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ABSTRACT: The Intergovernmental Panel on Climate Change (IPCC)
reported that all carbon dioxide (CO2) emissions generated by water resource
recovery facilities (WRRFs) during treatment are modern, based on available
literature. Therefore, such emissions were omitted from IPCC’s greenhouse gas
(GHG) accounting procedures. However, a fraction of wastewater’s carbon is
fossil in origin. We hypothesized that since the fossil carbon entering municipal
WRRFs is mostly from soaps and detergents as dissolved organic matter, its fate
can be selectively determined during the universally applied separation treatment
processes. Analyzing radiocarbon at different treatment points within municipal
WRRFs, we verified that the fossil content could amount to 28% in primary
influent and showed varying distribution leaving different unit operations. We
recorded the highest proportion of fossil carbon leaving the secondary treatment
as off-gas and as solid sludge (averaged 2.08 kg fossil-CO2-emission-potential m

−3

wastewater treated). By including fossil CO2, total GHG emission in municipal WRRFs increased 13%, and 23% if an on-site
energy recovery system exists although much of the postdigestion fossil carbon remained in biosolids rather than in biogas,
offering yet another carbon sequestration opportunity during biosolids handling. In comparison, fossil carbon contribution to
GHG emission can span from negligible to substantial in different types of industrial WRRFs. With such a considerable impact,
CO2 should be analyzed for each WRRF and not omitted from GHG accounting.

■ INTRODUCTION

In recent years, an increase in the interest for quantifying
greenhouse gas (GHG) emissions from wastewater treatment
processes has been paralleled by numerous efforts to monitor
and model such emissions.1−6 The procedures published by the
Intergovernmental Panel on Climate Change (IPCC)7 are
arguably the most widely applied for estimating the GHG
emissions generated by water resource recovery facilities
(WRRFs), due to their consistency across sites and geographic
areas. The IPCC method assumes that all carbon dioxide (CO2)
emissions in the wastewater treatment process are modern
(consistent with the background unpolluted atmosphere) and
biogenic and thus should not be included in GHG inventory.8

The rationale behind this assumption is that wastewater
treatment processes involve the conversion of the modern
carbon, derived from food and human waste, to CO2, which is
then quickly recycled through photosynthetic uptake.9

Modern carbon (as opposed to fossil or “old” carbon) is not
originated from fossil fuels and consequently is associated with
higher carbon-14 (14C) abundance. However, WRRFs, even

those receiving strictly municipal wastewater, are known to
receive a variety of household10 and personal care products with
their influent,11 many of which are derived from petrochemicals;
hence, the assumption that nonbiogenic CO2 is negligible is
likely invalid.12,13 In fact, it has long been known that synthetic
detergents enter the WRRFs.14 Griffith et al. (2009) conducted
radiocarbon analysis of both particulate and dissolved carbon
from the effluent of 12 WRRFs in the United States and found
that fossil carbon (i.e., 14C-free carbon) amounted on average to
14% of the particulate organic carbon and to 25% of the dissolved
organic carbon. Nara et al. (2010) also found fossil carbon in the
dissolved organic carbon of both the influent and effluent of a
WRRF; domestic sewage, influent, and effluent of theWRRF had
approximately 40−51%, 16−27%, and 27%, respectively.15 The
most extensive radiocarbon study of wastewater treatment
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facilities to date was conducted by Law et al. (2013). The authors
collected samples throughout the process train of four municipal
WRRFs in Australia and used radiocarbon analyses to quantify
the carbon mass balance. Their findings were that fossil carbon
was present throughout the treatment processes of all four plants
and that some likely was oxidized to CO2 and emitted in the
activated sludge basin and some left the plant via sludge, with an
estimated addition of 2−12% to the direct GHG emissions (also
referred to as Scope I emissions) from the treatment plants they
studied. The presence of fossil carbon in both municipal and
industrial wastewater suggests that GHG emissions from
wastewater treatment may be underestimated.13

After the raw wastewater enters the WRRFs, the carbon at
different processes could have distinct isotopic signature in the
dissolved organic carbon (DOC), as suggested by Raymond and
Bauer (2001) due to the microbial preference to use modern
carbon for assimilation.16 Although Nara et al. (2010) did not
find a distinct difference in 14C abundance between the DOC in
wastewater influent and treated wastewater effluent,15 in Law et
al. (2013) the 14C in the DOC generally became enriched in the
effluent, when compared to the influent.13

In comparison to the reported fossil carbon in the municipal
wastewater streams, the prevalence of fossil carbon in industrial
waste streams is expected to be significantly different. Although
to our knowledge, no radiocarbon studies of industrial
wastewater have been published, fossil carbon was observed in
sediments and natural waters downstream of industrial out-
falls.17−19 Given the origin of the carbon in certain industrial
processes, the petrochemical industries, for example, are
expected to have an almost exclusively fossil carbon balance
throughout their wastewater treatment plants. Conversely,
wastewater from the dairy processing industries would be
expected to have opposite carbon balance (i.e., almost exclusively
modern). In sum, a systematic study of the different industrial
segments is needed to provide data for comprehensive models
that transcend the overall assumption that all carbon in
wastewater is modern.
Radiocarbon analysis provides a quantification of the relative

prevalence of modern vs fossil carbon via measurement of the
14C-to-12C ratio.12,13,17−22 Here, we hypothesize that although
there may be a combination of modern and fossil carbon in
municipal wastewater, the treatment processes can selectively
determine the fate of carbon fractions (i.e., modern vs fossil)
since petrochemicals are generally dissolved in nature (i.e.,
soluble chemical oxygen demand, or sCOD) while food and
human waste are mostly particulate in nature (i.e., particulate
COD, or pCOD).
The goal of the present study was to compare and estimate the

potential GHG emission with the fossil carbon content of the
wastewater at different points of the treatment process. We also
included boundary conditions of fully modern vs fully fossil
carbon with results from a pulp/paper mill and a petrochemical
refinery wastewater treatment plant, respectively. Here we
present the results of our study on the quantification of fossil
carbon in municipal and industrial wastewaters at various points
throughout their treatment.

■ MATERIALS AND METHODS
Site Description. Our study sites consisted of three

municipal WRRFs and an industrial petrochemical site in
Southern California, waste stabilization ponds in Australia, and
a pulp/paper mill wastewater treatment plant in Canada (Figure
1).

Figure 1. Our study sites included municipal water resource recovery
facilities (WRRFs) in the United States, waste stabilization ponds in
Australia, a pulp/paper mill wastewater treatment plant in Canada, and
an industrial petrochemical site in the United States. Plant 1 was an
urban water reclamation plant (341 000 m3 d−1) receiving both
residential and industrial wastewater (about 10%). Plant 2 was located
in a suburban setting and has a Ludzack−Ettinger (L−E) layout (28 000
m3 d−1) with less than 5% industrial contribution. Both featured primary
treatment, a secondary treatment via activated sludge process (ASP) and
trickling filter, operating in parallel, and on-site anaerobic digestion of
sludge. Plant 3 was a WRRF with a modified Ludzack−Ettinger (MLE)
configuration (60 000 m3 d−1) featuring primary treatment and
secondary treatment by ASP with only some industrial influent. All
three municipal WRRFs received food waste from both household
garbage disposals and human waste. The petrochemical plant had an
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Plant 1 was an urban water reclamation plant treating
approximately 341 000 m3 d−1 of both residential and industrial
wastewater (about 10%). Plant 2 was located in a suburban
setting, had a Ludzack−Ettinger (L−E) layout treating
approximately 28 000 m3 d−1, and served a primarily residential
area with less than 5% industrial contribution. Both Plants 1 and
2 featured primary treatment, a secondary treatment via activated
sludge process (ASP) and trickling filter, operating in parallel,
and an on-site anaerobic digestion of sludge for energy recovery
(Figure 1). Plant 3 was an urban WRRF with a modified
Ludzack−Ettinger (MLE) configuration that treats 60 000 m3

d−1 and featured primary treatment and secondary treatment by
ASP only. Plant 3 received primarily residential wastewater,
though there was a portion of the influent industrial in nature.
Note that for this plant, sludge digestion and digester gas
production occurred off-site, so on-site data were only available
for primary and secondary treatment. All three municipal
WRRFs sampled in this study received food waste from
household garbage disposals and human waste, as is common
for WRRFs in the U.S.23 Operating conditions at all three plants
are summarized in Supporting Information Table S-1.
To demonstrate the range of radiocarbon signatures

represented in WRRFs, samples were also collected from two
industrial WRRFs. Samples of influent and effluent from a
CanadianWRRF treating pulp/paper mill wastewater, and of the
influent to the ASP of a WRRF treating oil refinery wastewater
located in the U.S., were collected for this study. The refinery
samples were collected at a point downstream of an American
Petroleum Institute (API) oil−water separator and a dissolved
air flotation unit that would have removed large quantities of oil
and suspended solids; the 14C results presented from this facility
refer only to the carbon subjected to biological treatment. The
pulp/paper mill wastewater was subjected to no pretreatment
before the biological treatment process.
Sample Collection and Processing. The 14C content was

measured throughout the treatment process for three municipal
WRRFs (Plants 1, 2, and 3) in the U.S., and for one situated in
Canada that treats pulp/paper mill wastewater and one that
treats oil refinery wastewater in the U.S. Liquid or sludge samples
were collected from each treatment process in acid-washed, 550
°C-baked glass vials, and ASP off-gas and digester gas samples
were collected in evacuated, stainless steel 2-L canisters. To
obtain off-gas samples, a floating plastic hood was placed in the
ASP basin and off-gas was collected through a PVC tube attached
to the hood. Tubing was flushed with off-gas for approximately 2
min before sample collection to remove atmospheric air.24,25

Industrial wastewater samples were lyophilized and homogen-
ized. Liquid and sludge samples of the municipal WRRFs were
dried at 80 °C in a vented oven. An examination of the
wastewater sludge samples demonstrated that lyophilizing and
oven-drying yield comparable 14C results (Supporting Informa-

tion Figure S-1). For Plant 2 samples, aliquots of each sample
were dried in preweighed aluminum dishes to determine sample
dry weight per volume for carbon balance purposes. Volatile
compounds, if present, may have been lost in the drying;
however, such compounds are unlikely to make up a significant
fraction of the carbon load.26,27

Waste stabilization pond samples28 were obtained from three
treatment plants in Victoria, Australia in 2013. All plants received
municipal sewage from their respective town with no major
industrial contribution. Each sample was collected and stored in a
10 mL borosilicate vial with a silicone septum prior to analysis. A
total of 12 locations were sampled and 4 types of samples were
collected: influent water, influent sludge, effluent water, and
effluent sludge (in Figure 1: IW, IS, EW, ES, respectively).

Radiocarbon Measurements: Liquid/Solid Samples. Small
portions of each sample were measured and placed in quartz
tubes with 60−80 mg of CuO as an oxygen source and a piece of
silver wire (length of about 0.5 cm) to remove trace sulfur. For
samples suspected to have high total dissolved solids (TDS)
content, including primary and secondary effluent samples, an
additional outer quartz tube was added. Samples were sealed
under vacuum and combusted to CO2 at 900 °C for 3 h. The CO2
generated in the combustion process was then purified in a
vacuum line: water vapor was removed using a −80 °C cold trap,
and then CO2 was frozen in a liquid nitrogen cold trap while
noncondensable trace gases were pumped away. The remaining
CO2 was transferred to a known volume and its size measured
using a calibrated pressure gauge.29 CO2 was then converted to
graphite according to the procedure described in Beverly et al.
(2010).30

Radiocarbon Measurements: Gas Samples. CO2 and
methane (CH4) in gas samples were separated cryogenically in
a low-pressure vacuum line using ultrazero air as carrier gas. For
digester gas samples, CH4 was combusted to CO2 through an
online CuO furnace at 975 °C, and CO2 and CH4-derived CO2
were reduced to graphite and analyzed separately, as described in
Pack et al. (2015).29 For off-gas samples, only CO2 from the
sample was analyzed because of our preliminary results that
showed the low quantities of CH4 present in these samples.
Radiocarbon data are reported in terms of fraction modern

(Fm), normalized to an oxalic acid standard OX1 (the activity of
the first radiocarbon standard, a 1890 grown wood, is 0.95 of
OX1, prior to the Industrial Revolution), following the
conventions of Stuiver and Polach (1977).31−33 Results were
corrected for mass-dependent fractionation to a common 13C
value of −25‰ using online accelerator mass spectrometer
(AMS) δ13C measurements (eq 2 and 3) at the W. M. Keck
Carbon Cycle Accelerated Mass Spectrometry Laboratory
(University of California, Irvine58). Isotopic analyses of 13C
and 14C content are both relative measurements of their ratios,
i.e., 13C to 12C ratios in a sample are compared to a standard.
Thus, δ13C > 0 means 13C is more enriched in the sample than in
the standard. An Fm value of 1 means that the sample 14C to 12C
ratio is the same as that of the absolute radiocarbon standard, and
a value >1 means 14C is more enriched in the sample than in the
standard, usually due to bomb 14C or tracer 14C addition.
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Figure 1. continued

API oil−water separator and a dissolved air flotation unit. The pulp/
paper mill wastewater was subjected to no pretreatment before the
biological treatment process. The waste stabilization ponds received
wastewater, and most of the influent solids settle in the beginning of the
treatment. Key: RI, raw influent; PI, primary influent; PE, primary
effluent; PS, primary sludge; ML, mixed liquor; SS, suspended solids;
SE, secondary effluent; BS, biosolids; BG, biogas; OG, off-gas; IW,
influent wastewater; IS, influent solids; EW, effluent water; ES, effluent
solids.
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Table 1. 14C Resultsa

location sample type sample date Fmb Fms
14C age (years before present)b

municipal plant 1 biogas CH4 May 2011 1.0457c 1.4365 ± 0.0021 >modern
municipal plant 1 biogas CH4 May 2011 1.0457c 1.4397 ± 0.0026 >modern
municipal plant 1 digester sludge eff June 2011 1.0411c 1.961 ± 0.0051 >modern
municipal plant 1 primary eff Oct 2011 1.0403c 1.6534 ± 0.0028 >modern
municipal plant 1 mixed liquor Oct 2011 1.0403c 2.5102 ± 0.0047 >modern
municipal plant 1 sec sludge Oct 2011 1.0403c 2.2154 ± 0.0053 >modern
municipal plant 1 raw influent Aug 2013 1.04 0.9463 ± 0.0019 445 ± 20
municipal plant 1 primary influent Aug 2013 1.04 0.9605 ± 0.0017 325 ± 15
municipal plant 1 primary sludge Aug 2013 1.04 1.0306 ± 0.0022 −235 ± 20
municipal plant 1 primary eff Aug 2013 1.04 0.9985 ± 0.0016 10 ± 15
municipal plant 1 mixed liquor Aug 2013 1.04 1.4532 ± 0.003 >modern
municipal plant 1 TF sec sludge Aug 2013 1.04 1.2494 ± 0.0022 >modern
municipal plant 1 TF eff Aug 2013 1.04 2.1299 ± 0.0251 >modern
municipal plant 1 biosolids Aug 2013 1.04 1.3015 ± 0.0023 >modern
municipal plant 2 ASP off-gas Nov 2013 1.04 0.944 ± 0.0019 465 ± 20
municipal plant 2 ASP off-gas CH4 Nov 2013 1.04 1.0144 ± 0.0019 modern
municipal plant 2 ASP off-gas CO2 Nov 2013 1.04 1.0122 ± 0.002 modern
municipal plant 2 primary influent Nov 2013 1.05 0.7574 ± 0.0027 2230 ± 30
municipal plant 2 mixed liquor Nov 2013 1.05 0.8807 ± 0.0016 1020 ± 20
municipal plant 2 sec sludge Nov 2013 1.05 0.8861 ± 0.0017 970 ± 20
municipal plant 2 sec eff Nov 2013 1.05 0.8327 ± 0.0023 1470 ± 25
municipal plant 2 TF eff Nov 2013 1.05 0.9218 ± 0.0019 655 ± 20
municipal plant 2 TF sec sludge Nov 2013 1.05 0.8713 ± 0.0016 1105 ± 20
municipal plant 2 biosolids Nov 2013 1.05 0.887 ± 0.0019 965 ± 20
municipal plant 2 primary sludge Nov 2013 1.05 0.9951 ± 0.0023 40 ± 20
municipal plant 2 primary eff Nov 2013 1.05 0.8867 ± 0.0021 965 ± 20
municipal plant 3 primary sludge June 2011 1.0411c 1.0354 ± 0.0019 −275 ± 15
municipal plant 3 primary influent June 2011 1.0411c 1.0449 ± 0.0021 −350 ± 20
municipal plant 3 primary influent June 2011 1.0411c 1.0197 ± 0.0019 −150 ± 15
municipal plant 3 primary eff June 2011 1.0411c 0.8412 ± 0.0023 1390 ± 25
municipal plant 3 primary eff June 2011 1.0411c 0.9851 ± 0.0029 120 ± 25
municipal plant 3 sec eff June 2011 1.0411c 0.8229 ± 0.006 1570 ± 60
municipal plant 3 sec eff June 2011 1.0411c 0.5358 ± 0.0059 5010 ± 90
municipal plant 3 sec sludge June 2011 1.0411c 0.8926 ± 0.002 915 ± 20
municipal plant 3 sec sludge Nov 2010 1.0502c 0.8796 ± 0.0019 1030 ± 20
municipal plant 3 sec sludge Nov 2010 1.0502c 0.8782 ± 0.0015 1045 ± 15
petrochemical plant sec eff Nov 2012 1.0411c 0.018 ± 0.0005 32270 ± 240
petrochemical plant sec eff Nov 2012 1.0411c 0.0175 ± 0.0005 32490 ± 250
petrochemical plant sec eff Nov 2012 1.0411c 0.0169 ± 0.0005 32800 ± 260
petrochemical plant sec eff Nov 2012 1.0411c 0.0178 ± 0.0005 32360 ± 240
pulp/paper mill plant influent Nov 2013 1.04 0.9586 ± 0.0018 −
pulp/paper mill plant eff Nov 2013 1.04 1.073 ± 0.0021 −
UC Irvine laboratory tap water Nov 2012 1.05 0.8251 ± 0.003 75 ± 15
UC Irvine laboratory tap water June 2011 1.0411c 0.9325 ± 0.0049 150 ± 15
UC Irvine laboratory tap water Nov 2010 1.0502c 1.1608 ± 0.0025 490 ± 15
UC Irvine laboratory tap water Oct 2011 1.0403c 0.9718 ± 0.002 190 ± 15

Southern California Home tap water May 2011 1.0457c 0.8772 ± 0.0015 520 ± 20
Southern California well groundwater May 2011 1.0457c 0.9434 ± 0.0036 110 ± 15
Southern California well groundwater May 2011 1.0457c 0.9731 ± 0.002 390 ± 20
Southern California well groundwater May 2011 1.0457c 0.7302 ± 0.0013 115 ± 15
Southern California well groundwater May 2011 1.0457c 0.6441 ± 0.0056 275 ± 20
waste stabilization pond influent WW Dec 2013 1.04 0.9941 ± 0.0015 60 ± 15
waste stabilization pond influent sludge Dec 2013 1.04 0.9884 ± 0.0015 795 ± 30
waste stabilization pond eff Dec 2013 1.04 0.9928 ± 0.0019 0 ± 15
waste stabilization pond eff sludge Dec 2013 1.04 0.9907 ± 0.0015 515 ± 15
waste stabilization pond influent WW Dec 2013 1.04 0.9816 ± 0.0015 100 ± 15
waste stabilization pond influent sludge Dec 2013 1.04 0.9406 ± 0.0015 −135 ± 15
waste stabilization pond eff Dec 2013 1.04 0.9765 ± 0.0017 −235 ± 15
waste stabilization pond eff sludge Dec 2013 1.04 0.9376 ± 0.0018 −250 ± 15
waste stabilization pond influent WW Dec 2013 1.04 0.9861 ± 0.0017 205 ± 15
waste stabilization pond influent sludge Dec 2013 1.04 0.9525 ± 0.0022 270 ± 15
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and (14C/12C)OX1,−19 is
14C/12C ratio of OX1 at its actual 13C

value of −19‰ (i.e., not normalized to −25‰).
Fossil Carbon Contribution. Since the sample Fm (Fms) is

made up of background carbon signature and fossil carbon
signature, and since fossil radiocarbon is 14C-free (thus Fmf = 0),
knowing the Fm of the atmosphere around the time of sampling
(i.e., background Fm or Fmb), one can calculate the fossil
contribution to the sample if Fms is lower than Fmb. The fossil
carbon contribution of a sample can be calculated using the
isotopic mass balance37

= · + ·x xFm Fm Fms b b f f (4)

+ =x x 1b f (5)

where xb is the fraction of sample containing background
atmospheric radiocarbon Fmb, xf is the fossil radiocarbon
contribution to sample, and Fmf is the fossil radiocarbon
signature. From the combination of eqs 4 and 5 the following
equation can be derived:13,20

= −x 1
Fm
Fmf

s

b (6)

Fmb, the
14C signature of unpolluted background air (1.04−

1.05 in this study, Table 1), has been decreasing with time after
1963 due to the exchange of bomb-14C in the atmosphere with
the carbon reservoirs in the ocean and land, and due to the Suess
effect.38 Besides the temporal variation, Fmb also changes with
latitude, controlled by the global atmospheric circulation. Its
value in specific time and latitudinal zone can be found in
literature that compiled data from either direction measurements
or extrapolations.39 Thus, the fossil carbon contribution of a
sample, xf, can be estimated from the measured values, Fms and
the Fmb, with respect to its location and time from the
literature.39

CO2-Equivalent Emission Potential. In this study, only
carbonaceous matter was used to calculate the CO2 equivalent
emission potential (mCO2,eq). For biogas, all was assumed to be
combusted to CO2 for energy recovery. The daily CO2,eq

Table 1. continued

location sample type sample date Fmb Fms
14C age (years before present)b

waste stabilization pond eff Dec 2013 1.04 0.9861 ± 0.0018 200 ± 20
waste stabilization pond eff sludge Dec 2013 1.04 0.9664 ± 0.0023 145 ± 20
waste stabilization pond influent WW Dec 2013 1.04 0.9925 ± 0.0018 130 ± 15
waste stabilization pond influent sludge Dec 2013 1.04 0.9059 ± 0.0034 155 ± 15
waste stabilization pond eff Dec 2013 1.04 1.0007 ± 0.0016 120 ± 15
waste stabilization pond eff sludge Dec 2013 1.04 0.9381 ± 0.0017 25 ± 20
waste stabilization pond influent WW Dec 2013 1.04 0.9874 ± 0.0016 −60 ± 15
waste stabilization pond influent sludge Dec 2013 1.04 1.0177 ± 0.0017 45 ± 15
waste stabilization pond eff Dec 2013 1.04 1.0303 ± 0.0017 60 ± 15
waste stabilization pond eff sludge Dec 2013 1.04 1.032 ± 0.0017 125 ± 20
waste stabilization pond influent WW Dec 2013 1.04 0.9746 ± 0.0017 −5 ± 15
waste stabilization pond influent sludge Dec 2013 1.04 0.9669 ± 0.0017 −505 ± 15
waste stabilization pond eff Dec 2013 1.04 0.9755 ± 0.0021 −105 ± 15
waste stabilization pond eff sludge Dec 2013 1.04 0.9823 ± 0.002 −120 ± 15
waste stabilization pond influent WW Dec 2013 1.04 0.9836 ± 0.0016 −130 ± 15
waste stabilization pond eff Dec 2013 1.04 0.9812 ± 0.0016 −75 ± 20
waste stabilization pond influent WW Dec 2013 1.04 0.9852 ± 0.0017 185 ± 30
waste stabilization pond influent sludge Dec 2013 1.04 0.9967 ± 0.0021 −165 ± 15
waste stabilization pond eff Dec 2013 1.04 1.0078 ± 0.0018 2145 ± 15
waste stabilization pond eff sludge Dec 2013 1.04 0.9947 ± 0.0017 −205 ± 15
waste stabilization pond influent WW Dec 2013 1.04 0.9928 ± 0.0017 −225 ± 20
waste stabilization pond eff Dec 2013 1.04 0.9848 ± 0.0021 75 ± 15
waste stabilization pond influent WW Dec 2013 1.04 1.0011 ± 0.0017 150 ± 15
waste stabilization pond influent sludge Dec 2013 1.04 1.0652 ± 0.0018 490 ± 15
waste stabilization pond eff Dec 2013 1.04 1.0137 ± 0.0017 190 ± 15
waste stabilization pond influent WW Dec 2013 1.04 1.0155 ± 0.0017 520 ± 20
waste stabilization pond influent sludge Dec 2013 1.04 1.0167 ± 0.0018 110 ± 15
waste stabilization pond eff Dec 2013 1.04 1.0098 ± 0.002 390 ± 20
waste stabilization pond eff sludge Dec 2013 1.04 0.9771 ± 0.003 115 ± 15
waste stabilization pond influent WW Dec 2013 1.04 1.0212 ± 0.0019 275 ± 20
waste stabilization pond influent sludge Dec 2013 1.04 0.7656 ± 0.0013 60 ± 15
waste stabilization pond eff Dec 2013 1.04 1.0267 ± 0.0017 795 ± 30
waste stabilization pond eff eludge Dec 2013 1.04 1.0292 ± 0.0021 0 ± 15

aKey: eff = effluent; sec = secondary; WW = wastewater; TF = trickling filter; ASP = activated sludge process. bNegative values of years before
present that were much less than −500 were replaced with “ >modern”. cLevin et al., 2013.52
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Table 2. Compilation of Fossil Carbon Contribution (xf) in Each WRRF Processes from Literature

data source this study Griffith et al., 2009 O’Sullivan et al., 2010 Nara et al., 2010 Law et al., 2013 Schneider et al., 2015

groundwater 0.098
0.069
0.302
0.384

tap water 0.214
0.104
−0.105a

0.161
0.066

domestic sewage 0.401
0.517
0.395

primary influent −0.004 0.268 0.002
0.021 0.215 −0.433a

0.090 0.159 0.001
0.076 0.098
0.279 0.113

0.138
0.175
0.081
0.171
0.037
0.134
0.065
0.137

primary sludge 0.005
0.009
0.052

primary effluent 0.192 0.090
0.054 0.082
−0.589a 0.128
0.040 0.105
0.156

mixed liquor −1.413a 0.056
−0.397a 0.014
0.161

ASP off-gas 0.092 0.103
−0.247a 0.125

0.153
0.149
0.123
0.116

secondary sludge 0.143 0.075
0.162 0.077
0.164 0.137
−1.129a 0.135
0.156 0.076

0.071
secondary effluent 0.210 0.208 0.268 −0.662a

0.485 0.241 −0.066
0.207 0.201 0.092

0.187 0.091
0.193 0.165
0.238 0.148
0.051 0.183
0.247 0.148
0.212 0.082
0.296 0.076
0.288 0.109
0.290 0.079
0.324
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production rate from CH4 in the biogas (mCO2,eq|CH4) was
calculated by converting the daily CH4 production to CO2,eq
using the stoichiometric conversion 2.75 kgCO2 kgCH4

−1.34
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where ρCH4 is the density of CH4, yCH4,BG is the concentration of
CH4 in biogas (BG), andWBG is the biogas production rate. The
daily CO2,eq production rate from the CO2 in the biogas
(mCO2,eq|CO2) was calculated as
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where yCO2,BG is the concentration of CO2 in biogas and ρCO2 is
the density of CO2. Hence, the total daily CO2,eq production rate
from biogas mCO2,eq|BG (kgCO2,eq d

−1):

| = = | + |
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was normalized to the wastewater flowQww treated by the specific
plant, to yield the CO2,eq emission intensity from biogas
λCO2,eq|BG:
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The output of eq 10 (i.e., λCO2,eq|BG) represents the amount of
CO2-equivalent associated per unit wastewater capacity of the
treatment plant, attributable to the biogas.
The stabilized digester sludge was assumed to become

biosolids for land application and have no λCO2,eq output from
the top soil during the time scale of up to almost 200 years.35 The
λCO2,eq of volatile suspended solids (VSS), for example from
secondary waste activated sludge (WAS) (ex., λCO2,eq|VSS,SS),
was calculated by applying the conversion to COD 1.95 kgCO2
kgVSS

−1.34 The λCO2,eq of the COD in the wastewater liquid, for
example in the influent wastewater (ex., λCO2,eq|COD,PI), was
calculated by applying the conversion 0.99 kgCO2 kgCOD

−1.36 The
λCO2,eq were normalized to the volume of wastewater treated in

Table 2. continued

data source this study Griffith et al., 2009 O’Sullivan et al., 2010 Nara et al., 2010 Law et al., 2013 Schneider et al., 2015

0.234
0.273
0.505
0.151
0.178
0.132
0.055
0.109
0.117
0.146
0.200
0.122
0.458
0.674
0.115
0.108

trickling filter sludge −0.201a

0.170
trickling filter effluent −1.048a

0.122
digester biogas −0.374a 0.015 0.018

−0.377a 0.006 0.021
0.025 0.015 0.023
0.027 0.006 0.019
−0.069a 0.022
−0.132a

digester biosolids -0.251a 0.120
0.155 0.102

aNegative xf values were not included in the GHG analyses due to elevated input of 14C.
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the treatment plant using the WAS flow rate and the volume
wastewater treated by the specific treatment plant.
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where λCO2,eq|COD,PI is the plant wastewater capacity-normalized
CO2-equivalent from the primary influent, λCO2,eq|VSS,SS is the
plant wastewater capacity-normalized CO2-equivalent from the
secondary sludge, and ΛCO2,eq|ww is the plant wastewater
capacity-normalized CO2-equivalent while taking WAS produc-
tion into consideration. The units of ΛCO2,eq|ww come from
λCO2,eq|VSS,SS (in WAS VSS concentration units of kg CO2-
equivalent from VSS m−3

WW) multiplying QWAS, resulting in kg
CO2-equivalent from VSS generated d−1. Then, dividing by the
QWW results in kg CO2-equivalent from VSS generated per m3

wastewater flowing into the WRRF, thus normalizing the CO2-
equivalent emission potential to the wastewater treated by the
WRRF.

■ RESULTS AND DISCUSSION
Radiocarbon Dating. WRRFs. The Fm and 14C age for all

samples are listed in Table 1, and their subsequent fossil
contribution results are listed in Table 2. We could not apply our
model (eq 6) tomost of the samples from Plant 1 due to their Fm
being much greater than Fmb (1.30 < Fms < 2.51), giving
extremely unusual corresponding negative values (years before
present) as their carbon age (Table 1, detailed explanations in the
next paragraph) and xf values much less than zero. The extreme
Fm values possibly resulted from having unknown amounts of
14C inputs from industrial wastewater to Plant 1; however,
known quantities of radiolabeled tracers in wastewater could be
utilized to probe the fate and transport of a contaminant
throughout the WRRFs. With data from other WRRFs having
Fms around Fmb or less than Fmb indicating fossil carbon
presence, giving corresponding xf in the range of around or
greater than zero, the primary influent to the WRRFs studied
resulted in fossil carbon contribution −0.004 < xf < 0.279 (Table
2), confirming that WRRFs receive both biogenic and
petrochemical products. The influent contained particulate
matter from the food refuse ground in sink disposals; thus,

primary sludge also had low fossil carbon contribution (average
xf = 0.022 ± 0.026, N = 3). Conversely, the oil refinery
wastewater had the expected high fossil carbon contribution (xf =
0.983 ± 0.0005, N = 4; Table 1) given the almost exclusively
fossil nature of its carbonaceous constituents. Since the oil
refinery wastewater was exposed to atmospheric air, gas exchange
may explain the slightly more modern radiocarbon signature in
the wastewater. In contrast, the paper pulp wastewater showed a
modern radiocarbon signature (average Fm 1.02, xf = 0.023, N =
2) that resembled that of the ambient 14CO2 background. Thus,
different wastewaters contain varying radiocarbon signatures,
and each wastewater process stream could have unique fossil
GHG emission.
As mentioned above, most of the samples from Plant 1 had a

radiocarbon signature that had Fm much greater than 1, having
14C much more enriched in the samples than in the background
atmosphere at the time of sampling (Table 1). Our investigation
revealed that although Plant 1 is a municipal WRRF, it received
approximately 10% of industrial wastewater; thus, it was likely
that a source of 14C other than the background atmosphere
contributed a substantial amount of 14C (albeit at legal levels)
and skewed the radioisotopic signature of the wastewater
influent. In fact, the radiolabeling facilities within Plant 1’s
collection service area may have contributed to the 14C-enriched
input. Since it was impossible to correct for the enriched 14C
from Plant 1 influent due to the unknown quantity of 14C input,
and since our model (eq 6) only accounted for two origins of
carbon (background and fossil), we could not apply our model to
the data from Plant 1. Subsequently, Plant 1 data having 14C
content much higher than the atmospheric background were not
included in the GHG analyses below.40

Elevated 14C in wastewater has been reported in previous
studies, though not at the high level observed here (Table 1).
Griffith et al. (2009) and Law et al. (2013) have both attributed
the elevated 14C to biomedical tracer waste contamination.12,13

Since the off-gas sample collected from ASP contained
atmospheric CO2 introduced into the treatment basin via
aeration, and also CO2 generated in the ASP through microbial
respiration, the presence of excess 14C in the off-gas sample
(Table 1) suggests that ASP microorganisms are able to
metabolize the 14C-enriched substrate to CO2. In addition, the
high levels of 14C in both the ASP and trickling filter effluents also
imply that microorganisms may be able to assimilate 14C-
enriched substrate for biomass growth, leaving elevated 14C
microbial byproducts in both treatment effluents10 (Table 1);
alternatively, the elevated 14C in sludge leaving both secondary
treatment processes may suggest that the compounds containing
14C have a chemical affinity for microbial flocs, since many
manmade 14C-labeled materials are in the form of organic
compounds, such as amino acids. Based on the data collected
here, the effluent of the tricking filter contains approximately 1.5
× 10−9 mg L−1, or 7.1 μCi L−1 (natural levels are in the pCi L−1

range), of 14C, while the ASP effluent contains approximately 1.0
× 10−9 mg L−1, or 4.8 μCi L−1. The presence of excess 14C in
WRRF effluent was also noted in a previous study by Davisson et
al. (1999), who analyzed radiocarbon in the mixing and transport
of injected recycled water in the groundwater basin and detected
elevated levels of both 14C and 3H.41

Data from the anaerobic digester of Plant 1 also indicate 14C
enrichment in both the biosolids and digester biogas (Table 1).
These values for CH4 and CO2 samples isolated from the
anaerobic digester should be interpreted as indicative only of the
14C content of the substrate and the microbial processes present
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in the digester and not compared to atmospheric background 14C
levels, as CH4 is synthesized on-site in airtight digesters.
The results for Plant 1 demonstrate the potential of

radiocarbon tracer as a diagnostic tool for the fate of 14C in
different processes of WRRFs. Additionally, although the
chemical forms of the 14C-containing molecules present in
Plant 1 were unknown, the results from this site present insights
into the microbial biomass preferential partitioning to remove
14C in a wastewater treatment plant, or insights into the diversity
of molecules that are formed by the biomass during the treatment
processes.10 As such, a safe low-level radiolabeled tracer with
known chemical properties could be utilized to probe the
behavior of a particular contaminant of interest through the
treatment process with little human health or environmental risk.
For Plants 2 and 3, the primary effluent on average had a

slightly older carbon signature than primary influent, with xf
being 0.134 ± 0.0716 (N = 4) and 0.099 ± 0.156 (N = 5),
respectively (Tables 1 and 2). The higher 14C content
(suggesting a lower fossil carbon contribution) in the influent
settled from the influent as primary sludge (average xf = 0.022 ±
0.026, N = 3; Tables 1 and 2) and was not transported to the
secondary treatment in the effluent stream. Since primary
effluent had more fossil carbon, it may indicate that fossil carbon
entered WRRFs in the soluble form (i.e., sCOD), while influent
modern carbon was particulate in nature (i.e., pCOD). The
results suggest that food and human waste which are derived
from modern carbon may be indeed be particulate and settle
easily, and that the primary treatment process may selectively
determine the fate of modern and fossil carbon fraction in the
influent.
As the treatment progressed to ASP, an even older radiocarbon

signature emerged from Plants 2 and 3, with xf ranging from
0.122 to 0.485 (Tables 1 and 2). Generally, secondary sludge,

mixed liquor, and secondary effluents from ASP and trickling
filter had similar and consistent radiocarbon signature. The
effluent of the ASP had significantly older radiocarbon signature
than the primary effluent (N = 3 and 3, respectively; χ2 test, p <
0.05), suggesting that ASP may remove and metabolize modern
carbon more effectively than it does fossil carbon at Plants 2 and
3; inversely, the results may suggest that the biomass in ASP
assimilates fossil carbonmore effectively. Indeed, the off-gas from
the ASP in Plant 2 had a more modern radiocarbon signature,
with xf of 0.092 (Tables 1 and 2). Thus, the results from Plants 2
and 3 did not show that microorganisms prefer to use modern
carbon for carbon assimilation as suggested by Raymond and
Bauer (2001).16 Instead, our results might even suggest that
microorganisms prefer assimilating the carbon forms of fossil
origin. In general, the two plants had a similar distinct, older
radiocarbon signature in the secondary treatment processes
stream.
The anaerobic digester, receiving both primary and secondary

sludge, produced biogas and biosolids with two distinct
radiocarbon signatures in Plant 2. The biogas had a more
modern radiocarbon signature compared to that of the ASP off-
gas, with xf of 0.025 in the CH4 portion of the biogas and 0.027 in
the CO2 portion. The biogas fossil contribution was similar to
that of the primary sludge (average xf = 0.029, N = 2), while the
fossil contribution of biosolids from Plant 2 (xf = 0.155) was
similar to that of the secondary sludge (xf = 0.156± 0.001,N = 3;
Table 2). This suggests that anaerobic digesters may also
selectively determine the fate of modern and fossil carbon
fraction, and that primary sludge may be more easily digested to
biogas. Our results do not suggest that different microbial
populations within the anaerobic digester utilize modern and
fossil carbon differently from the ASP microbial population;
rather, a more modern digester biogas than the digested biosolids

Figure 2. Fraction fossil carbon contribution (relative to background unpolluted atmosphere) of the samples collected from three water resource
reclamation facilities (WRRFs) with their carbon dioxide emission equivalent from carbonaceous matter (cCO2, eq). Secondary sludge (SS) had the
highest CO2 emission equivalent while having a relatively modern radiocarbon signature. In contrast, secondary effluent (SE) on average had a low CO2
emission potential while having an older radiocarbon signature. Expectedly, petrochemical wastewater (WW) had the oldest carbon signature and a high
CO2 emission potential. A possible source may be contributing 14C to Plant 1; thus, there were drastically different results at the same treatment
locations on different days of sampling (denoted by ◇, + , #, and Δ for May 2011, June 2011, October 2011, and August 2013) having a Fm range of
0.95−2.51.51 Key: PI, primary influent; PE, primary effluent; ML, mixed liquor; SE, secondary effluent; PS, primary sludge; TF, trickling filter; BS,
biosolids; BG, biogas.
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implies that modern carbon was preferentially utilized by the
methanogenic microbial consortia inside the digester.
The results for the two industrial wastewaters sampled in this

study (Table 1) illustrate the wide range of radiocarbon ages
present in waste streams. Both types of industrial wastewater
measurements may contain carbon from industrial waste and also
from any organic chemicals, such as carbonate for pH adjustment
or organic polymers for coagulation, added in the treatment
process. The oil refinery wastewater with an average Fm of 0.018
± 0.0005 (N = 4) indicates an origin almost entirely fossil (xf =
0.983 ± 0.0005, N = 4). Nearly all the CO2 generated by the oil
refinery would be most accurately viewed as a net contribution of
fossil GHG to the atmosphere.
The influent to the plant treating pulp/paper mill industrial

wastewater was modern with xf of only 0.078. After treatment,
the effluent was found to have similar 14C enrichment (Fm =
1.07, xf = −0.031; Tables 1 and 2) as the background
atmospheric radiocarbon signature due to exposure to ambient
air. This industrial treatment plant represents the opposite end
point to the refinery plant; its carbon load was primarily modern,
and the IPCC’s assumption of rapidly cycling, biogenic carbon is
potentially valid for its emissions. Other major industries that
involve processing of agricultural products, including beer and
wine production, dairy, meat, and poultry processing, vegetable
oil manufacturing, and sugar refining, may have a radiocarbon
signature similar to that of pulp/paper production in the waste
stream, suggesting IPCC’s assumption potentially being valid for
them as well.
Waste Stabilization Ponds. The radiocarbon signature of the

four sample types in the waste stabilization ponds were not
significantly independent of each other (Supporting Information
Figure S-2), analyzed using the χ2 test, with a narrow Fm average
range from 0.96 to 1.00. All except one sample had fossil carbon
contribution within the range of 0.008−0.264, which was within
the range found in the primary treatment of Plants 2 and 3. The
radiocarbon signature also did not appear to change through the

waste stabilization pond treatment. Moreover, the results did not
show any microbial preferences in carbon assimilation for
radiocarbon during the treatment.

CO2 Equivalent Potential Emission from WRRFs. The
comparison of λCO2,eq|ww for WRRF samples to the fossil carbon
contribution is presented graphically in Figure 2. Focusing on
results from Plants 2 and 3 only, primary influent, effluent, and
sludge have a more modern radiocarbon signature (xf = 0.094 ±
0.103, N = 12) and a range of 0.00 < λCO2,eq|ww < 0.54 kgCO2,eq
mww treated

−3; secondary sludge had the highest λCO2,eq|ww (1.39−
1.84 kgCO2,eq mww treated

−3) with an older radiocarbon signature (xf
= 0.156± 0.010,N = 4); and secondary effluent on average had a
low λCO2,eq|ww (0.03−0.04 kgCO2,eq mww treated

−3) with an even
older radiocarbon signature (xf = 0.256 ± 0.158, N = 3). These
translate to average potential fossil CO2-equivalent emissions of
0.016, 0.294, and 0.010 kgCO2,eq mww treated

−3 from primary
treatment, secondary sludge, and secondary effluent, respec-
tively. Our analysis of fossil λCO2,eq|ww indicates that although
secondary effluent had the oldest carbon signature, secondary
sludge had a much higher potential to produce fossil carbon
GHG than primary treatment and secondary effluent.
Our calculation also showed that biogas (average xf = 0.026, N

= 2) and biosolids (xf = 0.155) had relatively low λCO2,eq|ww of
0.206 and 0 kgCO2,eq mww treated

−3, respectively. We then found
their respective fossil λCO2,eq|ww, 0.005 kgCO2,eq mww treated

−3 and
0 kgCO2,eq mww treated

−3. Comparing these with the results from
secondary sludge, while secondary sludge had similar xf as
biosolids, secondary sludge would still have the highest potential
to release fossil GHG from a WRRF if no further treatment were
applied to it. Since stabilizing secondary sludge would reduce the
overall GHG emission from WRRFs, it would also decrease the
fossil carbon GHG emission simultaneously.34,35 Therefore,
additional secondary sludge treatment such as stabilizing sludge
for energy recovery and then land application of the biosolids
product could be employed to mitigate the potential GHG
emission associated with untreated secondary sludge.

Figure 3. Compilation of wastewater radiocarbon data from this study and from literature.12,13,15,45,46 This analysis shows that the presence of fossil
carbon in the wastewater is prevalent in our study and literature studies, varying fossil carbon content during different wastewater treatment processes,
and a strong agreement on the fossil content for some of the wastewater treatment process (i.e., primary effluent, ASP off-gas, biogas, and biosolids).
Ngroundwater = 4, Ntap water = 4, Ndomestic sewage = 3, Nprimary influent = 20, Nprimmary sludge = 3, Nprimary effluent = 8, Nmixed liquor = 3, NASP off‑gas = 7, Nsec sludge = 10,
Nsec effluent = 42, NTF sec sludge = 1, NTF sec effluent = 1, Nbiogas = 11, and Nbiosolids = 3 (see Table 2). Key: ASP, activated sludge process; Sec, secondary; TF,
trickling filter.
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For industrial WRRFs, however, there are currently 140 oil
refineries in operation in the U.S. with a combined distillation
capacity of over 1.7 × 107 barrels per day according to data
published by the U.S. Energy Information Administration.42 The
wastewater generated per barrel of petroleum refined varies from
37.9 to 397.5 L;43,44 thus, 6.4 × 105 to 6.8 × 106 m3 of refinery
wastewater is generated per day in the U.S. alone. The IPCC
reports a typical COD range of 400−1600 mg L−1 for refinery
wastewater, with an average of 1000 mg L−1.8 Using the average
COD of 1000 mg L−1, approximately 1.35 kgCO2,eq mww treated

−3

would be released, corresponding to an emission of 8.6 × 105 to
9.2 × 106 kgCO2,eq d

−1, with 8.4 × 105 to 9.0 × 106 kgCO2,eq d
−1

being fossil.
Comparison to other WRRFs. A compilation of literature

14C studies in wastewater12,13,15,45,46 (Table 2) in combination
with the current study’s results along the wastewater treatment
processes is presented in Figure 3. The outliers with excessively
elevated 14C input were not included in the analysis, as 14C-
contaminated samples were not naturally occurring (and with
unpredictable input quantity in the case of Plant 1).12,13 All of the
medians, means, and second and third quartiles of these data
were found to bemore fossil thanmodern, suggestingmost of the
samples taken in municipal wastewater treatment plants
contained some fossil carbon. Since these data from the U.S.,
Canada, Japan, and Australia do not represent influents to
wastewater treatment of the whole world, we cannot use these
data to speculate on the fossil contribution of municipal
wastewater in developing countries. Similarly, we only had one
data set available for the secondary treatment trickling filter
sludge and effluent (Figure 3, Table 2; thus, we cannot infer
generally about the radiocarbon in biofilm treatment processes.
While domestic sewage may contain relatively high fossil

content (Figure 3), primary influent appeared to have similar
fossil content as the tap water, suggesting possible mixing of
domestic sewage with ambient air or possible inputs from other
water sources, such as irrigation or precipitation, during transport
to the WRRFs. After the primary treatment, primary sludge was
separated from primary effluent and appeared to contain higher
proportion of modern carbon than the primary effluent (Figure
3). Since the primary sludge exhibited a radiocarbon signature
more similar to that of the background atmosphere, this indicates
that our hypothesis that food and human waste are mostly
particulates also tested true in the WRRFs from literature data.
After primary and secondary sludge were sent to digestion for

energy recovery and stabilizing biosolids, biogas was produced
(Figure 1). Although the biogas results are a combination of this
study and that of O’Sullivan et al. (2010),45 the data agree well
with a narrow range of fossil carbon content of 0.006−0.027
(Figure 3; Table 2). While a mix of both primary (radiocarbon
signature near modern) and secondary sludge (radiocarbon
signature with higher fossil carbon content) was digested, the
biogas appeared to have a radiocarbon signature that is more
comparable to primary sludge (near modern), and the biosolids
produced exhibited a radiocarbon signature comparable to that
of secondary sludge (Figure 3, Table 2). The results confirm that
primary sludge organic material was more easily digested and
contributed to the more modern radiocarbon signature of biogas
and that the biosolids retained more fossil carbon, due to the
lower biodegradability of secondary sludge.36,47 Thus, this
reinforces the idea that if sludge is used to produce biogas for
energy recovery, little fossil carbon would be directly released as
GHG. Likewise, since low λCO2,eq|ww is associated with the land
application of biosolids, such stabilized biosolids, which

contained more fossil carbons, would not generate much direct
GHG emission in a short time span.34,35 However, there have
been efforts underway to achieve more complete digestion of
secondary sludge through technologies such as thermal
hydrolysis.53−55 Thus, understanding the radiocarbon composi-
tion of the CO2 in the biogas would be more important for these
technologies since the fossil carbon in the sludge could be more
easily released in the form of biogas.

Implications of Fossil Carbon in GHG Emission. Our
study suggests that the IPCC accounting methodologies thus far
overlooked a portion of the GHG release from WRRFs, i.e., the
amount attributable to carbon of fossil origin in wastewater. In
fact, the current IPCCmethod forWRRFs and the others aligned
with it only account for CH4 and N2O emissions. However, a
compilation of wastewater radiocarbon data from this study and
from literature reveals a relevant prevalence of fossil carbon
content in the wastewater (Table 2), and even a strong
agreement on the fossil carbon content during some of the
treatment processes, such as in primary sludge, ASP off-gas,
biogas, and biosolids (Figure 3, Table 2).
To calculate the omitted fossil CO2 contribution in direct

GHG emissions from municipal WRRFs, we used typical
Southern California municipal WRRF GHG emission rate of
CO2, CH4, and N2O, approximately 0.197, 0.044, and 0.018
kgCO2,eq m−3

wastewater treated, respectively.57 Using the IPCC
method by adding up only CH4 and N2O emissions, a typical
municipal WRRF would generate about 0.062 kgCO2,eq
m−3wastewater treated. However, we calculated that an average
WRRF releases direct fossil CO2 emissions at the rates of 0.006
and 0.008 kgCO2,eq m

−3
wastewater treated from energy recovery biogas

combustion and ASP off-gas, respectively, by combining our
results of CO2-equivalent emission from Figure 2 and fossil
carbon contribution from Table 2. If fossil CO2 were accounted
for by adding the fossil CO2 emission to the CH4 and N2O
emissions, a typical municipal WRRF would generate about
0.077 and 0.070 kgCO2,eq m

−3wastewater treated with and without
an on-site energy recovery system, respectively. This means with
an on-site energy recovery system, including the fossil-origin
CO2, may increase the original IPCC GHG inventory by 22.8%,
and by 12.6% if without an on-site energy recovery system.
Compared to Law et al.,13 who estimated 2−12% increase in
GHG accounting if fossil CO2 were included to the IPCC
estimation, our estimation for typical Southern California
WRRFs without on-site energy recovery was just above the
high end of the estimation by Law et al. Therefore, to estimate
more accurately the fossil CO2 release from WRRFs in a specific
area or a general region, there is a need to fill the data gap on
wastewater radiocarbon fractions, supporting the various current
efforts in monitoring and modeling WRRF GHG release.
In addition, our results suggested the practice of digesting

secondary sludge and using stabilized biosolids for agricultural
biosolids may help mitigate some of the long-term fossil CO2
emissions,56 while some of the short-term high-fossil-carbon
content in the direct emissions by ASP off-gas (Table 2) opens
up the opportunity to develop an on-site carbon sequestration
technology to capture the release of gaseous carbon emission. To
reduce WRRF GHG emissions from ASP, current technologies
known as carbon capture and usage (CCU) exist, which utilize
CO2 to synthesize chemical products such as methanol, formic
acid, and hydrocarbons.48−51 These technologies might capture
and convert the ASP CO2 off-gas to viable products, while
abating GHG emission, especially if operated with energy input
from renewable sources.
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By analyzing the fossil carbon contribution in samples from
different treatment process and estimating the GHG emissions
from WRRFs, our study found varying fossil content in the
wastewater during the WRRF processes and in different types of
WRRFs and highlights the need for more efforts in combining
radiocarbon monitoring with GHG accounting to address the
impact of fossil CO2 on direct GHG emissions. Furthermore, this
study draws attention to the current assumption of IPCC’s
method for carbon accounting in WRRFs that may not be
applicable to all types of WRRFs and also presents the
implications of digesting sludge for energy recovery and
subsequently applying to land or burying biosolids, where the
release to atmosphere of the fossil carbon in the digested sludge
may be retarded or prevented.
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