions through time. Samples were collected from five Typ@dds (Section 2.2)
placed along the wastewater flow path. A total of 150 off-gas sanfgé\,O, CH,;, and
CO, concentrations and isotopic analysis, 30 aqueous samples for N satdpe
analysis in NH" and NQ', 10 off-gas samples for,® bulk isotopic and isotopomeric
analysis, and related aqueous samples for water quality analyses oollected.

Additionally, 15 samples of suspended solids were collected fdrandd™*C analysis.

5.2 SAMPLING COVERAGE AND METHODS

During this phase, all gas samples were collected using Type Il hoods and Method

1 (see sections 2.1 and 2.2). The Stickney WWTP utilizes four aeratsims bfar
biological nitrification of ammonia; a single aeration basin incluaigkt tanks, each one
consisting of four passes; five hoods were placed in a singléttark#1) of the aeration
basin B. Depending on the wastewater flow, the residence time intatile is
approximately 8 to 10 hours. Three hoods were placed in the first fEtiggsfrom the

tank inlet, one hood was placed halfway between passes 2 and 3, and hioedastas
placed at the outletF{gure 21). When summed together, the total length of the four
passes, which corresponds to the total flow path length of the vedstews
approximately 520 m. The distances of the hoods fronmtaeof the tank were therefore

2, 65, 130, 260, and 520 m, respectively. After placement, the hoods were allowed to
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equilibrate for three days before the first sample collectiong@dfsamples from the five
hoods were collected on seven different days over the sampling penedNdvember
2010. During four of these days samples were collected at 10:00am, 2:@06dm,
6:00pm, for a total of 15 sets of samples. Associated water quality samplesollected

as described in section 2.1 and analyzed at the Stickney WWTPttalesas described
in section 2.2. Temperature, DO, and pH were measured in siiudedglicated probes.
All gas samples were analyzed using the SRI Greenhouse Gas @#Scribed in section
2.3. During 6 different days a total of 12 off-gas sample sets fraydshd to 5 were
collected for3*CO,. During one aeration basin sampling event (Jtfly2910) additional
samples were collected: (1) water aliquots for stable isotoyaysis of N aqueous
species (N and NQ); (2) additional off-gas samples f8F°C and*‘C analysis of CQ
5C analysis of Chl and NO bulk isotopic and isotopomeric analysis; and (3)
suspended solid samples BN and3*°C analysis. In addition: (4) Imhoff tank off-gas
was collected from three different tanks &87CO, analysis from the tail and the central
vent of a single tank; (5) anaerobic digester off-gas was colldotestable isotope
analysis of C@ CH, and*C; this latter set of samples included grab samples from five
digesters and a time series set of 4 samples collecteg Bveninutes from digester 18.
The additional off-gas samples were collected with methods 1 8e&i¢n 2.1). The
analytical methods employed are described in section 2.2 (off-gaan@{sis), section
2.5 (stable isotopic and isotopomeric analyses of'NNOs, and NO) and section 2.6

(5"3C analysis of C@®and CH, and**C analysis of Cg).
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Figure 21. Representation of a single tank for the aeration basins &h&jicThe tank
includes four passes. Blue arrows represent the wastewatepétiwbetween passes
going from the inlet to the outlet of the tank. Each pass (L x Wis @30 x 10 x 4.5 m.
Red dots represent the position of the five sampling hoods used.

The total NO flux from the tank was calculated assuming that the averaged N

concentrations of hoods 1-2-3 is representative of the emissions sef Ipathat

concentrations measured from hood 4 are representative of paskesnd that

concentrations measured from hood 5 are representative of paks #otdl flux was

calculated based on the amount of air pumped into the tank using edquatidrhe air

usage for the single tank was 4.3 ¥ b¥/day for the day of July's and overall 1.2 x

10° m*/year were used for entire aeration basin B in 2010. Stable isotopic doomsosf

N, C, O, and H are reported using the delta notation (Equation 2t6atmospheric By
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Vienna Pee Dee Belemnite (VPBD), and Vienna Standard Mean Odé&ser

(VSMOW) as the isotopic references for N, C, and O and H, respectively.

5.3 RESULTS

5.3.1 Off-gas concentrations and wastewater quality

Off-gas and wastewater quality analysis results are presenieble XIll . The
temperature of the tank varied between 22.3 and 23.7°C with an average®Gf #2:9
pH of the water varied from 6.7 to 7.2 and averaged 7.0. The DO variedebebvwand
7.6 mg/L and increases from inlet to outlet.

Overall, off-gas NO, CH,;, and CQ concentrations present high variability. The
N2O concentrations vary between 0.3 and 99 ppmv with an average of 24 @pinv;
concentrations vary between 0.0 and 820 ppmv with an average of 160 ppmv; CO
concentrations vary between 7,100 and 26,400 ppmv with an average of 15,700. As
observed for the 2009 study (Chapter 4), the distribution of the off-gas caiicers
follows specific patterns. The,® concentrations are generally low toward the inlet and
increase along the flow path, reaching a maximum at hood 4, and theraske again
toward the outletRigure 22). The CH concentrations are higher in proximity of the tank
inlet, and rapidly decrease toward the outlet of the thigute 23). A pattern similar to

N0 is followed by CQ (Figure 24). Assuming that tank 1 is representative of the eight



106

TABLE XIII.

ANALYTICAL RESULTS FOR OFF-GAS EMISSIONS AND WATERQUALITY
PARAMETERS.

Hood Collection CH, CO, N,O NHs;-N  NO,-N NOs-N TOC TKN COD SS pH DO T

# day time  ppmv ppmv  ppmv  mg/L mg/L mg/L mg/L  mg/L mg/L mgiL °C

Off-gas and water quality samples

1 7/5/2006 10AM 460 12,600 6.6 9.4 0.3 2.9 33.4 100 1,820 2,550 71 02 224
2 7/5/2006 10AM 130 11,950 8.9 8.3 0.5 3.8 26.9 97 141 1,470 69 01 231
3 7/5/2006 10AM 16 14,850 94 6 0.8 5.7 22.7 79 885 1,430 6.8 0.2 229
4 7/5/2006 10AM 98 2,500 99 1.4 0.7 9.4 355 121 1,842 1,240 6.7 18 233
5 7/5/2006 10AM 13 15,250 14 11 0.2 114 20.3 98 977 960 69 59 233
1 7/5/2006 2PM 490 12,250 9 8.2 0.4 1.6 37.8 114 947 2,540 71 01 227
2 7/5/2006 2PM 104 16,200 47 8.9 0.6 2.9 30.7 95 1,626 2,000 7 01 23
3 7/5/2006 2PM 12 14,200 80 7 0.8 4.2 33.1 133 1,842 1,500 6.8 08 235
4 7/5/2006 2PM 53 23,200 89 15 1.6 8.4 20.5 56 1,431 1,330 6.8 39 231
5 7/5/2006 2PM 16 18,050 - 1 0.1 11.2 32.2 115 1,561 1,480 7 76 233
1 7/5/2006 6PM 820 12,300 13 12.9 0.5 0.6 56.3 117 1,907 2,070 72 00 223
2 7/5/2006 6PM 310 12,400 12 12.8 0.2 1.4 36.2 107 1,950 1,900 71 06 228
3 7/5/2006 6PM 76 16,050 26 11.7 0.3 2.1 34.2 95 1,215 980 7 05 227
4 7/5/2006 6PM 80 21,500 78 5.6 1 4.8 34.8 109 1,539 920 69 21 225
5 7/5/2006 6PM 17 12,400 17 0.6 0.2 9.6 36.5 117 2,123 2,700 7 6.9 229
1 8/16/2006 11AM 520 14,500 31 12 0.2 0.1 43.2 107 1,534 3,280 71 01 237
2 8/16/2006 11AM 260 14,050 1.3 11.6 0.1 0 43.3 119 1,576 2,840 7 01 235
3 8/16/2006 11AM 37 18900 25 8.9 0.1 0.5 49 151 2,065 2,920 7 02 232
4 8/16/2006 12PM 23 24,200 55 2.6 0.3 3.3 36.3 107 1,598 3,810 7 01 231
5 8/16/2006 12PM 12 17,250 11 1.6 0.1 4.1 60 184 2,914 3,690 71 48 233
1 8/16/2006 2PM 270 10,300 23 9.9 0.1 0.1 59.4 167 2,638 3,190 71 0.0 23
2 8/16/2006 1PM 106 - 03 9.3 0 0.1 26 77 1,003 3,500 7 01 229
3 8/16/2006 2PM 26 19,500 1.4 8.8 0 0.1 29.2 78 1,131 3,400 6.9 0.04 228
4 8/16/2006 2PM 17 24,200 a7 5.6 0.3 2.2 32.8 103 1,343 3,580 7 0.04 233
5 8/16/2006 2PM 11 17,100 27 14 0.1 4.9 58.5 182 2,893 3,660 7.1 502 231
1 8/16/2006 6PM 341 12,200 38 11.8 0.2 0.2 47.6 128 1,959 2,260 7 0.03 226
2 8/16/2006 6PM 127 14,000 0.3 10.5 0 0 39 100 1,364 3,180 7 005 227
3 8/16/2006 6PM 119 18,550 1.7 9.2 0.1 0.2 44.6 145 2,022 3,530 6.9 0.05 228
4 8/16/2006 6PM 0 23,300 60 3.2 0.3 3 42 130 1,959 3,630 6.8 0.03 227

- datum not available
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Hood  Collection CH, CO, N,O NH;N NON NO;N TOC TKN ¥ ss pH DO T
# day time ppmv ppmv  ppmv mg/L mg/L mg/L mg/L  mg/L ng/ mg/L  °C
Off-gas and water quality samples
5 8/16/2006 6PM 17 17650 29 0.8 01 52 385 121 °] 3980 69 443 228
1 9/6/2006 10AM 688 9,400 21  10.9 0.2 13 585 130 214 2470 7 o028 225
2 9/6/2006 10AM 280 12,000 3.6 105 01 14 525 141 V9 2500 7 o071 228
3 9/6/2006 10AM 65 16,600 1.1 9.6 01 21 466 124 %0 2480 7 103 225
4 9/6/2006 10AM 21 23450 64 43 0.4 6 367 94 %% 2470 69 228 227
5 9/6/2006 10AM 3 13350 13 0.9 0.1 10 493 127 2% 2480 68 684 226
1 9/6/2006 2PM 617 9650 9 107 03 09 398 95 "% 2400 71 019 229
2 9/6/2006 2PM 314 12350 32 106 0.2 17 454 113 %2 2430 71 079 228
3 9/6/2006 2PM 1 - 09 101 0.1 25 386 113 V%0 2350 7 105 229
4 9/6/2006 2PM 22 23660 73 5.1 05 67 309 104 “°l 2430 68 257 23
5 9/6/2006 2PM 3 15950 26 17 01 102 348 110 "3l 2480 71 697 229
1 9/6/2006 6PM 553 8800 83 137 0.4 12 469 123 2%} 2410 71 024 226
2 9/6/2006 6PM 307 13250 43 129 0.2 12 513 138 203 2500 7 079 224
3 9/6/2006 6PM 62 15050 08 114 01 14 391 102 M 2350 69 113 224
4 9/6/2006 6PM 21 23950 64 55 0.4 52 391 108 V0 2340 69 241 225
5 9/6/2006 6PM 4 14400 20 13 01 101 459 133 %% 2560 69 632 226
Off-gas samples only
1 7/8/2006 3PM 707 11,250 6 . - . .
2 7/8/2006 3PM 149 10450 3.4 . - . .
3 7/8/2006 3PM 35 13950 7.9 . - . .
4 7/8/2006 3PM 50 16,750 29 . . . S
5 7/8/2006 3PM 22 12300 3.6 . . . S
1 8/6/2006 12PM 706 18,000 7.4 : : : -
2 8/6/2006 12PM 282 20400 1.9 . . . S
3 8/6/2006 12PM 47 18350 16 . . . S
4 8/6/2006 12PM 54 24000 47 . . . S
5 8/6/2006 12PM 24 19150 9.1 . . . -
1 6/28/2006 10AM 651 . 56 . . . -

- datum not available
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Hood Collection CH, CO, N2O  NHz;-N  NOxN NOs-N  TOC TKN COD SS pH DO T
# day time ppmv ppmv ppmv mg/L mg/L  mg/L  mg/L mg/L mg/lL mg/L  °C
Off-gas samples only

2 6/28/2006 10AM 381 14,300 1.7 - - - - - -

3 6/28/2006 10AM 140 - 5.3 - - - - - -

4 6/28/2006 10AM 103 26,350 23 - - - - - -

5 6/28/2006 10AM 13 16,400 3.7 - - - R - .

1 11/9/2011 10AM 140 8,000 56 - - - - - -

2 11/9/2011 10AM 18 11,200 65 - - - - - -

3 11/9/2011 10AM 4 16,900 17 - - - - - -

4 11/9/2011 10AM 43 19,950 27 - - - - - -

5 11/9/2011 10AM 5 16,700 40 - - - - - -

1 11/9/2011 2PM 191 7,900 26 - - - - - -

2 11/9/2011 2PM 40 9,200 25 - - - - - -

3 11/9/2011 2PM 12 13,950 10 - - - - - -

4 11/9/2011 2PM 50 21,300 30 - - - - - -

5 11/9/2011 2PM 5 13,150 16 - - - - - -

1 11/9/2011 6PM 328 7,100 19 - - - - - -

2 11/9/2011 6PM 111 7,750 27 - - - - - N

3 11/9/2011 6PM 39 12,500 6.7 - - - R - .

4 11/9/2011 6PM 65 20,550 21 - - - - - N

5 11/9/2011 6PM 4 12,300 11 - - - - - -
Average 159 15,700 24 7.2 0.3 3.7 40.1 116 1,690 2,493 7 1.8 229
Stdev 210 4,800 25 4.3 0.3 3.5 10.1 25 504 815 0.1 24 03
mean 54 14,850 15 8.8 0.2 2.5 39 113 1,627 2,480 7 06 228
Max 819 25,350 99 13.7 16 114 60 184 2,914 3,980 7.2 7.6 23.7
Min 0 7,100 0 0.6 0 0 20.3 56 141 920 6.7 0 223

- datum not available
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Figure 22 Representative JO trends as observed along the wastewater flow path in the
aeration basin at different times of the day (data for Jil2610).
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Figure 23 Representative GHrends as observed along the wastewater flow path in the
aeration basin at different times of the day (data for Jil2610).
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Figure 24. Representative CQrends as observed along the wastewater flow path in the
aeration basin B at different times of the day (data for J{jip®10).

tanks of aeration basin B, and given pumped air flux for the aeratiam dfas.2 x 10
m3ly, the calculated YD, CHs, and CQ fluxes for the aeration basin B were: 5.8 X,10
7.2 x 1d, and 3.4 x 10kgly for NO, CH,, and CQ respectively. The dD flux,
calculated for the single day of Jull),8s 390 kg/day, or 248 kg/day ob®-N. For the N
agueous species, N varied between 0.6 and 13.6 mg/L with an average of 7.2 mg/L;
NO,-N varied between 0 and 1.6 mg/L with an average of 0.3 mg/Ls-NM®aried
between 0 and 11.4 mg/L with an average of 3.7 mg/L. ThgNHecreases from the
inlet toward the outletHigure 25), while NOs;-N increases. The NEN generally reaches

a maximum at hood 4 and decreases again moving toward the outlet of the tank; however,
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no systematic increase is observed from hood 1 to 3. Good correltgenerally
observed between,® and NQ (R? = 0.65,Figure 26). Given an average wastewater
flow through aeration battery B of 6.2 x®1D/day (datum relative to July™ 2010;
Lanyon et al.,, 2010), and given an averages;NGCconcentration of 3.7mg/L, the total
mass of N@ flowing through the aeration basin in one day is 2,280 kg, resulting in
10.9% of the N@N emitted as BD. Similar calculations for different sampling dates
yield a range of 5-12% of NEN converted to BD.

The suspended solids, which in first approximation are entirely coedtitytthe
bacterial biomass in the aeration basin, varied between 920 and 3g@B0with an
average of 2,493 mg/L. The COD varied between 141 and 2,914 mg/L averaging 1,690
mg/L. The Total Kjeldahl Nitrogen (TKN), which includes the organtoogien stored in
the bacterial biomass, varied between 56 and 184 mg/L and averaged/L1&imally,

the Total Organic Carbon (TOC) varied between 20 and 60 mg/L, averaging 40 mg/L.

5.3.2 Stable isotope analysis of ammonium, nitrate, suspended dsliand nitrous
oxide
Stable isotope rations of N and O in the aqueous N-specie§ 0@ and NH")

and NO were analyzed for the samples collected on J{i\2610. The bacterial method
used to measure th&°N in the aqueous species (Section 2.5) does not distinguish
between N@ and NQ, therefore thé™N values are inclusive of both aqueous species
(Table XIV). Since the amount of NOremains generally low in the tank, the combined

3N of NO, + NO; will be referred to a®'®Nyos from here on. Thé®Nyos varied
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between +5.3 and +20.4%o, whi®&’Oyos varied between -1.6 and +8.0%.. A good linear
correlation (B = 0.89) is observed betwe@Onos and 3*°Nyos with a slope of 0.53
(Figure 27). The 3°Nyos initially decreases as the NQoncentration increases, and it

tends to increase again towards sampling hoods-igbire 28).
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Figure 25. Representative concentration trends for the nitrogen aqueous species and
dissolved oxygen along the flow path in aeration basin B at difféh@es of the day

(data for July 6, 2010).
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Figure 26. Measured BD(g) concentrations plotted against N aqg) concentrations
for aeration basin B at different times of the day. Data froly 8", 2010. The Rvalue
for the regression line (not shown) is 0.65.

The 3°N of NHz-N was determined on the ion NHas at the pH range of the

tank (6.7-7.2) NHis present as N¥, according to the reaction:

(5.1) N H > NH,'

The 3"Nnna4 value varied between +6.1 and +49.4%. and tends to increase with
decreasing Ni concentration and decrease again towards hood 5 wheré NH

concentrations approach zeféigure 29). The 3N value of the suspended solids was
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almost constant throughout the tank, and averaged +6.8%., with a range of +b.3%e
and a standard deviation of 0.2%.. Similarly, éC value of suspended solids was
almost constant, averaging -20.2%. (PDB), with a range of -19.9 to -20.5%a and
standard deviation of 0.1%o.

The 3Nn20 (Figure 30) varies between +0.35 and -34.4%. whi¥O varies
between +23.5 and +60.3%o. The high&®SNn.o values are observed toward the inlet of
the tank, where off-gas R concentrations are low. As moreNis produced (hoods 3-
4-5), the 3°Nnz0 values range from -20.5 to -34.4%.. Similarly, the high®&Dy.0
values (+49.4 to +60.3%0) are observed in th® Mollected at hood 1, while for hoods 3-
4-5 values range from +23.5 to +44.7%.. THEONSP valuesHigure 31) range between

+11.7 and -4.5%0 and average +2.7%o.
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TABLE XIV.
STABLE N AND O ISOTOPE RESULTS FOR NITROGEN AQUEOUS SPESI

T NH," NH," NOz +NO, NOj +NO, NOj +NO,
Hood time T pmollL  &°N, %o &N, %o pmol/L 5°0, %o
1 10AM 22.4 601.2 +7.2 +11.9 403 +3.2
2 10AM 23.1 538.1 +11.3 +8.0 413 +1.6
3 10AM 22.9 374.3 +18.2 +5.3 610 +0.2
4 10AM 23.3 16.5 +17.6 +8.8 1011 +0.4
5  10AM 23.3 20.0 +7.4 +8.1 1002 -
1 2PM 22.7 702.5 +7.0 +20.4 207 +6.2
2  2PM 23 609.8 +10.6 +13.0 357 +3.8
3 2PM 235 - - +7.9 459 +1.5
4  2PM 23.1 56.3 +49.4 +7.4 900 -1.6
5 2PM 23.3 34.0 +8.3 +8.6 955 +1.5
1 6PM 223 917.7 +6.4 +18.8 248 +6.1
2  6PM 22.8 881.6 +8.3 +20.0 204 +8.0
3 6PM 22.7 781.2 +10.7 +13.6 280 +5.0
4  6PM 225 435.3 +19.9 +5.3 600 -15
5  6PM 22.9 7.0 +6.1 +10.2 991 +2.0
25 7
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Figure 27. "N (%0) andd'®0 (%) values of N@ along the flow path of the wastewater
in aeration basin B at different times of the day. The samphings correspond to hoods
1-5. The R value of the regression line (not shown) is 0.89, with a slope.5&. 0
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Figure 28 3N values (%o) of nitrate versus nitrate concentration along tve fiath of
the wastewater in aeration basin B at different times ofdthe The sampling points
correspond to hoods 1-5.
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Figure 29. 8N value (%) of ammonium versus ammonium concentration along the
flow path of the wastewater in aeration basin B at diffetenes of the day. The
sampling points correspond to hoods 1-5.
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Figure 30. Bulk off-gas NO isotopic composition along the flow path of the wastewater
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14.0 1 ¢ 10AM
12.0 _,_l-_\ B 2em
__100 A 6PM
o
£ 80 e
@ o A — — — Avg 5P for denit.
g 6.0 ¥ ~
0 4.0
& m O
= 2.0 m
L o0 rr--=---- A-——mm—m - mmm e mm - = — A
wy
2.0 - A
-4.0 <
-6.0 T T T T T
0.0 100.0 200.0 300.0 400.0 500.0
Distance from inlet (m)

Figure 31 Site preference value (%0) in the off-gagONalong the flow path of the
wastewater in aeration basin B. The dotted line indicates thage/&P value associated
with denitrification (~0%o).
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5.3.3 Stable isotope analysis of G&nd CH,, and *“C analysis of CQ.

The 8*3C andd'®0 values of C@are reported in %o relative to VPDB dble
XV). In the aeration basin off-gas samples &€ values varied between -14.1 and -
18.7 with an average value of -16.3%.. No systematic variations were/etisdong the
wastewater flow path, and tR&’C values tend to remain constant throughout the day but
varied on average 2%o between sampling dates.3ti@ varied between -2.1 and -11.9
with an average value of -7.9%o. The tail of the Imhoff t&HC varied between -5.9 and
-11 with an average value of -9.3%.. T&EO varied between -5.4 and -5.6 with average
value of -5.5%o. The Imhoff tank central veSC varied between +6.6 and +6.3 with an
average value of +6.4%0 and very little variability. The,@@m the anaerobic digesters
also showed a very narrow rangefC values (+6.8 to +5.6) averaging +6.1%.. The
5'%0 values varied between -6.8 and -9.2 with average of -8.3%.. The tifas s=sults
for 8°C of anaerobic digester 18 are plottedd&€ andd'®0 versus 1/[CG (Figure
32) to verify if any contamination from air GQvas present; the two regression lines
suggest intercepts (x = 0) of +7.6 and -3.8 351C and&'®0, respectively, indicating
minor sample contamination from air.

Only two of the aeration basin off-gas samples contained enoughoCbé
analyzed fo"™>C after cryogenic enrichment. In these two samples (hoods 1-3)-*the

values of CH were -33 and -44%.T@ble XVI). The two anaerobic digester samples
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TABLE XV
5C AND 3'%0 VALUES FOR CQ FROM DIFFERENT SOURCES
5"C (%o PDB) 50 (%0 PDB)
Location Average Max Min S Average Max Min S
Aeration basin B -16.3 -14.1 -18.7 0.9 -7.9 2.1 -119 1.6
Imhoff tank 93 59 11 29 55 5.4 56 0.1
(tail)
Imhoff tank 6.4 6.6 63 0.1 35 34 37 02
(central vent)
Anaerobic digesters
5.913.18.23 6.1 6.8 56 04 -8.3 -6.8 92 1.0
Anaerobic digester 18
1 (15 min) 5.7 8.7
2 (30 minutes) 6.3 -7.7
. 6.8 57 05 -6.8 -87 0.9
3 (45 minutes) 6.8 -6.9
4 (60 minutes) 6.3 -6.8
S = standard deviation
7.0 - 0.0
6.8 - Q@
- -2.0
— 0.6 - =
o
o) L (]
a 6.4 - 40 @&
2 2
O 6.2 Py
mU - -6.0 ‘9
® 6.0 - e
2 _ - -8.0
g . R?=0.93
5.6 T T -10.0
9.00E-06 1.30E-05 1.70E-05 2.10E-05
1/[C02] (ppmv?)

Figure 32. Anaerobic digester CO3"C and 'O plot versus the inverse of the £0
concentration. The regression lines sug@¥t and3*®0 end members values for the
degassed C£of +7.6 and -3.8%0. PDB, respectively.
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showeds'*C values of -46.2 and -46.6%. and@ value of -329%o.

Data for'“C in the CQ from the aeration basiTéble XVII) show that the
fraction of modern carbon varies between 0.9078 and 0.9221 yidti@gvalues from -
84.5 to -98.7%0 and apparent ages from 651 to 777 y. The anaerobic digester sample
shows a fraction of modern carbon of 0.9645 yieldiy"€ value of -42.4%. and an
apparent age of 290 y. The calculations asstifdalf-life = 5568 y (Libby, 1952), and

follows the conventions by Stuiver and Polach (1977).

TABLE XVI
5"°C AND 3D VALUES FOR CH

Sampling 5c oD

Sample date %o %0
Hood 1 7/6/2010 -44
Hood 2 7/6/2010 -33
Hood 3 7/6/2010
Hood 4 7/6/2010 -
Hood 5 7/6/2010 - -
Anaerobic digester 18 8/7/2010 -46.2 -329

Anaerobic digester 21 8/7/2010 -46.6 -329
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TABLE XVII.
4C DATA FOR CQ FROM THE AERATION BASIN (HOODS 1-3-4-5) AND
ANAEROBIC DIGESTER 18.

Sample Activity fraction ¢ age
Name 3°C dpm/g modern + AYc + y +
Hood 1 -15 12.7309 0.9221 0.0033 -84.5 3 651 30
Hood 3 -15 12.5330 0.9078 0.0035 -98.7 4 777 35
Hood 4 -15 12.6483 0.9161 0.0033 -90.4 3 704 30
Hood 5 -15 12.5720 0.9106 0.0032 -95.9 3 752 30
An. dig. #18 +6.1 13.9157 0.9645 0.0036 -42.4 4 290 30

5.3.4 Stable N-isotope modeling

A fractionation model was developed to fit the NHnd NQ' stable N isotopes
data. The model is based on the following assumptions: (1)° KHquantitatively
converted into N@ through nitrification; (2) N@ does not accumulate significantly,
therefore reaction 1.3 is rate limiting, but not reaction 1.4; 3)%-of the N@ formed
is denitrified. The initial fractionation factor for reactidn3 can be calculated for

consumption of Nk between hoods 1 and 2 using the Rayleigh equation:

(5.2) X =, X +&(X)xIn f
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whereg(X) is the enrichment factor for consumption with respect to spGid is the
concentration ratio C/Cfor the specie, and subscript 0 signifies an initial value. For

NH,", an initial enrichment factor can be calculated as:

5"5(NH, " )-5(NH," ),

(5.3) e(NH,") = —

The calculated(NH,") values for 10:00am, 2:00pm, and 6:00pm are -37, -25, and -
46%0 respectively; with the exception of -46%., the other two valuesvllwithin the
range -38 to -5 of enrichment factors reported in literaturanitafication (Casciotti et

al., 2003; Mariotti et al., 1980, 1981). TH@&H,") values are expected to decrease along
the wastewater flow path as less and less'Nil available for consumption (Mariotti,
1981). At each step of Nficonsumption, th&™N of NO; was recalculated using the

following relationship (Toyoda et al., 2005):

(5.4 Xy =Xg+&(X),p

where ¢(X)p is the enrichment factor for production, and subscripts P and &iedi

product and substrate, respectively.
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Several studies have reportgdNOs) values for denitrificationTable XVIII ).
The average(NOy) for bacteria of the speci®seudomonaandParacoccuswhich are
the most diffuse species in wastewater treatment (Tchobanoglous, BO@23%.. The
¢(NH,") for consumption of N§ during production of N@, and the amount of newly
formed NQ' reduced, with a constagiNO3") = -23%0, were chosen as fitting parameters.
Good fits between the model and the d#tigyre 33, 34, and 3bwere obtained using
¢(NH;") in the range between the initial calculated valnd -10%. and 0-12% of
NOs consumed by denitrification with §NO3) = -23. For the 2:00pm data, up to

20% NQ consumption was used. A fit between the model and thg 8thble isotope

was also obtained from the modElgure 36).

5.4 DISCUSSION

Given that the residence time in the aeration basin is 8-10 hodr$hat a single
set of samples from the five hoods was collected in ~1 hr, a sagiple set does not
represent a single parcel (volume) of water. However, temperfiawesate through the
aeration basin, amount of oxygen provided to the wastewater, and amountaog SS
monitored and maintained nearly constant by the Management and OpBegiEmment

of the WWTP. Therefore, in first approximation, the aeration basin behavegsisra s
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TABLE XVIII.
NITROGEN AND OXYGEN FRACTIONATION FACTORS FOR
DENITRIFICATION REPORTED IN THE LITERATURE.
Bacterium &N (%o) %0 (%0) Source
Unspecified NO 3 consumption
Pseudomonas stutzeri -20to -30 Wellman et al. 1968
Paracoccus denitrificans -13to -20 Delwiche and Steyn 1970
Unknown -14to -21 Miyake and Wada 1971
" -2t0-12 Wada et al. 1975
-14 to -23 Blackmer and Bremner 1977
-29.4+2.4 Mariotti et al. 1981
-24.610.9 Mariotti et al. 1981
-30+6 Vogel et al. 1981
-15.9 Bottcher et al 1990
-22.9 Aravena and Robertson 1998
" -20.7 Lehmann et al. 2003
" -20 to -30 Brandes et al. 1998
" -30 Voss et al. 2001
" -22t0 -25 Brandes et al. 1998
Ochrobactrum sp. -29.6 -6.81t0-22.8 Granger et al. 2008
Pseudomonas chlororaphis -16.9 t0 -23.0 -16.4t0-21.1 "
Paracoccus denitrificans -17.6 to0 -26.6 -16.5t0 -22.6 "
Pseudomonas stutzeri -5.4t0-17.7 -48t0-17.7 "
Rhodobacter sphaeroides -12.6 t0 -19.9 -79t0-13.1 "
NO3z; — N,
Paracoccus denitrificans -24t0 -33 Barford et al. 1999
Soil denitrifiers -19to -35 Snider et al. 2008
" -38 Tilsner et al. 2003
NO; — N,O
Paracoccus denitrificans -10 to -22 Toyoda et al. 2005
Pseudomonas aureofaciens -37 Sutka et al. 2006
Pseudomonas chlororaphis -13 Sutka et al. 2006
Pseudomonas fluorescens -17 to -39 Toyoda et al. 2005
Pseudomonas fluorescens -33t0-37 Yoshida 1984
Soil denitrifiers -10to -45 Perez et al. 2006
-27 Wada et al. 1991
-16 Schmidt and Voerkelius 1989

-24t0 -32 and -11
Pseudomonas aeruginosa

N,O —N,
Paracoccus denitrificans -7t0-19
Pseudomonas fluorescens -1to -27
Pseudomonas aeruginosa -37t0-42
Pseudomonas stutzeri -4
Pseudomonas denitrificans -7
Soil denitrifiers -2t0-9

-9

-2

-4

Mariotti et al. 1981, 1982
Wahlen and Yoshinari, 1985

Barford et al. 1999

Yoshida 1984

Wabhlen and Yoshinari, 1985
Ostrom et al., 2007

Ostrom et al., 2007

Ostrom et al., 2007

Vieten et al. 2007
Mandernack et al., 2000
Schmidt and Voerkelius 1989
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Figure 33 Fitting between the isotope fractionation model and the nitrogenestabl
isotope data (10:00am) for nitrate.
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Figure 34. Fitting between the isotope fractionation model and the nitrogenestabl
isotope data (2:00pm) for nitrate.
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Figure 35 Fitting between the isotope fractionation model and the nitrogenestabl
isotope data (6:00pm) for nitrate.
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at steady-state, the only unknown being the exact characteristiosoafing wastewater
(TKN, aqueous N-species distribution, and COD). Off-ga®,NCH,, and CQ present
high variability, arguably due to two main factors: (1) changes in cotmgosif the
incoming wastewater; and (2) sampling position along the tank. Howeeehidhest
N2O concentrations are systematically observed towards hoods 3-4, whichotdcegm
to be consistent with production through nitrification. In fact, sM\Hoxidation and
nitrification arguably start at the inlet of the tank and prdcéeoughout the tank as
shown by the rapid decrease of NN and increase of N&N concentrations along the
flow path of the wastewater. The specularity of theslNHand NQ-N trends seems to
suggest that NEHN is nearly quantitatively oxidized to NEN.This implies that organic
nitrogen, generally present in the wastewater as proteins ancho-agids
(Tchobanoglous, 2004), is the main source of nitrogen for the bacterialaggom
assimilatory reactions in the aeration basin, rather thagNNH he NO emissions are
higher in the zone with DO between 0.2-2.5 mg/L, averaging 1.3 mg/L, which is
consistent with previous studies on lab-scale batch reactors wherhighest BO
emissions mainly occurred through nitrifier denitrification at BIO-1 mg/L (Tallec et
al.,, 2006). There is poor correlation between DO an@® Mmissions; however, a
generally good positive correlation betweepONand NQ-N might indicate that pD
emissions increase either because of increased nitrificatidoecause more nitrite is
available for denitrification. The SP values fofQ\ averaging +2.6%o, strongly support

this latter hypothesis when interpreted according to Sutkd €R@06). Additionally,



128

there is a good linear correlation betw@tN and3'®0 (R? = 0.89), with a slope of the
regression line of 0.53, which is within the typical values obsergedidnitrification
(0.5-1.0; Kim and Craig, 1990, 1993; Yoshinari et al., 1997; Granger et al., 2008).
Despite the fact that denitrification is expected to be magdgminant toward the inlet

of the tank, where low DO favors denitrifiers, inhibition of theaus oxide reductase
enzyme by increasing levels of DO might explain whpMemissions are higher at DO
between 0.2 and 2.5 mg/L (Bell and Ferguson, 1991, Madigan et al., 2009;).
Subsequently, )0 emissions decrease again toward the outlet of the tank, podsily

to almost complete inhibition of denitrification at DO level2.5 mg/L. Arguably, the
denitrification process never completely stops, as low DO/anaemabioenvironments
likely persist within the bacterial floc. These micro-sites doalso be exploited by
methanogens, which would explain why Ck$ still produced, in relatively minor
amounts, at the outlet of the tank, where 2.7 to 24.1 ppmv @fwald measured in the
off-gas. The high concentrations of Chheasured at the inlet of the tank, on the other
hand, could be either produced in situ through methanogenesis due to tiisdohved
oxygen level (<0.2 mg/L) near the inlet, and/or could be carried over thhe primary
settling tanks. Finally, the rate of G@missions could depend on the DO available for
respiration and oxidation, which is higher toward the outlet of the tankmakxénum in

CO, emissions at hood 4 and subsequent decrease towards hood 5 could be due to

consumption of utilizable substrate.
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The observe@™NOs values versus Nconcentrations can be explained as the
result of NH' nitrification with fractionation factor values ranging from -46 10%o,
accompanied by variable amounts of denitrification in the range of 5¢t0%e total
NOs present in the tank. The same model also explains the obsErd," values
versus NH' concentrations (Figure 35). In this latter case, however, ggnéhalldata
for hood 5, and for hood 4 in one case, deviate from the model. The smzdintrations
of NH," (7-34 umol/L) observed toward the outlet of the aeration basin might reflect
NH," produced ex-novo through endogenoespiration of the biomass (Reaction 1.2).
This hypothesis is supported by the fact that&iiH," is in the range +6.1 to +8.3%,

very similar to thed™N value of +6.8%. obtained for the bacterial biomass.

The 8°C of the aeration basin suspended solids, averaging -20.2%o, is in theofange
similar values reported for dissolved and particulate orgaattem(-20 to -26%o) from
WWTP reported in other studies (Gearing et al., 1991; Vandover 498R; Ramirez-
Alvarez et al., 2007; Griffith et al., 2009), and about 4%. lighter tha®'i@0, from the
aeration basin (average = -16.3%0). T\ for the suspended solids, averaging +6.8%o,
is higher than previous values reported for WWTP organic matterirbilarsto those
reported for sediments (Ramirez-Alvarez et al., 200gure 37). The 3*CO; from the
Imhoff tanks present higher values, averaging -9.3 and +6.4%. for tardnthitentral

vent respectively. In particular, the positive value for the cewénat is very similar to
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5"3CO; values for anaerobic digesters (+6.1%o average). This enrichm&t imight be
due to the fact that in both these tanks methanogens produce but albolizeet@aQ
producing methane as a by-product. Preferential use of isotopiagiiy WQ might
passively enrich the residual @@ the heavier carbon isotope. While this is the case for
the entire anaerobic digester, the same effect is more pnointieeeath the central vent
of the Imhoff tanks were the settleable organic matter accuesulasignificant amounts
during primary treatment.

Generally, the fossil carbon in WWTP derives from any product thataide
employing fossil fuels, such as motor oil, rubber, pharmaceuticalsactamts, and
personal care products. Only a small amount of fossil carbon isnpliasthe aeration
basin and anaerobic digesters off-gas,&ere the fraction of modern carbon is >0.9 in
all cases, giving an apparent age of 290-777 y. This is a higheofra¢tmodern carbon
compared to those reported for dissolved and particulate organic cadsonother

WWTP studies (Griffith et al., 200€igure 38).

5.5 CONCLUSIONS

This study represents the first detailed stable isotope study/agueous species,
off-gas NO, CGO, and CH, and biomass for a full-scale single-stage nitrification

metropolitan WWTP. The calculateg®, CH,, and CQ fluxes for the entire aeration
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Figure 37. Comparison ob™*C and3™N of various organic matter sources reported in
literature (blue squares; Ramirez-Alvarez, 2007, and referahessin) and for the
suspended solids analyzed in this study (red dot). WWTP = wasteveanént plant;
PL = Point Loma; PB = Punta Bandera wastewater treatptemt, Te = Tijuana estuary;
Z = zooplankton; CR = creeks and rivers; S = sediments; SSpersiled solids. For the
Stickney WWTP SS point, the error is within the dot

basin B were: 5.8xT07.2x1d, and 3.4x10kgly for O, CH,, and CQ, respectively.
The stable N isotope and isotopomer data in conjunction with watetyodata and off-
gas NO emissions define several constraints o® Nroduction: (1) MO is produced
mainly by incomplete denitrification in the aeration basin tanksni2ification is the
main pathway responsible of tff distribution between Nfi and NQ in the aeration
basin, followed by denitrification of about 5-20% of the N@roduced; (3) inorganic

NH," is mainly usedh dissimilatory bacterial reactions (respiration) and nearly
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Figure 38. 3°C isotopes of organic matter versus fraction of modern carbon (Fm).
Wastewater treatment plant (WWTP) dissolved and particulgenar carbon (DOC and
POC) data from Griffith et al., 2009, blue diamonds. Stickney WWiiHgas CQ (red
dots, this study) plotted with Petroleum and C3/C4 plants; error is withinduots.

guantitatively converted into NQ (4) accumulation of N® in the tank results in higher
N>O emissions in the section of tank with DO ranging 0.2-2.5 mg/L. Additigr@H is
present in the aeration basin tanks in significant amounts.

The 3**C andd™N values for suspended solids are similar to the values reported
in the literature for organic matter from WWTPs, while &% values of aeration basin
and anaerobic digesters off-gas £t@nd to be higher than the values reported for
dissolved and particulate organic carbon from WWTPs. Only a $raatlon (<0.1) of

fossil carbon is present in the off-gas £0O



CHAPTER 6

CONCLUSIVE REMARKS

The recent recognition of WWTPs as significant sources 0 Ahd CH has
spurred an effort in the scientific community to identify theurses and quantify their
emissions. Of these two gasesONs of particular concern, given its long atmospheric
residence time, high GWP value, and potential for stratospheric assteiction. The
USEPA has adopted a methodology to estimate &hd CH emissions that is derived
from a methodology proposed by the IPCC in 2006. These estimates do not involve direct
measurements and are based on fixed emission factors,Gpthé¢ emission factors are
7.0 and 3.2 g bO produced per person per year in system, with and without biological
nitrogen removal, respectively. For ¢H factor of 0.6 kg CHper kg BODS is used
unless CH emissions are measured. The assumption that these factors can be
extrapolated to all WWTP facilities within the US has beeywv@n incorrect by recent
studies. Many variables might be involved in controlling GHG emissiaookiding the
quality of the incoming wastewater, treatment technologies used, amdnphnagement.
Methane emissions are generally seen as associated with aeatient steps, while
high NbO emissions are generally observed in the aeration basins wdtedtsludge

WWTPs. However, there is debate on the main mechanism®fpkbduction, as it can
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be a by-product of both nitrification and incomplete denitrificatidentification of the
source of MO is fundamental to design systems aimed to reduce these emissions
Previous studies mainly focused on the aeration basins as they hawhbowerto be the
main source of pD.

The present study had three main objectives: (1) identify all sowfcl,O and
CH, emissions from three large WWTPs in the Chicago metropolitay é2) determine
total fluxes and emission factors for,®I and CH; and (3) identify the biological
reactions responsible for,® production. Additionally, we characterized the C sources
for CH,; and CQ using™*C and™“C isotopes.

In 2008, we conducted a pilot study at the activated-sludge WWTP abin&yi
(See Chapter 3), managed by the MWRDGC, to define a methodology &sunmg
N>O and CH emissions from the various treatment steps. Emissions frarahganber,
primary tanks, aeration basins, concentration tanks, secondaifierdaand anaerobic
digesters were measured, as well as those from the plant exifadstal of 57 samples
were collected. The samples were analyzed & Ahd CH at the UIC EIGL laboratory
by gas chromatography. The totadONflux that we measured was higher than the flux
calculated for Stickney using the USEPA method. The measured dluxCH, was
instead lower than that predicted by the USEPA method. The aetagins were
confirmed to be the main source ofQN but also released significant amounts of,CH
The grit chamber was a significant source @ONThe preliminary tanks (Imhoff type)

dominated ChH emissions. We also measured significapDNind CH fluxes from the
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plant exhausts. A survey of the perimeter of the plant during a themeasion showed
N.O and CH concentrations below detection limits, and the horizontal flux ofethe
gases from the plant could not be quantified.

In 2009, we extended our survey on Stickney and we also sampledoasnissi
from the North Side and Egan activated-sludge WWTPs (See Clgptdso managed
by the MWRDGC. The three plants sampled are of different sizeeamive different
amounts of wastewater (760, 245, and 27 MGD on average in 2010 for Stickney, North
Side, and Egan respectively). Additionally, they employ differerataer techniques for
the aeration basins. Stickney employs spiral-roll diffusers, anthide employs spiral
roll diffusers that were operated to obtain decreasing oxygen input movaygfieomn the
aeration basin inlet (tapered aeration). Egan employs two diffapration basins; the
north one has full-plate diffusers, the south one has spiral-roditia® similar to
Stickney. A total of 494, 159, and 188 samples were collected fromedyvaf treatment
steps and from the exhausts for Stickney, North Side, and Egan resigedine samples
were analyzed for Y0, CH,;, and specific samples from Stickney were also analyzed for
CQ,. Our results showed that in all three plants the aeration had@ase > 85% of the
total NbO. Other significant contributions came from the grit chamberexhausts, and
the anaerobic digesters, in this order. Methane follows ardiffepattern. At Stickney
CHgs is mainly (~86%) released by the primary (Imhoff type) tankspdial by exhausts,
aeration basins, as leaks from the floating-cover anaerobic eligestd from the grit

chamber. At North Side we could not obtain a definite flux measnmeritom the
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primary tanks, and therefore their contribution is not known. Significantributions to
CH, were measured from the aeration basin and exhausts. At Eganjntiaeypianks
emit most of the methane, followed by the exhausts and the aerasiois.brhe emission

of significant amounts of CHfrom the aeration basins suggested that methanogens are
still active in these tanks, and that anaerobic micro-sitesspaiishin the bacterial floc
even in aerated conditions. These tanks had been generally overlooked whentiagc

for possible CH sources within WWTPs. The total fluxes fogONwere calculated to be
5.9 x 16, 1.7 x 10, and 1.6 x 1Dkgly for Stickney, North Side, and Egan respectively.
The total fluxes for Chiwere calculated to be 2.8 x%18.6 x 10, and 6.0 x 1bkg/y for
Stickney, North Side, and Egan respectively. The tota} @@ from Stickney was
calculated to be 1.1 x 1®&g/y. An error on these emissions was calculated for Stickney,
as the other two plants had a limited amount of data. The errobtickney was
calculated based on a 95% confidence interval, and was + 22%p+and + 6% of the
total flux for NbO, CH,, and CQ respectively. When applied to Stickney, the USEPA
method yields fluxes of 1.6 x 1&g/y of NO and 1.03 x 10kg/y of CH, (not including

the CH, recaptured). Our calculated® flux is ~1.5 orders of magnitude higher than the
USEPA prediction, while our calculation for @hs only about 30% as large as the
USEPA prediction. However, Stickney also employs facultative lagoomnsvéra not
sampled during the course of this study, and which are expected ty gadtibute to
CH,4 emissions. Based on our data, th@®Nemission factors for Stickney, North Side,

and Egan are 204, 12, and 92 g per person per year respectively, corresponding to 0.9,
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0.2, and 1.0% of the average TKN of the plants emitted & Mdspectively. These
emission factors are much larger than those used by USEPA, anéémagt with NO
emission factors from previous studies. Emission factors faraéi1122, 61, and 354 g
per person per year for Stickney, North Side, and Egan respectively.

In 2010, the focus of this study was mainly to identify the biological
pathway/pathways responsible fogONproduction in the aeration basins (See Chapter 5).
To do so we used a novel stable isotope approach, taking advantagefadt thieat
bacterial enzymatic reactions cause N isotopic fractionationutiieed bulk and site-
specific °N site preference, SR°N data on MO, 3°N data on aqueous NH and
NOs, and water quality parameters to identify the metabolic pathwaypdved in NO
production. The PO SP parameter has been shown to yield information on e N
source that is independent from the baifRN. More specifically, SP values of ~ 0%o have
been associated with,® production by denitrification, and SP values of ~ +30%. have
been associated with ;@ produced by nitrification for a variety of nitrifying and
denitrifying bacteria. Additionally, we monitored Gltends along the wastewater flow
path in the aeration basin, and us&g and*C isotope data to determine the C sources
for CH, and CQ in the aeration basins and anaerobic digesters, and the frattassil
fuel carbon present. Sampling was conducted for fugitive emissions ssodiaed
wastewater samples at 5 locations in aeration basin B, tatkStickney. The sampling
points were located at 3, 65, 130, 265, and 520 m from the inlet. Sampéesaltected

from June to November 2010, at least once a month. Samples werallgaratiected at
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10am, 2pm, and 6pm. Additional samples were collected for fugitivesemssonly to
assess the variability of these emissions through time.

We observed consistent trends along the wastewater flow path methgon
basin. Methane emissions are high near the inlet, whesecQHd be either produced in
situ because of the low DO, or carried over from the primarynieza and released due
to a stripping effect from the aeration, or likely a combinatiomath. Nitrous oxide
emissions are low near the inlet, and reach their maximunebat¥ and the middle of
the tank (0.2 < DO < 2.5 mg/L), and then decreasing toward the otitleé tank. A
similar pattern is followed by COThe calculated pO, CH,, and CQ fluxes for the
aeration basin were: 5.8 x 407.2 x 10, and 3.4 x 10kgly for NO, CH,, and CQ
respectively. The error (95% confidence interval) was calcukatdge + 28%, + 23%,
and £ 7% for NO, CH,, and CQ fluxes respectively. These results are in good
agreement with the fluxes calculated for the year 2009. Trends feiNN@d NH-N are
specular, suggesting that hi$ quantitatively nitrified to N@. A good correlation was
observed between ) emissions and NQ this correlation was inconclusive however,
as it might be due to J0 produced from N@ through denitrification or could be a
passive correlation due to increased production of both species throufitatidn. The
bulk 3"°N varied between approximately 0 and -35%.. Th&®ONSP data, however,
averaging ~ 0 for most of the samples, strongly sugge€t production through
denitrification. Slightly positive values near the inlet (~ 3-1ighth have suggested a

small contribution (10-20%) from nitrification in this area of thak. In addition, we
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also found good linear correlation betweerN and3d'®0 for NO;, with a slope of ~0.5,
which is typical of N@ fractionation through denitrification.

The isotope data for NOand NH" could be fit with a Rayleigh-type
fractionation due to nitrification of Ng(referred to as NI due to the pH of the tank,
which is ~7) and contemporaneous denitrification of the; NThe model assumed a
NH;" consumption fractionation factor for nitrification variable betweé® and -10%o
and a N@ consumption fractionation factor for denitrification of -23%.. These
fractionation factors for nitrification and denitrification were agreement with those
calculated from previous lab-scale and full-scale studies on wumeritrifying and
denitrifying microorganisms. Our results suggested that nitrifinatis the main
biological pathway responsible for th&\ distribution between NF and NQ in the
aeration basin, followed by denitrification of about 5-20% of thes; N@oduced.
Denitrification of NQ™ also seemed responsible fofONproduction, as suggested by the
SP data.

Isotope data for C mainly showed that both suspended solids angrésent
similar 3°C values as suspended solids and @other WWTPs, and that the off-gas
CQO, stable isotope composition can be explained assuming an inssalkd organic C
composition of ~-20 to -30%.. Data fofC on CQ showed little (<10%) contribution
from fossil carbon.

This is the first detailed study orn,® and CH emissions from each wastewater

treatment step at activated-sludge WWTPs. Additionally, it dometi the first detailed
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stable isotope study on N aqueous species, off-gas G, and CH, and biomass for a

full-scale single-stage nitrification metropolitan WWTP.
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