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ABSTRACT: Relatively little attention has been paid to integrating gaseous N2O
generated by wastewater treatment into overall reactive nitrogen (Nr) pollution
reduction. We propose that there is potential for substantial reductions in N2O
emissions through the addition of denitriﬁcation processes to existing nitrifying
wastewater treatment plants (WWTPs), which are designed to lower ammonia
levels but currently do not reduce overall Nr. In addition to providing the beneﬁt
of reducing total nitrogen concentrations in the eﬄuent, this kind of WWTP
upgrade has been demonstrated to reduce energy consumption and fossil CO2
emissions. We show that the creation of a greenhouse gas (GHG) crediting
system for the wastewater sector could provide a potentially sizable economic
incentive on the order of $10 million to $600 million per year in the U.S. for
upgrading of nitrifying WWTPs that results in N2O reductions, with an ancillary
beneﬁt of another $30 100 million per year from electricity savings. Even if
biological nitrogen removal (BNR) treatment were mandated by existing and future water quality regulations, a GHG crediting
system could still be created to promote BNR design and operation that drive N2O emissions below a baseline to even lower levels.
In this case GHG credits could oﬀset around 0.5 70% of the operating and maintenance cost for the BNR.

’ INTRODUCTION
Human activity has dramatically increased inputs of biologically available nitrogen, or reactive nitrogen (Nr), to the environment, resulting in a host of problems, including worsening air
quality and coastal “dead zones”.1 Increased concern about these
negative impacts has led to pollution regulations in many
countries, but too often they do little beyond converting Nr
from one species to another. In the wastewater sector, one form
of “pollution swapping” that occurs at some wastewater treatment plants (WWTPs) is the conversion of ammonia (NH3) to
nitrate (NO3 ) through the use of microbial nitriﬁcation to
reduce toxicity. However, conversion of NH3 to NO3 does not
by itself constitute biological nitrogen removal (BNR), and
WWTPs that include only this process, which we refer to as
“advanced secondary treatment” (AST) plants, do not reduce the
amount of Nr in eﬄuent entering receiving waters such as rivers
and coastal areas.
In 2000, tertiary or BNR treatment designed to remove total
Nr from eﬄuent was applied to sewage from only 1% of the 80%
of the U.S. population served by centralized WWTPs.2 The
situation is rapidly changing: Regulators are increasingly requiring BNR treatment to improve local water quality.3,4 In brief,
BNR employs both nitriﬁcation and denitriﬁcation processes
to convert Nr in the form of NH3 and organic nitrogen to N2 gas.
However, relatively little attention has been paid thus far to a
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byproduct of nitriﬁcation and denitriﬁcation, N2O, which is a
greenhouse gas (GHG) that is 300 times more potent than CO2
for a 100-year time horizon.5 Also, it has been suggested that
N2O is the most important ozone depleting substance emitted
today and possibly for the rest of the century.6 Studies have
reported a range of N2O emissions rates from WWTPs, from
0.01%-1.6%7 up to as high as 15% of the inﬂuent N load.8 In
addition, some studies have identiﬁed certain operating conditions, e.g. nonoptimal aeration and insuﬃcient bioreactor residence times, that may lead to high emissions.7,9,10 Thus it is
important that the wastewater industry understand, monitor, and
minimize N2O emissions to the extent possible.
In this study, we propose that an upgrade of existing infrastructure with well established technology could go a long way
toward reducing WWTP bioreactor N2O emissions, while simultaneously reducing eﬄuent Nr species, downstream N2O
emissions, and energy consumption. Speciﬁcally, by retroﬁtting
existing AST plants to include a denitriﬁcation process, N2O
emission rates could potentially be lowered while energy requirements are reduced.7,11,12 This assertion arises from the fundamental
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understanding that denitrifying bacteria can both produce and
consume N2O,13 whereas nitrifying bacteria can produce N2O
but cannot consume N2O once produced.14 Field measurements
by Ahn et al.7 indicate that aerobic zones in WWTPs, where
nitriﬁcation presumably predominates, are associated with higher
N2O emissions than anoxic zones, where denitriﬁcation predominates. In addition, WWTPs that employ concerted action of
nitrifying and denitrifying bacteria (for example, simultaneous
nitriﬁcation-denitriﬁcation in oxidation ditches) minimize both
liquid-phase Nr and N2O emissions.7 Considering that AST
plants treat a sizable proportion of the present-day wastewater
ﬂow in the U.S.—around 35% overall according to our best
judgment based on industry experience, there is a substantial
opportunity to reduce N2O emissions through retroﬁts of AST
plants at relatively low net cost and with additional environmental beneﬁts.
WWTPs consume chemicals and about 3% of the electricity
generated in the U.S.,15 thus indirectly contributing additional
GHG emissions. It is well established that adding denitriﬁcation
to nitrifying WWTPs can reduce the energy required for a
number of reasons. First, the electron accepting capacity of the
nitrate generated by nitriﬁers can be used by heterotrophic
denitriﬁers to oxidize organic matter, so that less aeration is
needed to oxidize organic matter. Theoretically, around 60% of
the energy expended in converting ammonia to nitrate could be
recovered.11 Second, denitriﬁcation restores about half of the
alkalinity that is destroyed in the nitriﬁcation process, so that less
chemical must be added to provide alkalinity.11 Third, replacing
part of the nitriﬁcation reactor volume with a denitriﬁcation
zone reduces the volume that needs to be aerated, although this
saves energy only if the nitriﬁcation reactor is overdesigned,
which is often the case in our experience. As an example, Rosso
and Stenstrom12 note that WWTPs in Southern California are in
fact typically designed with reserve capacity, with the fortuitous
consequence that aeration tank volume does not need to be
increased to support nitriﬁcation-denitriﬁcation. A fourth possible reason adding denitriﬁcation can save energy is that it
removes organic surfactants that would otherwise surround air
bubbles during the nitriﬁcation stage, thereby helping to improve
oxygen transfer eﬃciency, at least in a study by Rosso and
Stenstrom.12 The resulting decrease in aeration requirement is
additional to the lowered oxygen demand due to denitriﬁcation.
Rosso and Stenstrom reported oxygen transfer eﬃciency measurements at a number of conventional (secondary), nitrifyingonly and nitriﬁcation-denitriﬁcation WWTPs. They found that
nitriﬁcation-denitriﬁcation systems entail an aeration cost 30%
lower than that for nitrifying-only plants.
A promising policy approach to mitigating N2O emissions
from the wastewater sector is linking WWTP design and operation to GHG credits. Under a GHG emissions trading system
(cap-and-trade) similar to those that have been considered by the
U.S. Congress and the Regional Greenhouse Gas Initiative16 that
is in force for the power sector in the northeast United States,
credits or oﬀsets generated by noncapped sectors (e.g., WWTPs)
could be purchased by capped sectors (typically industrial CO2
sources) to comply with emissions limits. We propose that GHG
credits could provide an important incentive to upgrade AST
plants. Alternatively, when existing and potential future clean
water regulations render N removal mandatory, the accompanying N2O reductions might not be considered “additional,” in the
terminology of oﬀsets markets. In other words, standards for
oﬀsets generally require that they represent emissions reductions
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below what would have occurred in the absence of the emissions
reduction incentive or policy. However, even here, the availability
of a crediting system could provide an incentive for best practices,
if credits are awarded for emissions reductions below a predetermined baseline. The credits could drive N2O emission factors
toward the low end of the observed range and possibly encourage
maximum removal of Nr from wastewater at the same time, as
discussed below.
The structure of this paper is as follows. After detailing our
analysis methods, we present an estimate of the N2O abatement
potential for an upgrade of AST plants across the U.S. and the
monetary value of the associated GHG credits (Part 1: upgrade of
AST plants). We include an estimate of the CO2 and cost savings
associated with the lower energy requirements of BNR WWTPs
relative to AST plants. In addition, the sensitivity of the results to
values assumed for many of the parameters is discussed. We also
describe similar calculations for a scenario in which N removal
is mandatory, but GHG credits could provide an incentive to
manage N removing plants for maximum environmental beneﬁt
(Part 2: optimizing BNR WWTPs). We then discuss the evidence
for our assertion that reducing Nr in eﬄuent to the lowest levels
could simultaneously minimize N2O emissions. We conclude by
discussing additional energy and policy considerations, including
how the issue of additionality of emissions reductions from the
wastewater sector might play out in the real world.

’ METHODS
Our study was intended to produce an order-of-magnitude
estimate of the value of GHG credits awarded for N2O emissions
reductions achieved at WWTPs to show whether or not a GHG
crediting system could provide a suﬃcient incentive for WWTP
managers to adopt eﬃcient N removal processes. In an actual
GHG crediting system, the amount of credits awarded would of
course depend on the actual performance of individual WWTPs.
As such, the study does not employ a detailed emissions model,
produce a reﬁned estimate of abatement cost, nor predict
industry response to various GHG prices. In addition, we ignore
in these calculations methane emissions, an important GHG
associated with wastewater treatment, since this paper focuses on
management of Nr pollution.
Our methodology for estimating N2O emissions is based on
that of the U.S. Environmental Protection Agency (EPA)2 with
substantial modiﬁcations, which is in turn based on IPCC
recommendations.17 Similar to the EPA methodology, we calculate wastewater emissions as a sum of in-plant and eﬄuent
emissions, multiplying together activity data and emission factors
(EFs) to estimate emissions for each component. However,
rather than considering only two broad categories for WWTPs,
non-BNR and BNR (“without nitriﬁcation/denitriﬁcation” and
“with nitriﬁcation/denitriﬁcation”), we divided WWTPs into
four categories with distinct N removal and emissions characteristics: secondary, AST, BNR mid-level, and BNR high-level,
the last two representing diﬀering degrees of N removal.
(“Mid-level” corresponds to eﬄuent N concentrations of around
10 mg/L, while “high-level” corresponds to around 3 5 mg/L.)
This division helps us to assess the eﬀects of upgrading AST
plants and of optimizing the performance of BNR plants.
Another major modiﬁcation of the EPA methodology is that
we replaced the person equivalent (PE, 100 gallons/person-day)
ﬂow normalized EFs for WWTPs (g N2O/PE/yr) with EFs
derived from the literature expressed as a fraction of either the
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Table 1. Model Parameters: General
parameter

symbol

value(s) used

reference

U.S. population (year 2006)

303,000,000

2

fraction of population served by WWTPs

0.79

2

Ninﬂ

6.9, 11.7

low value: ref 19 and this study; high value: ref 2

N removal eﬃciency in sludge (kg N removed/kg N inﬂuent)

Fremslud

0.20

this study

N2O emission factor in eﬄuent (kg N2O N/kg N eﬄuent)

EFeﬄ

0.005, 0.046

low value: ref 17; high value: ref 18

price of GHG credits (USD/ton CO2 equivalent)

PriceC

$10, $40

based on projected prices under a cap-and-trade system

incremental cost of BNR (USD/kg N removed)

CostBNR

$2, $11

over the next decade, e.g. ref 20
operating and maintenance cost; excludes capital cost

U.S. N in inﬂuent--residential, commercial and industrial
(kg N/person/yr)

low value from ref 21; high value extrapolated from
refs 21 and 22 assuming continued future rise in cost.
2.86

11

eﬃciency of oxygen transfer (kg O2/kWh)

1.2

19

avoided CO2 from reduced electricity use (tons CO2/kWh)

6.9

23

price of electricity, U.S. average (USD/kWh)

$0.06, $0.10

projected prices under a cap-and-trade system over the

oxygen equivalent of nitrate denitriﬁed (kg O2/kg NO3 -N)

next decade;20 lower end adjusted to reﬂect lower
prices for industrial consumers24

total nitrogen (TN) in the inﬂuent or the TN removed (kg
N2O N/kg N inﬂuent or kg N2O N/kg N removed). This
allows us to better capture the eﬀects of varying N removal
eﬃciency and varying wastewater ﬂow rates in WWTPs on
emissions.
For the eﬄuent EF, the EPA/IPCC default value, 0.005 kg
N2O N/kg N eﬄuent, is based on an estimate of indirect
emissions from agricultural runoﬀ and is possibly an underestimate for more polluted waters.17 Therefore, we also considered a higher value that we derived from model results (as
described below), 0.046 kg N2O N/kg N eﬄuent, which still
lies within IPCC’s large uncertainty range of 0.0005 0.25 kg
N2O N/kg N eﬄuent.18 Speciﬁcally, we calculated the overall
EF for rivers, estuaries, and continental shelves by taking the ratio
of the global N2O emissions in 1990 to the total input of
dissolved inorganic N (DIN) to rivers. Similar to the base case
in ref 18, we assumed that the input of DIN to rivers is twice the
export of DIN by rivers. We also replaced EPA’s estimate for the
proportion of N removed in sludge, ∼9% in 2006, with our own
estimate of 20% (Table 1).
To estimate the potential emissions reduction resulting from
upgrading AST plants with a retroﬁt to promote denitriﬁcation,
we assumed that the entire proportion of U.S. wastewater that
is currently treated by AST plants is instead treated by BNR
mid-level WWTPs with their lower emission factor (see Table 2).
To estimate the potential emissions reduction in a diﬀerent
scenario in which BNR plants are optimized, we compared
emissions from “Baseline” and “Optimized” cases, assuming that
the “Optimized” case involves a higher N removal eﬃciency and
lower EF than the “Baseline” (Table 2). Our use of the term
“baseline” refers to an estimate of minimal compliance if N
removal were required and “optimized” refers to what improvements might be possible with incentives to exceed minimal
compliance, with GHG credits being awarded for any diﬀerence
in emissions between the two. We lump together mid- and highlevel BNR plants into a single category for the “Baseline” and
“Optimized” cases, since we are interested in the eﬀect on
emissions and N in eﬄuent when the average EF and N removal
eﬃciency across all BNR plants are improved. Note that we

assume a diﬀerent partitioning of wastewater ﬂow among the
WWTP types under this distinct regulatory regime: lower ﬂows
through secondary and AST WWTPs compared to the “Present
Day” reﬂect a mandated switch to BNR treatment. However, we
do not expect that regulations would require all AST plants in all
watersheds to meet N limits, so we do not assume AST plants are
completely eliminated.
We examined the sensitivity of the results by considering
plausible ranges for many of the parameters. However, we did not
consider all conceivable values for each parameter, since our goal
was simply to examine whether N2O reductions could be
ﬁnancially valuable given improvements in wastewater treatment
practices and reasonable parameter assumptions. Low and high
estimates are shown in Tables 1 and 2 for the model parameters
deemed important for the sensitivity study. One of the assumptions built into these parameter ranges is that the conversion of
an AST plant to a BNR plant will lower the in-plant emissions
or at worst leave them unchanged; this is supported by the
theoretical and experimental studies cited earlier in this paper.
We ran the model with every possible combination of low and
high values for the diﬀerent parameters.

’ RESULTS
Part 1: Upgrade of AST Plants. The N2O emissions produced
by different types of WWTPs and effluent before and after an
upgrade to denitrification are depicted in Figure 1. Shown are the
two bracketing cases among the numerous model runs associated
with the minimum and maximum reductions in total emissions.
The emissions reductions for these two cases are also reported in
Table 3 as well as the combination of parameter values associated
with each. In the minimum case, there is no change in emissions
from WWTPs given the equivalence of the EFs for AST and BNR
mid-level plants but a small decrease from effluent, as the increase
in N removal resulting from the upgrade to BNR reduces the
amount of Nr discharged to receiving waters. In the maximum
case, there is a sizable decrease in in-plant emissions as a result of
EFBNRmid being lower than EFAST and a large decrease in effluent
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Table 2. Model Parameters: Diﬀerences Among WWTP Typesg
Upgrade of AST Plants for Denitriﬁcation
symbol
secondary

parameter
proportion of U.S. WWTP ﬂow

BNR mid-level

BNR high-level

present day

0.30

0.35

0.30

upgrade

0.30

0

0.65

0.05

0

0.10

0.45, 0.60

0.75

0.00035b

0.00355c,
0.0099d

0.00315,
0.0059e

0.0002f

FremBNRmid,

N removal eﬃciency to atmosphere

AST

0.05

FremBNRhi

(kg N removed/kg N inﬂuent)
N2O emission factor in WWTP (kg N2O N/kg N
inﬂuent or removed)a

EFAST,
EFBNRmid
Optimizing BNR Plants
symbol

parameter

secondary

proportion of U.S. WWTP ﬂow
N removal eﬃciency to atmosphere
(kg N removed/kg N inﬂuent)
N2O emission factor in WWTP

AST

BNR

0.20

0.10

0.70

FremBNRbase
FremBNRopti

“Baseline”
“Optimized”

0
0

0.10
0.10

0.45, 0.60
0.70, 0.80

EFBNRbase

“Baseline”

0.00035b

0.0099d

“Optimized”

0.00035

0.0099

(kg N2O N/kg N inﬂuent or removed)

a

b

d

0.00315, 0.0059e
0.0002f

Units are kg N2O N/kg N inﬂuent for secondary and AST plants, and kg N2O N/kg N removed for BNR plants. Reference 25. Equivalent to the
value assumed in EPA methodology for WWTPs without nitriﬁcation/denitriﬁcation, 3.2 g N2O/PE/yr. c Lowest emitting non-BNR WWTP from ref 7,
annual average. d Highest emitting non-BNR WWTP from ref 7, annual average. e Low value: Median of BNR WWTPs from ref 7, annual average. High
value: Chosen so that EF for BNR mid-level (expressed relative to inﬂuent N) never exceeds that for AST. Note that the EPA EF for WWTPs with
nitriﬁcation/denitriﬁcation, 7.0 g N2O/PE/yr, lies between those for the lowest- and highest-emitting BNR WWTPs from ref 7, 0.74 and 62.5 g N2O/
PE/yr (annual average). f Lowest emitting BNR WWTP from ref 7, annual average. Note that the EPA EF for WWTPs with nitriﬁcation/denitriﬁcation,
7.0 g N2O/PE/yr, lies between those for the lowest- and highest-emitting BNR WWTPs from ref 7, 0.74 and 62.5 g N2O/PE/yr (annual average).
g
Parameter values for which a reference is not indicated are based on the professional judgment of the authors.
a

Figure 1. Eﬀect of upgrading AST plants in the U.S. on total wastewater
N2O emissions. Shown are the minimum and maximum emissions
reductions out of all of the model parameter combinations tested. (Note
that although secondary and BNR high-level WWTPs are included in the
legend, their emissions are too low to be visible on this plot scale.)

emissions stemming from the combination of high initial N
loading, high N removal in BNR mid-level plants and high EFeffl.
To put the numbers in perspective, as a result of the
upgrades, wastewater N2O emissions decrease by an amount
equivalent to about 0.2% of present-day U.S. total N2O emissions from all economic sectors for the minimum case and by an
equivalent of 4% of U.S. total N2O emissions for the maximum
case.2 Note that our estimate for present-day national N2O
emissions from wastewater for the maximum case is much
higher than that of EPA, 130 Gg/yr vs 26 Gg/yr for EPA,
primarily as a result of our assuming a higher EF for eﬄuent;
recalculating EPA’s estimate using the higher EF for eﬄuent

b

increases their estimate for total wastewater N2O from 26 Gg to
230 Gg for year 2006.
The reductions in N2O emissions are potentially worth
$7 million to $570 million per year, accounting for the range
of GHG prices, as shown in Table 3. To put this in perspective,
we compared the GHG credit values with the incremental cost of
N removal as approximated using the price of N allowances on
Connecticut’s Long Island Sound water quality trading market
(see Table 1). We ﬁnd that the GHG credits could oﬀset around
0.2 60% of the cost of the additional N removal (Table 3).
In addition to generating valuable GHG credits, an upgrade of
AST plants can reduce energy requirements, as discussed above.
Here we provide a simple estimate of the CO2 and cost savings
associated with a reduction in electricity use for aeration. Using
the range of N removal amounts from our model runs and values
shown in Table 1 for the oxygen equivalent of nitrate denitriﬁed,
the eﬃciency of oxygen transfer driven by electrical blowers, and
avoided CO2 from reduced electricity use, we found that 0.3 to
0.8 million tons of CO2 could be avoided per year—comparable
to the low end of the N2O reductions in CO2 equivalents.
Assuming a range of projected prices of electricity under a
GHG cap (Table 1), the cost savings amount to $30 million$120 million per year, oﬀsetting 1 11% of the N removal cost.
Adding this to the revenue from GHG credits results in a total
cost oﬀset of around 1 70%. These cost calculations for
upgrading AST plants do not account for the additional sources
of energy and cost savings discussed above, including reduced
alkaline chemical consumption, etc., which would result in even
greater cost oﬀsets.
The sensitivity of the results to assumed parameter values are
further detailed in Figure 2, which depicts the mean results (N2O
reduction, value of GHG credits, and N removal cost oﬀset)
for the low and high values of each parameter. The diﬀerences
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Table 3. Potential Value of GHG Credits and Energy Savings
upgrade of AST
minimum result

“Baseline” to “Optimized”

maximum result
14

minimum result
1

maximum result

net reduction in N2O emissions (Mt CO2 Eq./yr)

0.7

value of GHG reduction (USD/yr)

$7 million

$570 million

$12 million

$680 millionh

proportion of O&M cost oﬀset by GHG credits

0.2%

60%

0.4%

68%l
--

a

b

e

i

f

j

17d

c
g

k

CO2 savings from reduced electricity use for aeration (Mt CO2/yr)

0.3

0.8

--

cost savings from reduced electricity use for aeration (USD/yr)

$30 million

$120 million

--

--

proportion of O&M cost oﬀset by electricity savings

1%

11%

--

--

a
Combination of parameter values associated with this result: high FremBNRmid, low EFAST, high EFBNRmid, low EFeﬄ, low Ninﬂ. b Combination of
parameter values associated with this result: high FremBNRmid, high EFAST, low EFBNRmid, high EFeﬄ, high Ninﬂ. c Combination of parameter values
associated with this result: high FremBNRbase, low FremBNRopti, low EFBNRbase, low EFeﬄ, low Ninﬂ. d Combination of parameter values associated with
this result: The opposite of footnote c, i.e. low FremBNRbase, high FremBNRopti, etc. e Same as a, plus low PriceC. f Same as b, plus high PriceC. g Same as c,
plus low PriceC. h Same as d, plus high PriceC. i Combination of parameter values associated with this result: high FremBNRmid, low EFAST, high EFBNRmid,
low EFeﬄ, low PriceC, high CostBNR. j Combination of parameter values associated with this result: The opposite of footnote i, i.e. low FremBNRmid, high
EFAST, etc. k Combination of parameter values associated with this result: low FremBNRbase, high FremBNRopti, low EFBNRbase, low EFeﬄ, low PriceC, high
CostBNR. l Combination of parameter values associated with this result: The opposite of footnote k, i.e. high FremBNRbase, low FremBNRopti, etc.

Figure 2. Sensitivity of emissions reduction, value of GHG credits, and BNR cost oﬀset to diﬀerent parameters, for the upgrade of AST plants scenario.
Light gray and dark gray bars represent the mean results for the low and high values of each parameter, respectively. Note that “BNRm” stands for BNR
mid-level WWTPs.

between the results for the low and high parameter values indicate the sensitivity, at least for the parameter ranges considered

here. The results are especially dependent on EFeﬄ, PriceC, and
CostBNR.
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The results for N2O reduction, etc., are independent of the
values assumed for Fremslud and FremBNRhi (not shown).
Part 2: Optimizing BNR WWTPs. The N2O emissions produced by all WWTPs and effluent for the “Baseline” and
“Optimized” cases are depicted in Figure 3. Again, the results
associated with the minimum and maximum emissions reductions

Figure 3. Eﬀect of optimizing BNR WWTPs on N2O emissions. Shown
are the minimum and maximum emissions reductions out of all of the
model parameter combinations tested.
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are shown. Here emissions from both WWTPs and effluent
decrease for both the minimum and maximum results, because
of lower in-plant emissions and decreased Nr discharged into
receiving waters for the “Optimized” case relative to the “Baseline”.
Note that since the EFs for BNR plants are expressed relative
to the amount of N removed, it is the decrease in the product
of EF and Frem from the “Baseline” case to the “Optimized” case
that results in a decrease in in-plant emissions. We present
evidence in the Discussion section that greater N removal could
in fact lead to lower total in-plant emissions. Regarding eﬄuent,
the decrease in emissions associated with greater N removal is
a robust result.
Emissions from wastewater decrease by an equivalent of
0.4 5.0% of present-day U.S. total N2O emissions. The results
in Table 3 indicate that the resulting GHG credits could be worth
$12 million to $680 million, oﬀsetting on the order of 0.4 70%
of operating and maintenance costs of the additional N removal.
Note that in our analysis, we chose a range of values for
baseline EF for BNR WWTPs for GHG crediting that happen to
be generally lower than the range assumed for EFeﬄ, with a slight
overlap, so that the operation of the BNR WWTPs generally
reduces total in-plant plus eﬄuent emissions relative to a case
in which no BNR is performed and Nr is simply discharged into
the environment. However, we recommend that in practice
the baseline EF for WWTPs be set signiﬁcantly lower than the

Figure 4. Sensitivity of emissions reduction, value of GHG credits, and BNR cost oﬀset to diﬀerent parameters, for the optimizing BNR WWTPs
scenario. Light gray and dark gray bars represent the mean results for the low and high values of each parameter, respectively. Note that BNRb and BNRo
stand for the “Baseline” and “Optimized” cases, respectively.
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estimated EF for eﬄuent for a particular location to avoid a
perverse situation in which GHG credits are awarded for BNR
treatment that actually increases total emissions.
Details of the sensitivities are displayed in Figure 4. The results
are especially sensitive to EFeﬄ, PriceC, and CostBNR for the
parameter ranges considered here. The reduction in emissions
and their value also depend on the contrast between FremBNRbase
and FremBNRopti, i.e. a large improvement in N removal eﬃciency
going from “Baseline” to “Optimized” results in a large reduction
in total N2O emissions. However, since it is more costly to
remove more N, the proportion of the N removal cost oﬀset by
credits actually decreases the greater the improvement in Frem.

’ DISCUSSION
Relationship between N Removal Efficiency and N2O
Emissions. The outcome of our quantitative example in Part 2,

namely, that greater N removal in wastewater treatment processes results in lower N2O emissions in process reactors (and
overall)—a “win-win situation”—is supported by evidence from
some recent studies. Foley et al.10 reported evidence for this
in data collected from a number of full-scale BNR WWTPs,
suggesting that WWTPs achieving near-complete denitrification
emit less N2O than plants that achieve incomplete N transformation and removal.
The full-scale measurements at a number of WWTPs in the
United States by Ahn et al.7provide additional, though indirect,
evidence for the relationship between N removal and N2O. In this
study, the authors developed a multivariate regression model to
look for signiﬁcant correlations between N2O and various operating factors in their extensive data set derived from continuous
measurements. The authors also found that N2O emission ﬂuxes
(g N2O N/day) in aerobic zones are positively correlated with
concentrations of NH4+, NO2 , and dissolved oxygen (DO) and
that there is a signiﬁcant positive interaction between NH4+ and
NO2 . In anoxic zones, there is a signiﬁcant positive interaction
between DO and NO2 . These regressions suggest that eﬃciently
running nitriﬁcation and denitriﬁcation—and thus N removal—
with stable DO during the former and low DO during the latter
and with little accumulation of NH4+ or the inhibitory NO2
intermediate results in low emissions (see also ref 26).
In light of the recent ﬁndings, it appears that BNR WWTPs
that maximize N removal are likely to minimize N2O emissions at
the same time, thereby optimizing the environmental beneﬁt and
garnering GHG credits that can oﬀset a portion of the cost of the
additional N removal.
Additional Energy Considerations. Adjusting design and
operating conditions for nitrification and denitrification to
achieve the lowest levels of Nr in effluent and minimize N2O
emissions could potentially consume more energy than moderate levels of N removal, e.g. through mixing an anoxic zone and
pumping mixed liquor recirculation, and for some processes the
addition of a supplemental organic carbon source such as
methanol to promote denitrification, not to mention the possible
need for extensive plant retrofits and larger reactor volume.11 In
this case, it would be important to encourage the use of renewable energy, including that generated onsite from biosolids
(e.g., using an anaerobic digester), to minimize the fossil CO2
emissions associated with any increase in energy consumption
as well as to decrease costs.27 However, some newly developed
technologies, such as denitritation and anaerobic ammonia oxidation (anammox), could actually lower the energy consumption

POLICY ANALYSIS

associated with BNR dramatically.28 The right incentives
for energy efficiency and N reduction, such as a price on CO2
and other GHG emissions and Nr discharge and the availability
of GHG and N credits, could promote widespread adoption of
these improved technologies in the future.
Policy Considerations and Needs. The creation of a GHG
crediting system for the wastewater sector could provide an
impetus for the addition of denitrification to AST plants, which
requires only time-tested and widely used technology and would
not only reduce Nr in effluent but also lower N2O emissions
and further reduce GHG emissions through energy savings. The
decrease in Nr in effluent thus achieved would be a good first step
in alleviating Nr pollution in sensitive watersheds that currently
lack N removal requirements for WWTPs, e.g. the Mississippi
Basin. Even if BNR treatment were mandated by existing and
future water quality regulations, a GHG crediting system could
still promote well designed and operated N removal that drives
emissions below a baseline to even lower levels.
Whether N2O emission reductions from the wastewater sector
could be considered “additional” might be debated in real-world
policy discussions. There are existing policies that provide
guidance on this. For example, under the RGGI cap-and-trade
agreement among northeastern states, states are advised to
employ benchmarks and performance standards to assess the
additionality of prospective oﬀset projects.16 Benchmarks and
performance standards are speciﬁc approaches to addressing the
more general criterion of “ﬁnancial additionality”. Financial
additionality refers to whether or not a project would have been
ﬁnancially attractive in the absence of a crediting system.
Performance standards seem particularly relevant in the case of
WWTPs. These are quantitative criteria, such as emission rate
and market penetration rate, used to determine whether a project
surpasses what would occur under standard market practice.
Given the low rate of conversion of AST plants to BNR in the U.S.
outside of areas covered by N regulations, we believe a strong
case could be made for allowing N2O oﬀsets from unregulated
WWTPs into GHG trading markets. Similarly, a case could be
made to allow N2O oﬀsets from regulated WWTPs as long as the
emissions are below a certain predetermined level.
“Credit stacking”, in which WWTPs can be awarded credits for
simultaneous pollution reductions in multiple environmental
trading systems, e.g. water quality and GHG trading systems,
are considered controversial by some but could provide additional incentives in dealing with the serious challenge of Nr
pollution (e.g., ref 29).
Although the potential N2O reductions resulting from either
AST plant upgrades or BNR plant optimization probably represent <1% of total U.S. GHG emissions,2 increased monitoring of
N2O emissions in WWTPs would have the added beneﬁt of
providing early warning of nitriﬁcation failure.30 We recommend
that more WWTPs set up N2O monitoring to enable the
implementation of a GHG crediting system, using a measurement protocol similar to the one reported in ref 7. To date, few
studies have measured N2O emissions from novel N removal
processes such as denitritation and anammox at full scale,7,31,32
suggesting that further studies are warranted.
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