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Abstract: In the 20th century, human interference in the nitrogen cycle has caused a doubling of the global nitrogen fixat&on rate
element critical in the proteins of all organismthereby intensifying global nitrous oxide §8) production during microbial nitrification

and denitrification. Nitrous oxide is a powerful greenhouse gas, important in climate change, and as well, is a stratospheric ozon
depleting substance. It is likely that much of the Earth’s population now relies on anthropogenic nitrogen in its food supplies, resulting ir
anthropogenic nitrogen contained in wastes requiring management. Food production is considered as a source of global nitrous ox
emissions; however, the nitrogen in wastewater and solid wastes may be a significant fate of much anthropogenic nitrogen. This factor t
largely escaped in-depth, critical analysis from the perspective of nitrous oxide emissions. This paper introduces nitrogen cycling ar

nitrous oxide production and reviews the research currently available©rehissions from wastewater treatment operations, landfilling,
composting, and incineration; demonstrating that each process can emit large amounts of this important gas. This is followed by
discussion of the limited research. The relative importance & M waste management is also estimated, indicating that wastewater
treatment may be the most important operation for managing anthropogenic nitrogen in wastes.
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Introduction interference on global nitrogen creates not only global fertiliza-
tion, but also contributes to global warming and stratospheric
The human population has grown at an unprecedented rate thisozone depletion.
century and this has resulted in many localized environmental — This paper will examine the importance of the nitrogen con-
impacts. There is now believed to be potential for the population tained in solid waste and wastewater on human-induced global
to start interfering with the atmosphere, with global-scale envi- environmental impacts. This nitrogen is the 25% of agriculturally
ronmental impacts being the result. In this decade, human impactsapplied nitrogen that leaves the farm as food. The paper is written
on the carbon cycle, primarily from fossil fuel combustion and primarily for the waste management community in order to stimu-
deforestation, have received much public and governmental attendate awareness of the inter-relationships that exist and to call for
tion because of the implications for enhancing the natural green-research in this field. The paper will briefly review the global
house effect. However, less attention has been given to humarbiogeochemical cycling of nitrogen and the implications for waste
impacts on the global nitrogen cycle, impacts which are quantita- management. This paper will be specifically concerned with the
tively greater than the impacts on the carbon cycle. Fortunately, future implications for wastewater treatment, landfilling, com-
several members of the scientific community have recently pub- posting, and waste incineration.
lished reviews raising concerns about the human-induced impacts
on global nitrogen cyclingVitousek and Matson 1993; Ayres
et al. 1994; Isermann 1994; Kinzig and Socolow 1994; Galloway Background
et al. 1995; Galloway 1998Analogous to the increase in atmo-
spheric carbon dioxide concentrations being labeled, “global Nitrogen is a critical element for life. It is an essential component
warming,” the impact of human-induced interference of the glo- of amino acids, and amino acids are the building blocks of pro-
bal nitrogen has been called “global fertilization.” Unfortunately, tein. It is estimated that 16% of protein, or 0.16 kg of N per kg of
protein, is nitroger(IPCC 1997%. The cycling of global nitrogen
IGraduate Student, Dept. of Civil Engineering, Univ. of British Co- throughout terrestrial and aquatic ecosystems and the atmosphere
lumbia, 2324 Main Mall, Vancouver BC, Canada V6T 1z4. E-mail: is critical for this building block.
pkbarton@hotmail.com
2Associate Professor, Dept. of Civil Engineering, Univ. of British Co- .
lumbia, 2324 Main Mall, Vancouver BC, Canada V6T 1Z4. E-mail: Global Nitrogen Cycle
jatwater@civil.ubc.ca o _ The Earth's atmosphere is 78% by volume elemental nitrogen N
Note. Associate EditorMakram T. suidanDiscussion open until July 1, gas and is therefore an immense reservoir gf Nis estimated

2002. Separate_ discussions must be submltted for individual papers. .Tothat 5% 10 metric tonnes of nitrogen are contained in the atmo-
extend the closing date by one month, a written request must be filed with

the ASCE Managing Editor. The manuscript for this paper was submitted sphere, .ocean, terrestrial and marlng biota, soil organic matyer,
for review and possible publication on March 23, 2000; approved on and sedimentary rocks and though N is abundant, the vast major-

November 3, 2000 . This paper is part of theurnal of Environmental ity of .it is in a form_ which can be Ulsed by only a few living
Engineering Vol. 128, No. 2, February 1, 2002. ©ASCE, ISSN 0733- organisms(Mackenzie 1998 It is estimated that<0.02% (or
9372/2002/2-137-150/$8.8G5.50 per page. ~1x10" tonne$ of global N is actually accessible to living

JOURNAL OF ENVIRONMENTAL ENGINEERING / FEBRUARY 2002 / 137



NITRIFICATION (Hooper 1984; Firestone and Davidson 1989):
NO nitric oxide

organisms as most is either diatomic nitrog@h, gas in the
atmosphere(~78%) or tied up in sedimentary rock&-20%)

(ibid). To be available for utilization by living organisms, it must A NO N.O nitrous oxide
be in the form of reactive or fixed nitrogédefined as “N bonded i ',7' . T

to C, O, or H(e.g., NG, NH,, organic N" ] (Galloway 1998. NH,” —> NH,0H —> [HNO]’ "‘NO,‘—)NO,’
Only a few species of aquatic and terrestrial bacteria and blue- . hydroxyl-amine ., # hitite  nitrate

green algae can fix the nearly inery Molecule into ammonium
(NH;) for utilization (Smil 1999. This conversion is called bio-
logical N fixation and it has been estimated that in preindustrial . .
times (90— 130X 10° metric tonnes of N was annually fixed by ~ DENITRIFICATION (Firestone and Davidson 1989):
this natural proces¢Galloway 1995. Lightning contributes an NO nitric oxide
estimated additional (3—%)10° metric tonnes of N annually. i
This reactive or fixed nitrogen moves through t_he terrest_rial N NO; —>NO,----» %----)NZO — N,
cycle by the death of plants and microorganisms, ) i .
mineralization—the breakdown of amino acidgssimilation— nitrous oxide _ nitrogen gas
uptake by plants and bynmobilizatior—uptake by microorgan-
isms (Kinzig and Socolow 1994 Assuming an annual fixation
rate of 130 million tonnes, this is minuscule in relation to the pool
of total nitrogen(1 part in 38 million or to the pool of reactive
nitrogen (1 part in 7800; however, it is upon this fixation rate  for naturally regulating stratospheric;@oncentrationgAbbatt
which organisms depend. Since plant and animal life can only and Molina 1993
utilize reactive nitrogen as nutrients, and not diatomic nitrogen, = The “hole-in-the-pipe” or “process-pipe” conceptualization
“all life ultimately depends on nitrogen fixation{Ayres et al. by Firestone and Davidson allows one to visualiz®©Nroduc-
1994. tion in soils. These researchers consider thg lroduction is a
For nitrogen to remain in steady-state conditions, there mustfactor of (1) the amount of nitrogen cycling between the soil-
also be the return of reactive N to the Keservoir(though this plant-microbial system, an®) the ratios of the MO/NO; , and
reactive N may transfer many times due to oxidations and reduc-N,O/N, products of nitrification and denitrification. These two

NO,NHOH
nitrohydroxyt-amine

nitrate nitrite

Fig. 1. Nitrification and denitrification pathway

tions before returning to Y. The majority of this is accomplished
by the microbial processesitrification anddenitrification There

is alsopyrodenitrification which occurs during forest firgg\yres

et al. 1994. In nitrification, ammonium (NK) is oxidized to
nitrate (NQ;) by mainly autotrophic bacteria under aerobic con-
ditions in order to derive energy. In denitrification, nitrate is re-
duced to N by mainly facultative heterotrophic bacteria under
anoxic (oxygen restrictedconditions. These bacteria use the ni-

factors, the overall movement of nitrogen through pige and
the amount ofeakage(the size of the holes in the pipecontrol
the emission of BO.

Agricultural research has found that anywhere from 0.001 to
6.8% of the nitrogen applied to fields is emitted agDNMosier
et al. 1996 and the ratio of NO/NO; produced as a result of
nitrification has been reported as high as 2@Bartikainen
1985, but is generally below 1%Firestone and Davidson 1989

trate as a terminal electron acceptor so that they can concurrentlyThough both processes have been demonstrated to resyjoin N

derive energy from the breakdown of organic carB®eauchamp leakage, denitrification is considered to be the major source of

1997). During pyrodenitrification, “two nitrogen atoms that were N,O in soils (Sahrawat and Keeney 1986

in separate molecules in plants or soil bind to one another to make The production of NO during nitrification in soils has been

N,, as the result of a sequence of high-temperature reactions”demonstrated to result from

(Ayres et al. 1994 By these three processes, equal amounts of N “A reductive process in which the organisms use Nés

(the approximately 93—-135 Tg N fixed annualig returned to an electron acceptor, especially whep i® limiting. This

the atmosphere as,Njas. mechanism not only allows the organisms to conserve lim-

ited O, for the oxidation of NH (from which they gain

energy for growth and regeneratjprbut also avoids the

potential for accumulation of toxic levels of NO (Poth

Nitrous oxide (NO) is a stable gas which leaks from microbial and Focht 198B (Hutchinson and Davidson 1993

cells during nitrification and denitrificatioffFirestone and David- The nitrous oxide leakage occurring during denitrification is

son 1989. Though the predominant result of nitrification is nitrate considered to result when

(NO3), and of denitrification is B a portion of the N can be “The availability of oxidant(N oxide) greatly exceeds the

emitted as nitrous oxide. availability of reductanfmost commonly organic carbpn
Though some parts of the nitrification and denitrification path- then the oxidant may be incompletely utilized, i.e;ON

ways are not completely understood, primarily the pathways en-  will be produced” (Firestone and Davidson 1989'Con-

compassing nitric oxidéNO), the generally accepted metabolic versely, when the overall rate of denitrification is limited by

pathways are shown beloiHooper 1984, Firestone and David- the supply of oxidant, most of the N oxide is converted to

son 1989. Recent work suggests that nitric oxide is an obligate N,” (Hutchinson and Davidson 1993

intermediate(Krause and Nealson 1997See Fig. 1. The estimate of the IPCC1995 is that 9x10° tonnes of
The small leakage takes on importance becaug® i a N,O-N is naturally emitted to the atmosphere by soil processes,

strong greenhouse gd§&HG). It is estimated to be 310 times forest and brush fires, and the oceans. As there is no chemical loss

more effective than carbon dioxide as a greenhousélgesed on in the troposphere, this»10° tonnes of NO-N slowly rises to

a 100 year timeframe as recommended by the Intergovernmentathe stratosphere where it is destroyed. The destruction ,@f N

Panel on Climate ChandélPCC 1995)). In addition, NO cata- occurs at an altitude above 30 Kin the stratosphejeand returns

lytically destroys stratospheric ozone and is largely responsible this nitrogen to the Blreservoir. It takes, on average, 120 years

Global Nitrous Oxide Production
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Table 1. Global Reactive Nitrogen Sources

Global nitrogen fixation

(Tg N/yeay
Natural biological N fixation 90-130
Lightning 3-5
Natural source subtotal 93-135
Synthetic fertilizers 80-90
Human-induced biological N fixation 27-44
Fossil fuel combustion 30
Anthropogenic source subtotal 137-164
Total sources 230-299

for N,O to reach this altitude and to be destroy&CC 1995.
The N,O is destroyed predominantly by photodisassociation into
N, and O atoms. However, approximately 10% of th@Neacts
with electronically excited oxygen atonif®rmed by the photoly-
sis of ozongto form NO. This is demonstrated in the following
reactions(Abbatt and Molina 1998

O3+hV—>O(1D)+Oz,
O('D)+N,0—N,+0, (fate of ~90% of the NO)
O('D)+N,0—NO+NO (fate of ~10% of the NO)

The production of NO is important in stratospheric ozone chem-
istry, since NO catalytically destroys ozone

NO-+03;—NO,+0,
NO,+0—NO+0,
Net
O0+0;—20,

Anthropogenic Interference of the Global Nitrogen
Cycle

The definition ofanthropogenidgs “involving the input of man on
nature: induced or altered by the presence and activity of man.”
(Websters 1967The definition ofinterferenceis “the act of in-
terfering’ and the definition ofinterfering is “to come in colli-
sion: to be in oppositionTibid). By putting all these definitions
together, one would hope to come up with the meaningnfiro-
pogenic interferenceand it could be expected to be “human-
induced collisions with natural processes.” While this definition

temperature and pressufiinzig and Socolow 1994 Human-
induced biological N fixation occurs by the increased cultivation
of leguminous crops such as soybean and alfalfa, which symbi-
otically host nitrogen fixing bacteria in their root nodules. The last
source of reactive N occurs accidentally as a side reaction of the
combustion of fossil fuels. Whereas nitrogen fixation from fertil-
izer production and the cultivation of leguminous crops was in-
tended, the reactive N produced as a result of combustion is not
intended. The combustion of fossil fuels causes nitrogen that was
originally in air as N gas or nitrogen that was originally seques-
tered in the fuel as organic N to be oxidized to nitric ox{tD)

or nitrogen dioxide (NG).

Previously mentioned was the fact that nitrogen is an essential
element of life as it is a critical component of protein. Clearly, the
recent doubling of the rate of global N fixation has the potential
for large and long-range environmental impacts. The term “global
fertilization” has been labeled to identify the potential for the
stimulation of unintended growth in natural terrestrial and aquatic
ecosystems. A long list of the negative impacts of excess nitrogen
has been compiled by Cowling et #1.998. A small part of this
is
» “Acidification of soils, lakes, streams and ground waters;
Eutrophication of freshwater lakes and ecosystems;

Blooms of toxic algae and decreases in “swimability” of water
bodies;

Nitrogen saturation of forest soils; and

Biodiversity impacts on ecosystems”

Anthropogenic Interference of the Global Nitrous
Oxide Cycle

As nitrous oxide production is a side function of the nitrogen
cycling, it is reasonable to suggest that if the global N fixation
rate is effectively double¢thereby doubling the amount of nitro-
gen which eventually requires denitrificatjdhen NO emissions
would increase? This is indeed what is currently happening. As a
direct result of the enhancing of the global nitrogen cycle there
has been a consequent enhancing of the global nitrous oxide cycle
(Vitousek and Matson 1993; Ayres et al. 1994; Kinzig and So-
colow 1994; Bakken and Bleken 1998

The atmospheric JO concentration has increased from a pre-
industrial level of 275 ppb to a level of 311 ppb in 1992, an
increase of 13%IPCC 1995. Preliminary data suggests that glo-
bal averages are about 316 pOAA 2000. This is estimated
to contribute 6% of the human-induced increase in radiative forc-
ing of the atmospheréErisman et al. 1998 In addition, this con-

may seem logical it does not adequately explain the current statecentration continues to increase by about 0.8 ppb annU&iyC

of anthropogenic interference with the global nitrogen cycle.
Humans have approximately doubled the global rate of N fixa-
tion, from an estimated pre-industrial rate of 93—135 TgN/yr to an
estimated 243-295 TgN/yr fixed currentiGalloway 1998.
Thus, anthropogenic interference is not a collision with natural

1995.

Also, the fate of approximately 10% of,® molecules is to
become nitric oxidgNO) and catalytically destroy stratospheric
ozone. As the result of increased use of nitrogen fertilizer by
agriculture, it has been estimated by Crutzen and EHA8T?)

processes, but in fact, is the supplementing or boosting of naturalthat the subsequent,® emissions could result in a 10% decrease

processesgbut is interference no lessThe increased fixation of
elemental N gas has been a direct result of nitrogenous fertilizer
production, human induced increases in the cultivation of legumi-
nous cropswhich host a symbiotic relationship with biological
N-fixing bacteria and by the combustion of fossil fuels. Esti-
mates adapted from Gallow#$998 of this anthropogenic inter-
ference are provided in Table 1.

Fertilizer production by the Haber-Bosch process, fixgdd\
ammonia (NH) thereby reproducing at high temperature and

in the ozone layer by the end of the 21st century. However, the
current anthropogenically induced ozone losses are not believed
to be primarily due to nitrous oxide but to long-lived industrial
chlorine and bromine-containing compounds, such as chlorofluo-
rocarbongKinzig and Socolow 1994

The most recent budget, as of 1998, of global nitrous oxide is
provided in Table adapted from Mosier et al. 1988

Agricultural activities dominate the emissions of anthropo-
genic nitrous oxide with industrial sourcggrimarily fossil fuel

pressure what bacteria can accomplish with enzymes at ambientombustion providing the remainder of emissions.
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Table 2. Global N;O Budget

Global sources and sinks of,®@
(Tg N,O-N/yeal)

Identified natural sources 9(@.3-14.7
Identified anthropogenic sources 121-19.7
Total identified sources 16.B.4-34.4
Unaccounted sources 0
Total sinks(photolysis 12.3(9.0-16.0
Atmospheric increase 3@3.1-4.7

It is only since 1998 that the budget ob® sources and sinks
has been successfully balanced. Previous budgets were not bal

if all human-induced nitrogen fixation was to immediately cease,
anthropogenic emissions of,8 may still continue to occur for
many years. This is because we are more likely experiencing a
transient period of reactive N accumulation; there is more N
being annually fixed by natural and human-induced means than is
being denitrified. It is estimated that the forested ecosystems are
accumulating N, the nitrate concentrations of ground water are
increasing, and the sedimentation rates of organic matter have
been accelerateGalloway 1998. If part of the anthropogenic
reactive N fixed annually is currently accumulating in a sort of
nitrogen storagewe are not yet experiencing the full anthropo-
genic NO emissions which must follow—for steady-state condi-
tions to once again be attained, this reactive N will eventually
[pave to be nitrified and denitrified. This important concept was

anced because sinks exceeded sources with the missing emissiorféell €xplained by Bleken and Bakke&1996:

labeled as “unaccounted sources.” In the newest IPCC method-
ology, there are sources of,8 which were previously not in-
cluded(IPCC 1997. In this new methodology, “three sources of
N,O are distinguished(1) direct emissions from agricultural
soils, (2) emissions from animal production systems, &B)dN,O
emissions indirectly induced by agricultural activitie$fPCC
1997; Mosier et al. 1998; Kroeze et al. 1998 is the NO emis-
sions indirectly resulting from agriculture with which this paper is
concerned.

Indirect emissions of pD, from a subsequent waste manage-

“The likely outcome of the increased inplibf reactive

nitrogen is a transient period of net accumulation of bio-

logically available nitrogeriprimarily as organic nitrogen

It will be transient, because removal through denitrification

(and possibly by “fossilization” in sedimentssooner or

later will balance the level of input and therefore reach

steady-state conditiongemphasis added

When steady-state conditions are eventually reached, the full
anthropogenic emissions of,8 will be realized. This could be
higher then the current estimated emissions as modeling by

ment perspective, are caused by reactive N exported from farmsBakken and Blekeri1998 has suggested that future long-term

in the form of food products being eventually nitrified and
denitrified—thereby, resulting in JO leakages. These sources of
N,O are considered indirect because they do not actually occur o
farms but are nevertheless, agricultural in origin. For instance, the
nitrification and denitrification of reactive N used in food produc-
tion (and the associated,N leakagé may occur nowhere near
agricultural fields; to illustrate, the nitrification and denitrification
(and NO emissions may occur at wastewater treatment plants.
As a result, NO emissions from wastewater treatment can be
considered indirectly agricultural in origin, in fact, angy®lemis-
sions from reactive N downstream of food production are indi-
rectly agricultural NO emissions. This will be further discussed
in the “Implications for Waste Management” section.

To give the reader a feel for the,® losses currently being
debated, emission factors estimated by the IRCED?) are pro-
vided below
Synthetic fertilizers 0.0125 (0.0025-0.022bkg N,O-N/kg N
input;

Nitrogen deposition 0.010.002-0.02 kg N,O-N/kg NHz-N

and NQ-N emitted; and

Leaching and runoff 0.0250.002-0.12 kg N,O-N/kg N
leaching/runoff.

The first is the direct losses estimated to occur as a result of
land application of nitrogenous fertilizer. The second is an indi-
rect loss to be expected when reactive nitrogehl; or NO,) is

emissions are routinely underestimated. Readers will remember
that Galloway(1998 had estimated the annual nitrogen fixation

nas being between 93 and 18%0° tonnes and that the IPCC

(1999 estimates 9.8 1(° tonnes of NO-N is emitted annually as
part of the naturalpreindustrial global nitrous oxide cycle. If we
assume that 1201° tonnes of N is naturally fixed annual{gnd
110x 1C° tonnes of N has to be annually denitrified to remain at
steady-state conditionshe 9x 10° tonnes of NO-N represents
8.2% of the annual fixed and subsequently denitrified natural ni-
trogen. Therefore, when our planet reached a preindustrial steady
state, 8.2% of reactive N upon nitrification and/or denitrification
was diverted to the global JO cycle. Yet the current estimate of
anthropogenic DD emission is 7.2 1P tonnes NO-N (with a
range of (2.1-19.7 10° tonneg from an anthropogenic N fixa-
tion (150—160) 10° tonnes N(estimated by Galloway 1998
The percentage of 7.2 into 155 is only 4.6%, though this is un-
doubtedly crude, could it be indicating that we have yet to expe-
rience the full NO emissions to result from our current level of
nitrogen fixation?

Implications for Waste-Management

The existence of anthropogenic nitrogen in our food supply has
important implications for the management of the nitrogen in

emitted to the atmosphere and is subsequently deposited on landood-derived waste. If the nitrogen in food is anthropogenic in

downwind. The third, also indirect, is from the leaching and/or
runoff of reactive nitrogen from agricultural fields.

As explained, there is substantial anthropogenic interference in
nitrogen fixation and nitrous oxide emissions, yet it will be dis-

origin, then any NO emissions resulting from either wastewater
treatment, composting, landfilling, or incineration of these wastes
is anthropogenic. Thus, any direct or indireci{ONemissions re-
sulting from food waste management is anthropogenic interfer-

cussed in the next section that we may not even be experiencingence of the global pO.

the full effect of our actions.

Transient Versus Steady-State Conditions

It is possible that the full anthropogenic impact on the global
nitrogen cycle is not yet reflected in currenfNemissions. Even
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It is quite likely that the majority of the nitrogen in food prod-
ucts consumed by developed countries is anthropogenic in origin.
This could be particularly true where the nitrogen content of the
soil is not being drawn down. That is, it resulted from either
synthetic fertilizers or human-induced biological N fixation by
legume cultivation. In a nitrogen study by Bleken and Bakken
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Fig. 2. Conceptualization of pD emissions from waste management

(1997, the only identified sources of natural N consumed by component of waste management, they are of great importance
Norwegian society represented less than 10% of inputs. Thesewhen investigating greenhouse gases.
were wild seafood and wild animals such as moose and lamb, These papers actually generate many more questions than they
which were raised on natural, noncultivated pastures in moun- answer. For all of the papers, only the immediate emissions of
tains. For simplicity, it will be assumed for the remainder of this N,O were measured during the investigated process. There was
paper that all of the reactive N in food products is human induced. no attempt to quantify anfuture emissionsesulting from ammo-
As a result, any O emissions from the waste management of nja, nitric oxide, or nitrate losses during the process or from the
this material, either after human consumption or food processing, future decomposition of the organic matter. For example, gaseous
can be considered anthropogenic greenhouse gas emissions.  emissions of Ni are common during wastewater treatment or
Recently, several researchers have estimated the nitrogen effizomposting, but losses of this reactive nitrogen are not considered
ciency of their respective countries agricultural industeffi- with respect to subsequent® emissions.
ciency of N in food products versus total N input requjrethe Ammonia has an atmospheric lifetime of only a few hours to a
results of these overall N efficiency studies vary a great deal, 10%¢g,, days and is mainly removed by wet and dry deposition, how-
for Norway (Bleken and Bakken 1997and 25% for Germany  gyer 4 portion is oxidized to NQ with a third fraction reacting
(Isermann and Isermann 199@rimarily because of the method- iy nitrates or sulphates to form ammonium-containing aerosols,
ology used. In Germany, a portion of the N input is from imported (NH,),S0, and NHNO,. These aerosols are later removed by
animal feed produced in other countries, and this study does Ot Jinfall or dry fallout (Matthews 1994 The NQ is short lived
include the N losses from plant production in the exporting coun- with an atmospheric lifetime between 1 and 10 dé@kvier et al.

tries. However, the Norweglan study was corrected for' any im- 1998. Nitrogen oxides are removed from the atmosphere by con-
ported animal feed to include all the N losses. In addition, the K . ! Co

. version to nitric acid (HN@ which is followed by wet or dry
German study considered food before the N losses from food deposition(Logan 1983: Olivier et al. 1998In addition, nitrogen
processing while the Norwegian study considered food after pro- % 9 ¢ dt, indirectl ) tribute 1o dl b’I ge
cessing. Overall, Isermann and Isermaid®98 has estimated ?r:(' e; arletsutipece ol[n |rechypon " uet ot.go ?ﬂ\:vag:ingg
that the N efficiency of European Union agriculture as only being ?y epdg el (:]_um_er_a mk?sp erie cr?nger;_fra_lon of el-W' h radi-
between 20 and 30%. For discussion purposes, let us assume th H 3 ral 'C‘Z Wh'C |m|ts_ tl € gtmofsp erlch ifetime of & h I
the N efficiency of agriculture is about 25% in developed coun- ' aep eted, the potgnna exists for methane, a greenhouse gas

estimated to be 21 times more powerful then C@® have a

tries prior to food processing. o ) .
With the assumptions that all nitrogen in food is anthropogenic longer atmospheric lifetime than it otherwise would be able to

and that 25% of nitrogen inputs to agriculture becomes food prod- (Mackenzie 1995 _

ucts carried forward, what is to become of this 25% nitrogen in _ ONce . these nitrogen compounds
food? While there has been hundreds of research papers publishetNHz, NHy ,(NH4):SO;, NH,NO;, HNO;) are returned to land or
internationally in over ten years of considerable effort investigat- Water surfaces by wet or dry deposition, this reactive nitrogen is
ing the 75% N lost from agriculture, resulting in the emis- again available for nitrification/denitrification and the associated
sions from fertilizer and manure applications, there has not been aN20O emissions can result. As a result, losses of reduced or oxi-
comparable level of research into the 25% N leaving fields as dized nitrogen compounds only temporally and spatially alter the
food products. As this 25% N in food products eventually winds Nitrous oxide emissions which result, but does nothing to prevent
up as waste or wastewater after human consumption or food pro-these emissionéViosier et al. 1996; Ferm 1998

cessing, there should be a comparative effort. A survey of the Another example of &uture N,O emissiororiginates from the
research literature has found only 26 papers and one patent on th@rganic nitrogen contained in wastewater sludge of finished com-
N,O emissions from wastewater treatment, ten papers @ N post. As this organic nitrogen will eventually undergo decompo-
emissions from waste incineration, eight papers on tj@ &mis- sition, the released ammonium (M is now available to un-
sions from composting, and only two papers on th®Nmis- dergo nitrification and  denitrification. A simplified
sions from waste disposed in landfillgt needs to be noted that conceptualization of BD emissions during waste management
the authors have not been successful in acquiring all of theseoperations and of potential future emissions is demonstrated in
papers. While on a mass basis,,® emissions are an irrelevant Fig. 2.
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Research needs to begin to fully quantify these emissions. studies of actual wastewater treatment plants observed very low
There needs to be full nitrogen balances of all the operations of N,O emissions, but laboratory experiments generally reported
waste management as a system, i.e., all the flows of reactive Nmuch higher NO emissions.
into the system and all of the flows of reactive N\ and inert Studies using laboratory-scale reactors have demonstrated
N, out of the system need to be critically analyzed. Specifically, high N,O losses, but have also observed a profound ability to
any flows of reactive N out of a system need to be considered asaffect these emissions; therefore the possibility exists for mitiga-
potential sources of O as the reactive N will eventually un- tion of a large portion of these emissions. The conversion of
dergo nitrification and denitrification. It is this type of research ammonium-nitrogen (NEN) to N,O during nitrification has
which is necessary for the waste management community to com-been demonstrated by Zheng et(@994 to be between 2.3 and
prehensively address, emissions. 7.0% at dissolved oxyge(DO) concentrations between 0.1 and

From the perspective of the operation of wastewater treatment,6.8 mg/L. They also found JO conversions as high as 16% and
landfilling, incineration or composting, there are really only two as low as 2.3% at solids retention timg&RT) of 3 days and 10
options to mitigate MO emissiong1) maximizing the conversion  days, respectively. It was concluded that highONproduction
of reactive N to N while concurrently minimizing the leakage of  resulted when incomplete nitrification occurred. Thus, preventing
N,O gas(herein defined as “clean denitrification”or (2) recy- incomplete nitrification by maintaining DO levels greater than 0.5
cling of reactive N back to agriculture to reduce the requirement mg/L and having SRTs of greater than five days would greatly
for new reactive N. The first option may be performed by ensur- reduce NO emissions. By also using reactors, Hanaki et al.
ing the G and carbon levels are optimal for,[droduction in the (1992 observed that as much as 8% of influent nitrate nitrogen
case of microbial nitrification and denitrification during wastewa- (NO4-N) was transformed to )0 during denitrification, though
ter treatment or composting and controlling the temperature rangeseveral experiments demonstrated very litthONThe high con-
during waste combustion. The recycling of N back to agriculture version to NO was observed at a chemical oxygen demand
could conceivably prevent D emissions by preventing the fixa- (CoD) to NOs-N ratio of 3.5, a SRT of 0.5 days and a pH of 6.5.
tion of N for fertilizers which would otherwise be necessary. This These researchers concluded that ,6N production can be
is well stated by De Kimpe and MacDonal#998 “Ultimately, avoided by achieving complete denitrificatipby maintaining
the recycling of nutrients from all sources, e.g., livestock ma- high COD/NQO-N in wastewater, long SRTs and neutral to alka-
nures, municipal organic waste compost, and sewage sludge, backne pH conditions.” Work by Hong et al1993 also agrees with
into agricultural systems will reduce reliance on nonrenewable thjs: they concluded that “the lower the ratio of COD/M®, the
nitrogen sources and contribute to sustainability.” higher the percentage of,® in the produced gas was” and that

Recycling nitrogen would also prevent the carbon-based short hydraulic retention times resulted in higheO\production.
greenhouse gas emissions associated with the manufacture of ni- - seyeral papers have reported extremely hig Monversion
trogenous fertilizers from fossil fuels estimated by Environment ries in the laboratory. Osada et @995 reported a 35% BO-N
Canada to be 1.6 kg of G(per kg of NH; (Jaques et al. 1997 conversion in a fill and draw activated sludge process while treat-
While this may appear logical, the tremendous transportation de-jng swine wastewater under continuous aeration but only a 0.7%
mand (and fossil fuel combustionof moving organic composts  N,0-N conversion during intermittent aeration. Experiments on a
and wastes to do this may prevent any greenhouse gas benefigequencing-batch reactt®BR) found that as much as 40% of the
from actually being realized. Until such time when the current removed nitrogen was emitted as most of which occurred
carbon-intensive transportation system is replaced, this optionqyring the low DO period in aeratioiOkayasu et al. 1997 Dur-
may not be attractive. As a result, the “clean” destruction of ing the aerobic treatment of swine slurry, nitrous oxide emissions
reactive nitrogen to Ngas is likely the best option at present ¢oyid represent up to 30% of the total nitrogen content of the
(though the life-cycle greenhouse gas emissions of this recycling slurry (Beline et al. 1999 Research by Spectdl998a, ob-
option requires investigationThe following sections will discuss  gepyved that MO accumulated to a maximum and was subse-
the current state of knowledge of,® emissions and discuss the  gyently reduced to Ngas, when reducing nitrate with methanol

implications of “clean” denitrification-recycling back to agricul- i, 5 closed reactor. At the time of maximum accumulatiop,y),
ture is left for future work. _ 50 to 80% of the reduced nitrate was in the form ofON This

To reiterate, MO emissions in waste management from the scientist noted that if the same experiment had been performed in
reactive nitrogen in food waste is consideiiedirectly agricul- an open reactor, “most or all the,[ retained at,,, would have

tural in origin by the IPCC. This is because the nitrogen was peen discharged to the atmosphere.”

originally fixed for foqd progluction. The waste management com-  Research investigating the mechanisms gdNormation have
munity needs to begin taking responsibility for these anthropo- giso developed important results recently. Since nitrous oxide is
genic NO emissions. During waste management, there can begp intermediate of denitrification and it is reduced tp déis by
immediate or future emissions of NO. Immediate emissions  the enzyme nitrous oxide reductase, inhibition of this enzyme can
occur during the operation in question, be it wastewater treatment,5,;se NO to become a significant end product of denitrification.
composting, landfilling, or incineration. Future emissions occur as \ygrk by Than and Soensson(1996 at a pilot plant, observed

a result of the future nitrification and denitrification of reactive N, {5t pH had a considerable influence on th@©Nproduction of the
which exits the operation, usually in the form of ammonia or yenjtrification basin. Nitrous oxide production was at its maxi-
nitrogen oxides emissions or organic nitrogen in compost or mym at a pH of 5.5 and undetectable above a pH of 6.5. Research
sludge. While waste managers are responsible for the release Obublished in 1998 by Séimharting et al(1999 has a likely an-
reactive ni_trogen, once th_e nitrogen is released, they have no waygwer for this observation—strong pH-dependent inhibition of
of controlling the conversion rates to,0. N,O reduction by hydrogen sulfide ¢8). They found that it is

the free HS and not the total sulfuftotal S=H,S+HS +S%")
which can strongly inhibit the enzyme nitrous oxide reductase;
A survey of available research conducted on th@® Nmissions thus, the enzyme inhibition is a function of the pH-dependent
from wastewater treatment has found 26 papers. Interestingly, thedominant species of sulfur present. It was observed that even

Wastewater Treatment
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H,S-S concentrations as low as 0.32 mg/L can lead to a strongthere was little or no opportunity for denitrification. Remember,
inhibition of N,O reduction, therefore resulting in a high release agricultural research has identified denitrification as the more im-
of N,O from wastewater treatment plants. Or this pk\torre- portant NO source of the two processes.
lation could be caused by nitrous acid (H)Qnhibiting N,O An example of past inadequate identification of nitrous oxide
reduction as reported by Wiclif.996 (nitrous acid and nitrite emission sources has been demonstrated by a very recent inves-
equilibrium in solution is pH dependentWork by Schulthess  tigation of the South Platte River in ColoradMcMahon and
et al. (1995 has reported that nitric oxide is also an inhibitor of Dennehy 1998 It was found that the pD emissions from this
the nitrous oxide reductase enzyme, thereby contributing,@ N  single river, which receives Denver's wastewater effluent, ap-
accumulation. proached the emission estimated by Czepiel e1#95 for all

In contrast to this laboratory research is the findings from sev- the primary plants in the United States. In a much older study,
eral investigations at full-scale facilities. Three studies at waste- fesearchers investigating the surface water bodies receiving
water treatment plant@/WTP's) performing biological nittogen ~ Wastewater effluent from Washington, D.C., found data to imply
removal(BNR) reported very low NO emissions. Kimochi et al. that “the loss of nitrogen as JO could account for between 2 and
(1998 reported NO-N conversions between 0.01 and 0.08% of 4% of the total nitrogen released by the wastewater treatment
influent nitrogen. This WWTP was modified to attempt to reduce Plants” (McElroy et al. 1978 . .
these emissions and they found that by maintaining a dissolved This Ilte_rature review has demonstrated the following four im-
oxygen concentration of over 0.5 mg/L during the aerobic/ Portant points:
nitrification stage and allowing 60 min for the anoxic/ ¢ N,O emissions can occur from wastewater treatment;
denitrification stage, that complete nitrification and denitrification « All or some of these emissions are neglected by not identify-
with a minimum of nitrous oxide production could be achieved. ing all immediate and future emissions sources;
In fact, their findings state “An optimum combination of aerobic ¢ Allowing complete nitrification and denitrification will mini-
and anoxic conditions and their suitable control are very impor-  mize N,O formation; and
tant for improving nitrogen removal efficiency and controlling < Preventing the inhibition of the enzyme nitrous oxide reduc-
N,O emissions.” At a pilot plant, Thm and Soensson(1996, tase will minimize NO accumulation.
observed an average nitrous oxide production rate of 0.0091 One patent has been filed which reports having developed a
mgNL™! h™! in the denitrification basin. However, there is in- “process for reducing nitrous oxide emissions from wastewater
sufficient information to convert this value into a percentage of treatment”(Spector 1998b This technology stages both gas and
influent nitrogen. Research at a Swiss WWTP with a predenitri- liquid flows (plug flow) so that gaseous or dissolved nitrogen in
fication anoxic tank followed by three aerobic tanks also observed the form of nitrous oxide, ammonia, and nitrogen oxides are not

a very low nitrous oxide emissiofi<0.1% of influent nitrogen permitted to exit the system until they have been fully decom-
(Schulthess and Gujer 19p6However, two studies at secondary posed to N gas. This concept is defined as gas phase staging.
treatment facilitiegaeration tanks only treating biochemical oxy- Future research needs to assess the total emissions of nitrous

gen demandhave also determined negligible emissions. At the oxide associated with wastewater treatment. If reactive nitrogen
municipal WWTP in Durham, New Hampshire, Czepiel et al. remains in the effluent, which is indeed the case with plants per-
(1995 found NO emissions of only 1810 ¢g of N,O/L of forming only primary and secondary treatment, it is important to
wastewater or 3.2 gJD/persofiyear. Though it is not provided, estimate the future JO emissions from the eventual nitrification
if one assumes a typical nitrogen content of raw wastewater of 40and denitrification of this effluent nitrogen in water bodies. Meth-
mg of N/L (Metcalf and Eddy 1991 this is a NO-N conversion odology for this has been developed by the IPC®97 and
of influent nitrogen of only 0.0025%. Sumer et @995 reported emission coefficients were previously presented in the “Back-
an N,O-N conversion of 0.001% of influent N at an activated ground” section, Unfortunately, the variability associated with
sludge plant in Germany; however, this plant included a pretrick- N,O emissions in nature result in a large degree of uncertainty in
ling filter to increase nitrification in the aeration tank. these emission coefficients. Nevertheless, it is important to begin
If the conversions of reactive nitrogen tg® have been dem-  to estimate the true emissions which will occur and hopefully
onstrated by these five scientific studies to be extremely low andthese coefficients will improve in time. In addition, it is also
therefore of almost no importance, then why discuss it? Unfortu- necessary to quantify gaseous emissions of ammonia and/or ni-
nately, the complete picture is much more complicated and uncer-trogen oxides as potential sources ofON As previously dis-
tain to allow for this simple dismissal. The three BNR plants cussed, these gases are short lived in the atmosphere and are
observed low emissions; it appears that the processes to successuickly returned to soils or surface water bodies. Once returned to
fully promote nitrogen removal are consistent with the same pro- soils or surface water bodies, this reactive nitrogen is again avail-
cesses which ensure complete nitrification and denitrification and able for nitrification and/or denitrification.
thus minimize NO emissions. However, is this representative of There is also the organic nitrogen contained in the sludge re-
all BNR facilities? Kimochi reported that the aerobic/anoxic con- sulting from WWTP which requires assessment as a futy@ N
ditions and their control are very important for controlling emis- source. This is typically landfilled, compostéollowed by land
sions. As demonstrated by laboratory research, the possibility ex-application, incinerated or directly applied to land. Land appli-
ists for poorly operated BNR plants to be important sources of cation of sewage sludge is directly analogous to applications of
N,O emissions. Furthermore, for the two investigations at second-chemical fertilizers or animal manuréand well documented by
ary treatment facilities, there is a distinct possibility that the emis- agriculture researghThe activities of landfilling, composting and
sions are not low because the nitrification and denitrification, incineration will be discussed further in the following sections.
which occurs in the WWTP, produces little,®. Rather, the As a result of the uncertainty around estimatingdNemissions
emissions are low because it appears that little nitrification or from wastewater, the latest guidelines of the IPA®97 (and
denitrification actually occurred at the secondary treatment plant Mosier et al. 1998 advise using an emission coefficient of 0.01
studied by Czepiel et a[1995. While nitrification was encour- kg N,O-N/kg sewage-N produce(t ranges between 0.002 and
aged at the activated sludge plant studied by Sumer €1295, 0.02 kg NO-N/kg sewage-N producedThis estimate assumes

JOURNAL OF ENVIRONMENTAL ENGINEERING / FEBRUARY 2002 / 143



that 1% of wastewater nitrogen will be emitted agONN either
immediately or in the future. This estimate will likely be im-

(Tchobanoglous et al. 1993n recent years, ammonia concentra-
tions in excess of 2,000 mg/L are even being repofttzhderson

proved upon with new research. The United States has used thi®nd Atwater 1995; Rettenberger 1998; Robinson et al. 1998
emission coefficient as an estimate in the Environmental Protec-Suming that a minimum of nitrificatiofand thus little denitrifi-

tion Agency’s latest national greenhouse gas inven{Qt$EPA

cation occurs inside the landfill because of the anaerobic envi-

1999. This results in an estimated emission of 27,000 tonnes of ronment, the likely pathway of JO emissions could be from the
N,O from 1997 alone and can be converted to 8.4 million tonnes treatment of landfill leachate. As a result, the previous section on

of carbon dioxide equivalent, MtC® (converted into terms of
CO, by using the NO global warming potential of 310, as rec-
ommended by the IPCC 199%While it is only a small part of the
6651 MtCQe estimated to be emitted by the United States in
1997, it is a more important part of the 931 MtgOnonenergy
related greenhouse gas emissigaaergy accounts for 86% of
total United States greenhouse gas emisgidagrthermore, this

N,O from wastewater is applicable here. Even if leachate did
enter groundwater aquifers, there are still IPCC methodology for
estimating NO emissions in this manner, as it falls under the
methodology for nitrogen lost from farm fields.

There are NO emissions from the landfill disposal of organic
waste, such as food scraps, sewage sludge, and yard trimmings
(assuming these are probably the only materials with appreciable

may be an underestimate as the estimated nitrous oxide contribuhitrogen contents which are landfilledut the nature of a landfill

tion from agriculture is 283 MtCge for the United States in 1997

probably causes most of these emissions to be future rather than

based on 75% of applied nitrogen. If one was to assume a similarimmediate emissions. As anaerobic decomposition has been

conversion of the 25% carried taken from the farm as food prod-

ucts a far greater result is produced. This waste derive@ N
could be as high as 94 MtG@ (i.e., both liquid and solid forms

Landfill Disposal

known to continue in excess of 50 years, landfilling temporarily
delays the nitrification and denitrification which will eventually
occur, thereby delaying the ;8 leakage which will probably
occur as well.

The full life-cycle emissions of landfilled organic waste need
to be correctly assessed as a start for mitigation to begin.

There were only two research papers found addressing nitrous

oxide emissions from landfills. Unfortunately, only one of these
studies actually investigated the,® emissions resulting from

waste disposed in landfills—the other study examined the emis-

Composting

The composting of organic waste will result i@ either during

sions from different materials as cover soils. In the Japanesethe process or by the future nitrification and denitrification of

study, two landfills, one active and the other closed, both with
over 10 million tonnes of refuse in place, were examined
(Tsujimoto 1994. Average NO emissions of 40.2 and 7.8 g/day

reactive nitrogen leaving the composting process in the form of
ammonia emissions, nitrate or organic matter. The available re-
search has demonstrated the existence £ Kmissions during

for the active and closed landfills, respectively, were observed in the composting process. This is likely,® leakage during the

the landfill gas vented. This emission, while importp4® g/day

nitrification and denitrification of reactive N in the organic

of N,O will equal the annual greenhouse gas emission of 4.5 wastes. Researchers have observed a conversion of N@ N

tonnes of CQ equivalent(using the NO global warming poten-
tial of 310 or about the combustion of 1600 L of diegebing the
emission estimate of 2.8 kg of GQ. of diesel from Jaques et al.
(1997), represents only 9.3 kg of J0-N annually or 0.02% of an
assumed 50,000 kg of nitrogen in the waftising a nitrogen
content of 0.5% for typical wast@Vhite et al. 199%|. Either this
small emission indicates limited nitrification/denitrification taking
place or limited NO leakage of the nitrification/denitrification
taking place. Given the anoxic/anaerobic nature of landfills, it is

ranging from 0.1 to 2.2% and is summarized in Table 3.

The above research documented immediai® Msses during
composting, but this is not the complete picture. AdditionagDN
generation is possible from the reactive nitrogen frequently lost
during composting and from the reactive nitrogen contained in
finished compost. Nitrogen losses in the form of ammonia occur
during composting when C:N ratios are below 20:1 and “the
available carbon is fully utilized without stabilizing all of the
nitrogen.” (NRAES 1992 In addition, finished compost is typi-

likely the former. The other study, performed in Sweden, deter- cally land applied as a soil conditioner where the reactive nitro-
mined that about 1.6% of sludge nitrogen used as a landfill covergen is free to nitrify and denitrify. As a result, actuajlosses

soil will be emitted as BO-N during the first two yearéBorjes-
son and Svensson 1997This is similar to the 1.25% HD-N
estimate for fertilizer and manure nitrogen found in agriculture
research(IPCC 1997 and is not surprising considering that the
land application of sludge is analogous to fertilization.

may be greater than demonstrated by these studies.

While research has demonstrated that nitrous oxide results
from composting of yard waste, this is not necessarily anthropo-
genic NO. The global NO cycle which existed in preindustrial
times resulted from the JD leakage during the nitrification and

Do appreciable amounts of nitrous oxide eventually become denitrification of nitrogen in terrestrial ecosystems. The global
emitted from nitrogenous waste disposed in landfills? The Japa-climate depended on this greenhouse gas for the radiation balance
nese study has demonstrated the existence of an emission, albeit and the ozone layer was naturally regulated by the production of

small one. Appreciable JO emissions likely occur indirectly via

landfill leachate. Reactive nitrogen contained in landfilled organic

this ozone depleting substance.
For the NO emissions from yard waste composting to be con-

waste is released when anaerobic decomposition occurs. At thissidered a net greenhouse @g&HG) emission, it would have to be

point, nitrogen is free to undergo nitrification and denitrification
or to be leached by water percolating through the fill. This nitro-
gen can dissolve in the percolating water and exit the landfill in
the leachate. Landfill leachate is known to be high in nitrogen,
with a typical total nitrogen concentration(Organic-
N+NH3-N+NO3-N) between 25 and 1600 mg/L for active land-
fils and between 105 and 170 mg/L for mature landfills
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human-induced emissions. In other words, it would have to be
N,O emissions which would not have occurred naturally without
human interference. There are two possibilities when this could
occur (1) yard trimmings which contains anthropogenic N fertil-
izer (i.e., yard waste resulting from fertilizer applicationand(2)

when the human-induced accelerated composting process in-
creases the emission of ,8 over and above the rotting/



Table 3. Review of Nitrous Oxide Emissions from Composting

N,O-N loss
Compost and method (% of TKN)? Researcher
Yard waste-turned windrow 0.5 Hellebrand(1998
Food and yard waste-tunnel and static pile 0.2-0.4 Schenk et al(1997
Wastewater sludge and wood ash-aerated static piles b 0.7 Czepiel et al(1996
Yard waste-turned windrow 1.2 Ballestero et al(1996
Bedding and horse manure-turned windrow 2.2 Ballestero et al(1996
(after 60 days

Swine feces and cardboard-aerated and turned in-vessel 0.1 Kuroda et al.(1996
not given 0.5-0.8 Hellmann(1995 from

Hellebrand(1999

#Total kjeldahl nitrogen(TKN).
bData provided in the research paper was adapted to determine this value.

decomposition of organic waste which would otherwise occur in directly result in NO emissions and will conceivably result in
nature. While it is a simple concept that anyNemission from  fyture emissions, it follows that the composting of food scraps
anthropogenic reactive N should be considered a GHG emission,and wastewater biosolids will cause anthropogeni© Nemis-

it may be difficult in reality to differentiate between natural and gjgpg.

anthropogenic yard wast_e _n_itrogen. Itis even more complicatedto 110 |pcc methodology does not yet consider composting as a
assess the second possibility. N,O source; agriculture is the main human-induced source and

F_or the second possibility, the qugstlon becomes, *Does com- wastewater treatment is indirectly considered because of the an-
posting have any effect on the ratio of,Q/NO; products of . o .
thropogenic fertilizer component of wastewater. However, it is

nitrification or any effect on the ratio of JO/N, products of deni- . . . . -
trification?” If it does, the difference in pO would have to be likely that composting will be included in the future.

considered as anthropogenic interference.

As previously discussed, J leakages during denitrification
has been speculated to occur when the availability of nittate
electron acceptorgreatly exceeds the available organic carbon |imited research has demonstrated that emissions of nitrous oxide
(for decompositioh causing the electron acceptor to be incom- gccur during the incineration of municipal solid wastdSW)
pletely utilized (Firestone and Davidson 1989This could con-  ang wastewater sludge. This research was compiled by de Soete
ceivably occur in the anoxic zones of large composting piles (1993 for an IPCC Workshogadapted

which are high in nitrogen. Due to the anoxic conditions, micro-  The gata presented in Table 4 demonstrates the limited and
organisms could begin using available nitrate as electron accep-highly variable research of the ,® emissions resulting from

::;Sthlg dor{ﬂ(;:(atqsiﬁztlngses-%r-??ng rr]nz?Tt]t;err] qne dcocr(negocsc:trir?n(.)s?)rl] th'ns waste incineration. Examples of emission estimates for municipal
' ! posstbIity N -ihau POStNG IN- 5jig waste incineration which are being used are as follows

creasing NO emissions above what would naturally occur. . .
Another waste material frequently composted is food scraps, (Jaques et al. 1997; USEPA 1999; USEPA 1998

especially in backyard composters, and biosolisisidge from  Environment Canada National Inventory 160gMNonne
wastewater treatment plants. Following from the previous as-  Waste incinerated;

sumption that all of the reactive N in food products is human * U.S. EPA National Inventory 30 gJ®/tonne waste inciner-
induced, there needs to be® accounting from the composting ated; and

of food-derived wastes. As composting has been demonstrated te  U.S. EPAMSW Analysis 130 g jO/tonne waste incinerated.

Incineration

Table 4. Review of Nitrous Oxide Emissions from Incineration

Temperature N,O emission

Waste-Facility (°C) (g N,-O/tonne waste Researchér
Municipal refuse—stepgrate 780-880 11-43 Yasuda et al(1992
Municipal refuse—stepgrate 780-980 40-220 Yasuda et al(1992
Municipal refuse—fluidized bed 830-850 14-123 Yasuda et al(1992
MSW—5 stokerg20—-400 tpdl not given 26-270 Watanabe et al1992
MSW—23 fluidized bed not given 97-293 Watanabe et al1992
MSW—rot. kiln (120 tpd not given 35-165 Watanabe et al1992
Wastewater sludge—rotary grate 750 227 Yasuda et al(1992
Wastewater sludge—fluidized bed 770-812 580-1528 Yasuda et al(1992
Wastewater sludge—rotary grate 838-854 684-1508 Yasuda et al(1992
Wastewater sludge—rotary grate 834-844 275-886 Yasuda et al(1992
Wastewater sludge—rotary grate 853-887 101-307 Yasuda et al(1992

@As quoted in de Soet€l993—unable to acquire primary reference
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Though there is uncertainty in the estimategDNduring waste lytic reduction (SCR and selective noncatalytic reduction
combustion, the data in Table 4 suggests the following three key (SNCR—these technologies are well reviewed by Radojevic

points: (1998. Both these technologies normally operate by injecting

1. Both the combustion of solid waste and sludge result in the ammonia or urea into the flue gases to stimulate, Ke&dluction
formation of NO; with SCR also using a catalytic bed to improve performance.

2. Wastewater sludge combustion, which generally has a higherProblems with these technologies are the potential for emission of
N content than MSW, may result in greates\emissions; unreacted ammonia, referred to as “ammonia slip,” and for the
and oxidation of ammonia to pO. Assuming that 1% of NON and

3. Increasing the combustion temperature during sludge incin- 1% of NHs;-N emitted in flue gases to the atmosphere goes on to
eration may decrease,®8 formation. become NO [current emission factordPCC 1997], there will

Both solid waste and wastewater sludge incineration have be a minimum NO emission expressed by the following:
been demonstrated to result in the thermal formation of nitrous : :
oxide. While the emissions from MSW incineration range any- Min. NaO=Immediate NOrorma+0.01XNO
where between 11 and 293 g obMtonne of waste, the emis- +0.01% NH,4
sions from wastewater sludge incineration range from 101 to AM. SLP
1528 g of NO/tonne of waste. This may be an indication that The questions that need to be answered are the formation rates of
sludge, which generally has a higher N content than MSW, may N,O and NQ and the relationship between ammonia slip and
result in greater BD formation and therefore emissions. Is ther- NO, reduction.
mal N,O formation a function of nitrogen content? Research has
also demonstrated J@ formation during the fluidized-bed com-
bustion of coal and two excellent review papers on this subject
are Johnssoi1994 and Wojtowicz et al(1994. This is impor- While research is now showing that all facets of waste manage-
tant, because JO formation during coal combustion has been ment can contribute nitrous oxide emissions, some activities
found to “originate mainly from the nitrogen present in the car- maybe of greater importance than others. Just by comparing the
bonaceous fuelfuel-N).” (Wojtowicz et al. 1994 Also, recent nitrogen flows between wastewater treatment and solid waste
research on MSW incineration has found a correlation between management, this point can be demonstrated. For a fictitious
N,O formation and the N content of wastes incinerdfeahikawa 1,000,000 person residential city and using typical values avail-
etal. 1993. In addition, experiments with the incineration of able from literaturgMetcalf and Eddy 1991 the annual mass of
sewage sludges and various coals found that the sludges yieldeghitrogen in wastewatgmass of N=0.027 Ib of N/capx d) and the
higher NO emissions and it was concluded that this was due to annual mass of nitrogen in food waste from kitchen scrams-
the higher nitrogen contents offering a greater potential f@ N nicipal solid waste generatienl.6 kg/cap<d; food waste

UNTREAT.

Relative Importance

formation. Therefore, the formation of ,® may likely be the =14% of MSW by mass; water conten70% of food waste;
conversion of part of the reactive nitrogen in the combusted ma- nitrogen content 2.6% of dry food waste(Tchobanoglous et al.
terial to N,O gas. 1993 can be estimated. Albeit these estimates are rough, they

Does increasing the combustion temperature during sludge in-indicate that 4,480 tonnes of N annually enters the wastewater
cineration cause a reduction in thermglNformation? While the treatment side while only 640 tonnes of(flom solid food waste
results of Yasud&1992 are variable, the pO emission was low- would enter the solid waste management system. Therefore,
est, 101-307 g/tonne, when the temperature was 853—887°C. Anvastewater may be a proportionally higher nitrous oxide source.
exception to this was the result of 227 g/tonne at a temperature ofOnly future research, including commercial, industrial and other
750°C. Clearly, the only conclusion that can be derived from sources, would be able to accurately estimate the true nitrogen
these results is that future research is greatly required. Howeverflows.

the decrease in JO formation with an increased combustion tem- To demonstrate the importance of nitrous oxide emissions as
perature has been conclusively demonstrated in coal researchpart of the greenhouse gas emissions from various solid waste
(Pels et al. 1994; Wojtowicz et al. 1994Jnfortunately, as D management activities the results of a recent life-cycle analysis

formation decreases, the formation of NO increases, in fact, theare provided in Table %Barton et al. 1999 This analysis esti-
sum of fuel nitrogen conversions “was found to be remarkably mated the total greenhouse g&HG) emission resulting from
constant” over a range of temperaturd®els et al. 1994 Nitric the landfilling, incineration, or backyard composting of food
oxide is also of environmental concern for its contribution to acid waste to determine which operation results in the least GHGs.
rain and photochemical smog. In contrast, the study by TanikawaFive important GHG sources and sinks were identified. These

et al.(1999, was unable to find a correlation betweegONemis- were emissions of COfrom the combustion of diesel fuel during
sion and temperature during MSW incineration, while sludge in- collection, transportation and transportation of the wasigs
cineration experiments by Werther et &.994, found that in- Landfilled waste will anaerobically decompose and generatg CH

creasing the freeboard temperature lead to a decreasen N gas,(2) GHG emissions result from the portion of ¢lgas gen-
without a consequent increasing of N@missions. It is important  erated but not captured and combusted by landfill gas collection
to remember that NQis a future source of pO emissions; this systems. This analysis only estimated [#nissions from 1999
reactive nitrogen is short-lived in the lower atmosphere and is to 2010 and is likely an underestimate as emissions could con-
returned to terrestrial ecosystems in the form of HN@d NG tinue to occur in excess of 50 years. However, food waste dis-
where it is then available for denitrification. Could solid waste posed in landfills that does not anaerobically decompose serves as
and sludge incineration provide an effective means of performing a carbon sink, defined as the capture and secure storage of carbon
clean denitrification? If the potential exists, the consequent in- that would otherwise be emitted to the atmosph¢B¢,During
creases in NQemissions must be contended with. incineration, the prevention of GHG emissions can occur as the
Current air pollution control technology is sophisticated and is energy from waste combusted replaces the use of fossil fils,
effective at reducing NQemissions to B gas by selective cata- In addition, nitrous oxide emissions result from all of the three
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Table 5. Greenhouse Gas Analysis of Solid Waste Management Processes

Backyard
(tCO.e/tonne) Landfill Incinerator composter
Collection and processing 0.018 0.016 0.000
CH, emission 0.147 0.005 0.000
N,O emission 0.041 0.132 0.049
Energy generation —0.006 —0.100 0.000
Carbon sequestration —0.081 0.000 0.000
Total 0.120 0.053 0.049

Note: Adapted from Barton et al1999

operations analyzed5) These were estimated from the same re- diate or future nitrous oxide emissions during wastewater treat-
view of literature used in this paper. The results in Table 5 are in ment, composting, incineration, or landfilling must be considered
tonnes of CQ equivalent per tonne of food wastas is[wetf] as anthropogenic interference of the globalONcycle, and as
basis. such, is a greenhouse gas emission and an emission of an ozone
While methane from a landfill is the single most important depleting substance. The importance of this fact is only in the
emission, nitrous oxide accounts for 20, 86, and 100 % of the early infant stages of development. It is hoped that this paper will
GHG emissions from landfilling, incineration, and backyard com- hasten and stimulate this development. Specific conclusions of
posting. This demonstrates its importance for future research ef-this literature review are the following:
forts. 1. Anthropogenic nitrogen from agriculture is contained in
wastewater and food waste and this results in anthropogenic
nitrous oxide emissions throughout waste management;

Call for Research 2. Research into )0 emissions from waste management facili-
ties has identified direct sources but has largely neglected

“In the end, it is only a question of time until all of the N subsequent offsite JO production;
used in agriculture, regardless of its origtechnical, bio- 3. While wastewater treatment facilities may receive the high-
logical, or atmospheric N fixationeventually is converted est loads of anthropogenic nitrogen, thus having the greatest
by nitrification and denitrification into ) N,O, and NQ potential for NO losses, all processes managing food or
in one or other of the sectors of agriculture/human food-derived wastes, such as the landfilling, composting, or
nutrition/waste and wastewater management, with the ex- incineration identified here, are potential sources; and
ception of the share that is prevented from it by recycling 4. The highly variable and uncertain behavior ofONemis-
(farmyard manures, sewage slugigélsermann 1994 sions necessitates a great need for research in this area.

There is a tremendous need for research into the 25% or so ofGiven the scarcity of the research in this area, the authors would
agricultural nitrogen which leaves farms in the form of food prod- like to bring attention to several studies reviewed for this paper
ucts. Part of this nitrogen is separated from food products as abut not mentioned for they were not consistent with the intent of
result of processing, and therefore is diverted to either wastewaterthis review. These can be found in Appendix-Additional Refer-
treatment or solid waste management. The nitrogen in consumecdences.
food products, after a brief stay in humans, also becomes the
responsibility of the waste management system. But again, the
interrelationships are important; a large part of sewage sludge isACknowledgments
disposed in landfills, but landfill leachate is pumped to wastewa-
ter treatment plants.

The potential exists that waste management facilities are sig-
nificant contributors of greenhouse gases by virtue gD mis-
sions. This literature review indicates that a great deal of uncer-
tainty exists with respect to emission factors. At the same time, it
holds out the possibility of minimization of JO through proper
operating conditions.

What is abundantly clear is that a great deal of research is gjp|iography
required to accurately define the magnitude gfONemissions.

Until there is certainty that a significant problem exists, there is Bernet, N., Delgenes, N., and Moletta, R996. “Denitrification by
unlikely to be an urgency to refine methods fofNreduction nor anaerobic sludge in piggery wastewategriviron. Technol17, 293—
an acceptance on the part of waste managers, particularly waste- 300.

water, that greenhouse gas emissions are yet another reason tgebruyn, W., Wevers, M., and Van Rensbergert1994. “The measure-
keep them awake at night. ment of nitrous oxide emissions from sewage systems in Belgium,”

Fert. Res. 37, 201-205.
Desroches-Ducarne, E., Marthy, E., Martin, G., and Delfoss&19983.
. “Co-combustion of coal and municipal solid waste in a circulating
Conclusions fluidized bed,”Fuel, 77(12), 1311-1315.

) ) ) ) Desroches-Ducarne, E., Doligner, J. C., Marty, E., Martin, G., and Del-

When the nitrogen in food products leave the farm, it switches  fosse, L.(19981. “Modeling of gaseous pollutants in circulating flu-
responsibility; no longer is it the responsibility of agriculture, the idized bed combustion of municipal refusefuel, 77(13), 1399—
waste management community takes over. Therefore, any imme-  1410.
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thank the librarians at U.B.C. for effort far beyond the call of
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