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Keywords: Liquid storage of manure is a leading cause of methane emissions from the dairy sector and an important source
GHG of air and water pollution. This study monitored the effect of vermifiltration on methane emissions and water
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quality at a California dairy that uses an anaerobic lagoon. Methane fluxes and wastewater removal rate of
volatile solids, N species, salinity, major ions, and trace elements were monitored for 12 months. Vermifiltration
reduced methane emissions relative to an anaerobic lagoon by 97-99% and removed 87% of the volatile solids,
contaminants such as salts and trace elements, P (83%) and N (84%) from the wastewater. Vermifiltration of

dairy wastewater demonstrated to be a useful tool to mitigate methane emissions, regulate excess nutrients and
improve water quality at dairy farms.

1. Introduction

The livestock sector is responsible for about 14.5% of total anthro-
pogenic greenhouse gas (GHG) emissions worldwide (Gerber et al.,
2013), and manure is a significant source of both agricultural CH4 and
N>0 emissions (Chadwick et al., 2011). Between 1990 and 2022 in the
United States (US), CH4 emissions from cattle manure increased 122%,
reflecting the increased use of emission-intensive liquid systems over
this time period (USEPA, 2022). Nearly 98% of CH,4 emissions caused by
management of manure occur during storage (Aguirre-Villegas and
Larson, 2017; Grossi et al., 2019), an essential practice that enables
farmers flexibility in the timing of land applications to optimize crop
production and protect environmental quality. Anaerobic lagoons are
the primary source of storage GHG emissions (Kaffka et al., 2016), as
they provide anaerobic conditions ideal for CHy-producing microor-
ganisms and are also a source of N,O and NH3 emissions. The NHj
eventually redeposits or transforms to NyO or particulate matter,
contributing to both eutrophication and climate change (Hristov et al.,
2002). The management of dairy manure has a high potential for GHG
emissions mitigation, making it an essential target for reducing
anthropogenic global warming from agriculture (Grossi et al., 2019).

Since the 1950s, US dairies have experienced intensification and
agglomeration (Vanotti et al., 2020). This has resulted in increased
problems associated with the utilization and disposal of animal waste, as
in many areas the concentration of manure nutrients exceeds the
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capacity of the land to receive them (Burkholder et al., 2007). The
livestock sector is one of the top contributors to the most serious envi-
ronmental problems, including water-quality degradation, globally
(FAO, 2006). Because of these high environmental risks, the use of
livestock wastewater stored in anaerobic lagoons is often subject to
regulations, and off-farm manure export requirements are increasing
(Vanotti et al., 2020).

Manure nutrients can be recovered and used for crop production
using solid-liquid separation, where manure nutrients are removed and/
or treated with a variety of technologies to generate value-added
products (Gollehon et al., 2016; Vanotti et al., 2020). These technolo-
gies vary in operational costs, use of additives, complexity, energy input,
and production of sludge requiring disposal.

As animal production has intensified, offensive odors are increas-
ingly a concern (Stowell et al., 2005). Also, livestock water use can
represent a large proportion of total agricultural water use in areas with
intensive dairy farming (Le Riche et al., 2017). The reuse of dairy
wastewater provides a potential means for farmers to reduce the de-
mand for high-quality water (Pimentel et al., 2004).

Vermifiltration offers the opportunity to reduce the dairy GHG
emissions (both N3O and CH,4), remove organics and excess nutrients
from wastewater, increase flexibility in water use, avoid odors, and
recover the manure nutrients in the treated wastewater and vermi-
compost. A vermifilter serves simultaneously as a solid-liquid separator,
a treatment system for wastewater and separated solids, and a nutrient
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recovery technology. The practice consists of spreading wastewater over
a filtering system containing earthworms (Arora and Saraswat, 2021).
The method uses the joint action of earthworms and microorganisms to
aerobically treat the wastewater. Although microorganisms biochemi-
cally degrade the organic waste, the earthworms aerate and fragment
the substrate and modify its physical and chemical characteristics,
promoting microbial activity and decomposition (Manyuchi and Phiri,
2013).

Vermifiltration can be used to treat wastewater containing high
organic matter from variable sources, including livestock liquid manures
(Samal et al., 2018; Singh et al., 2021). The performance of a vermifil-
tration system is affected by the earthworm loads (Wang et al., 2015),
hydraulic loading rates (Singh et al., 2019), filter materials used (Adu-
gna et al.,, 2019), and conditions affecting the survival of the earth-
worms, such as toxicity, humidity, temperature, and pH (Sinha et al.,
2010). Other characteristics reported in the literature are low technol-
ogy and power requirements to operate (Sinha et al., 2010), lack of odor
during treatment (Arora and Saraswat, 2021), the ability to remove
solids, excess nutrients, and contaminants, including pathogens, from
wastewater (Arora and Saraswat, 2021), and allowing on-farm recycling
of waste and water. The technique doesn't produce sludge (Yang et al.,
2008) but vermicompost, which has beneficial effects on soils and crops.
It is a source of plant macro-and micronutrients (Hussain and Abbasi,
2018), increases soil microbial biomass and diversity (Saha et al., 2022),
enhances soil health (Lazcano and Dominguez, 2011; Hussain and
Abbasi, 2018), and has the potential to sequester carbon.

Industrial-scale dairy vermifiltration systems in the US range in size
from 45 m? to 29,000 m? and treat wastewater from up to 6000 dairy
cows and 2,840,000 L of wastewater per day (BioFiltro personal
communication).

Very little is known about GHG emissions from vermifiltration sys-
tems. Only a very limited number of studies are available (Luth, 2011;
Lai et al., 2018). Quantification of the annual CH4 emissions from ver-
mifilters is needed to help establish the technique as a recognized tool to
mitigate agricultural GHG emissions and can spur the process by
allowing dairy farmers to participate in the carbon market. In addition,
most vermifiltration studies have focused on the efficiency of removing
organics and nutrients from wastewater and have consisted of small-
scale laboratory experiments and short-term observations (Singh et al.,
2019; Wang et al., 2015). This study monitored a commercially avail-
able vermifiltration system (BIDA system, BioFiltro) for one year,
operating on a typical Central Valley California dairy farm with an
anaerobic lagoon. The study focused on quantifying the CH4 emissions
of a vermifiltration system treating dairy wastewater. The study also
aimed to address vermifiltration effects on the wastewater nutrient
contents. Further research is needed to assess the vermifiltration GHG
life cycle, including GHGs emitted for building and operating the ver-
mifilter and the potential GHG sequestration from land application of
vermicompost.

Quantification of CH4 emissions from manure management for na-
tional and regional GHG inventories as well as carbon market method-
ologies are based on IPCC equations which include a treatment-specific
parameter denoted as methane conversion factor (MCF; IPCC, 2006). The
factor allows estimation of CH4 emissions from the different manure
management systems without monitoring CHy4 fluxes annually.

The study objectives were to 1) quantify CH4 emissions of a dairy
vermifilter and compare vermifilter and anaerobic lagoon CH4 emis-
sions; 2) determine the methane conversion factor; and 3) assess the
effects of vermifiltration on dairy wastewater constituents such as
organic solids, nutrients, trace elements, and EC.

2. Materials and methods
The study was conducted on a commercial dairy (Fanelli Dairy)

located in Hilmar, in the California Central Valley, that housed 800
milking cows and 700 replacements. The farm had 1500 animals, a
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typical herd size for the Central Valley of California, which hosts 90% of
the dairy cows in the State (CDRF, 2020). Manure was flushed from the
barn floors and stored in an anaerobic lagoon. The vermifilter was built
in 2015 for a pilot project studying vermifiltration effects on dairy N
dynamics and GHG emissions. The pilot vermifilter was approximately
10% of an estimated full-size plant for the farm and treated circa 2500
tons of manure and 15,000-45,000 L of dairy wastewater per day. The
hydrologic rate of raw influent was regulated by recirculating waste-
water in order to maintain total suspended solids concentration below
10,000 mg L.

Milking cows were housed in free-stall barns and replacements in
open lots. The free-stall barns and the feeding areas of the open lots were
flushed three times daily for 10 min using recycled wastewater from an
anaerobic lagoon built with a holding capacity of ~5.7 million L and a
surface area of 10,800 m2 Flushing water from the barns flowed
through a vibrating screen primary separator and then to the anaerobic
lagoon. The separated solids were air-dried and used for bedding. Water
from the lagoon was used for crop irrigation or recycled for flushing (as
described in Lai et al., 2018).

The vertical flow vermifiltration system treated wastewater collected
after the first separator (Fig. 1). The vermifiltration system included a
second rotary separator that removed manure fibers with diameters
larger than 0.8 mm to prevent clogging of the sprinkler system used to
apply the wastewater on the vermifilter bed. The resulting influent
water was then directed into a holding tank. Every 30 min, influent was
applied for 2 min to the vermifilter surface by the sprinkler system. The
applied influent percolated through the vermifilter to the underlying
drainage space and drained under gravity in about 4 h. Treated water
was then used for flushing.

The analysis assumed flushing collected 100% of the VS excreted by
milking cows housed in free-stalls, where the cows spent all of their
time, and 30% of the replacement excreted VS in open lots, where
manure was collected exclusively from regularly flushed feeding areas.
The screen separator VS removal was 17% (CARB, 2019; Pain et al.,
1978). The daily production rates of 7.6 kg VS per milking cow and 3.4
kg VS per replacement and the maximum methane producing capacity
for the specific type of animal manure (B,) of 0.24 m> CH,4 kg VS~ are
values currently used in the GHG US inventory for California (USEPA,
2022). A cow population of 895 animals, obtained by weighting the VS
contribution of milking and replacement cows, was used when deter-
mining emissions rates (or other metrics) per animal.

The vermifilter consisted of a concrete rectangular enclosure (49 x
11 x 1.5 m) inhabited by worms (Eisenia fetida) within the top 30 cm of
the 0.5 m layer of woodchips. A 30-cm deep space at the bottom of the
vermifilter bed collected drainage and provided aeration through 20
peripheral PVC exhaust pipes (15 cm diameter) that allowed air ex-
change (passively) with ambient air (Fig. 1A, B). Monthly tilling of the
vermifilter surface layer increased aeration in the woodchips and avoi-
ded ponding of water. The handheld tiller required less than three hours
and was pulled by a winch powered by a car battery.

2.1. Methane emissions

CH4 emissions were measured from the vermifilter and the anaerobic
lagoon at the Fanelli Dairy using the chamber technique and a dynamic
closed measurement system (Pavelka et al., 2018). Fluxes from 16 lo-
cations on the vermifilter and 12 locations on the lagoon were measured
monthly from December 2019 to November 2020.

2.1.1. Gas flux measurement system

The portable Trace Gas Analyzer used Optical Feedback-Cavity
Enhanced Absorption Spectroscopy (Li-7810, LI-COR) to measure CH4
and CO; concentrations once per second in the volume enclosed by a
chamber positioned on the media surface. The instrument has a mea-
surement range 0 to 100 ppm and precision of 0.60 ppb at 2 ppm with 1's
averaging. A 5 L. min~! pump circulated the air in a closed loop between
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Fig. 1. Overview of the vermifiltration wastewater management system at the Fanelli Dairy. A) Schematic diagram of the vermifilter. B) The vermifilter bed with
vents, irrigation lines, and CH,4 fluxes measurement collars C) The manure treatment process at the Fanelli Dairy. Water flushed from the free-stall barn was stored in
the anaerobic lagoon (An Lagoon). The lagoon water was recycled as flush water or to irrigate crops. The wastewater (INF) passed through a secondary separator to
remove sand and large manure fiber before it was applied over the top of the vermifilter. The effluent wastewater (EFF) was recycled as flush water. The yellow
symbols show sampling locations for water quality and the orange cylinders for flux measurements. The shaded boxes follow the pathway of the volatile solids (VS)
and nitrogen (N) produced by one typical California cow over one year, assuming all water was used for crop irrigation. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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the chamber and the analyzer, and fluxes were calculated from the
changes in CHy4 concentrations over time (Parkin and Venterea, 2010).
Flux calculation was limited to the initial linear increase in CH4 con-
centration. Before positioning the chamber, the CH4 concentration in-
side the chamber was allowed to equilibrate with ambient concentration
to ensure that the analyzer chamber and tubing were free of CH4 from
previous measurements. Measurement on each of the 28 measured lo-
cations lasted less than 5 min. The order of the measurement changed
during each site visit, and fluxes were measured mid-morning in less
than 4 h to reduce the effects of daily temperature fluctuations.

The chamber was built using non-emitting CH4 materials (PVC and
HDPE) and included a vent to avoid pressure effects (Pavelka et al.,
2018). The ratio of surface to volume of the chamber was determined by
the need to avoid a rapid CHy4 build up, which leads to an insufficient
number of readings before exceeding the analyzer measurement range.
The size of the lagoon chamber was limited by the need for floating the
chamber and positioning it without disturbance using a 6 m pole on the
lagoon surface.

The vermifilter chamber had a diameter of 31 cm and a volume of 39
or 54 L. The lagoon chamber had a diameter of 25 cm and a volume of
49 L. The chambers were tested for leaks before deployment in the field
following guidelines in Pavelka et al. (2018), and leaks were less than
0.006 pmol CHy m 2 s~ %,

2.1.2. Vermifilter measurements

In the vermifilter, sources of CH4 emissions were the vermifilter bed
and potentially the underlying drainage and aeration space. Therefore,
CH4 fluxes at 12 locations on the vermifilter bed and four vents con-
nected to the underlying space were monitored (Fig. 1B). On the ver-
mifilter bed, measurements were located on three equidistant transects
and in areas of varying moisture content and distances from sprinkler
heads and walls. During measurements, the chamber was fastened to a
PVC collar (17 cm high, 30 cm diameter, permanently inserted 10 cm
into the woodchip layer (Fig. 1). A tight seal was obtained by a locking
mechanism pressing the chamber on a rubber gasket attached to the top
of the collar. The collars didn't interfere with the spraying of the
wastewater or the periodic, hand-operated tilling. The collars ensured
repeated measurements at the same locations and prevented disturbance
to the media surface and below-surface air exchange during measure-
ment. On each date, measurements were repeated on each of the ver-
mifilter locations two times and three times when increase in CHy
concentration over time was irregular. Repeated measurements were
averaged for each location. At each monitoring location, temperature at
a depth of 15 cm was measured. To measure CH4 emissions from the
vents, the chamber sampling area was reduced to the size of the vent (15
cm diameter) by placing a 5-cm thick foam layer on the bottom of the
chamber. The modified chamber was pushed onto the vents to form a
tight seal.

The vermifilter CH4 emissions are equal to the sum of the CHy
emissions from the vermifilter bed and the vents. These were calculated
by scaling up measured vermifilter bed and vent flux densities (pmol
CH4; m~2 s71) for the corresponding surface area. CHy fluxes for a full-
size vermifilter were also calculated. The full-size was defined as the
scale required to treat the entire Fanelli Dairy animal population mini-
mizing the need for long-term manure storage. The 4630 m? full-size
was determined using the ratio between cow population and size of a
full-size vermifilter currently operating in Washington State, US (circa 5
m? per cow, BioFiltro personal communication).

2.1.3. Anaerobic lagoon measurements

For the 12 measurement locations on the lagoon, a floating chamber
was attached to a 6 m pole and was lowered onto the lagoon surface,
about 5 m from the lagoon edge. The chamber opening was sealed to and
floated upon a 1 x 1 m, 5-cm thick foam board. This created an air-tight
seal on the lagoon surface. It was not possible to replicate measurements
in the same location because lifting the chamber at the end of the
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measurement cycle disturbed the lagoon surface and would have likely
affected gas exchanges. The lagoon water temperature was measured at
each sampling event. Measurement locations were at varying distances
from the lagoon inlet and outlet and included areas of open water and
areas covered by a scum layer. Lagoon CH,4 emissions were calculated by
multiplying the mean fluxes densities (umol CH; m~2s~!) by the total
surface area of the lagoon (10,800 m?).

2.1.4. Methane emission calculation

The CH4 emissions were calculated as 1) flux densities, i.e., the CHy
flux per unit area of lagoon and vermifilter (in pmol CH4 m—2 s’l), and
2) to account for the different footprints of the vermifilter (4630 m?) and
lagoon (10,800 mz), as total CHy4 fluxes for a full-size vermifilter and
lagoon. The full-size vermifilter was the size required to treat the dairy's
entire animal population. The total surface area of the lagoon was
determined using satellite imagery. To calculate GHG emissions in CO4
equivalent (COzeq), the GWP of 25 for CH4 was used, following the IPCC
(2007) Fourth Assessment Report.

The vermifilter emission reduction was calculated for each mea-
surement event as the difference between lagoon and vermifilter CHy
emission, divided by the lagoon CH4 emissions. The monthly emission
reductions values were averaged to estimate the mean effect (+-standard
error) of the vermifilter on the dairy lagoon CH,4 emissions.

Daily CH4 emissions were estimated by linearly interpolating data
between measurement dates. Daily values were summed to calculate
monthly and annual CH4 emissions from vermifilter and lagoon. Un-
certainty in the annual CHy4 emissions for the lagoon and the vermifilter
was estimated as the standard error of the mean of the 12 annual sums
obtained by linearly interpolating fluxes for each of the 12 measurement
locations.

The CH4 emissions of the solids separated by the vermifiltration
separator (CH4f) were calculated using IPCC quantification guidelines
(IPCC, 2006) as:

CHyf = VS,,-B,-0.66-MCF-MS (€D)]

where VSy, is the annual VS production after primary separation, B, is
0.24, 0.66 is the density of CHy4 at 25 °C (kg CH4-m’3 CHy4), MS is the
fraction of livestock manure handled by the secondary separator and
was 0.1 (BioFiltro personal communication). The MCF of 0.01 is the
IPCC value for composting manure in passive windrow. The CH4 emis-
sions of these separated solids were added to the CH4 emissions
measured on the vermifilter to quantify the CH4 emissions of the ver-
mifiltration system.

The IPCC guidelines (IPCC, 2006) base the calculation of CHy
emissions from manure management on treatment specific MCF
parameter values. The MCF quantifies the percentage of VS that each
management system converts to CH4 compared to a maximum methane-
producing capacity for the specific type of animal manure (B,) in a
particular climate. A MCF for vermifiltration is currently not available.
The Fanelli Dairy emission data were used to determine the vermifil-
tration system MCF for climatic conditions of the study site (average air
temperature of 16 °C) by applying the method described in Mangino
et al. (2001):

CH4yr

MCF = ———
Bo x VS,,

(2)

where the CHy y, is the annual sum of the CH4 emissions of the full-size
vermifilter and the vermifiltration separator; B, was 0.24 m® CHy-(kg
VS™1); and the VS, was the VS produced annually by the dairy cow
population, excluding the 17% VS retained by the solid-liquid separator.
The MCF for the vermifilter was based on monthly monitoring.
Monthly CH4 emissions was the timescale used by Mangino et al. (2001)
to determine the anaerobic lagoon MCF for the US and adhered to the
IPCC recommendation for the determination of MCFs to include the
effects of seasonal changes in VS, temperature, and VS retention time.
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2.2. Water quality

The quality of the wastewater effluent determined the residual ca-
pacity of the treated wastewater to produce GHG emissions and the
amount of macro and microelements provided to crops from land
application. To determine the effect of the vermifilter on water quality,
the vermifilter influent and effluent were sampled monthly from March
2019 to March 2020. Grab samples were kept refrigerated after collec-
tion and delivered in less than 24 h to an accredited laboratory for
testing (BSK Associates, Fresno, CA). Data were assessed to ensure that
laboratory quality assurance/control measures (duplicates, matrix
spikes, matrix spike duplicates, and blanks) were within the prescribed
limits. Samples were analyzed for solids (total solids, total dissolved
solids, total suspended solids, total volatile solids, total volatile sus-
pended solids), N species (ammonia, nitrates, nitrites, total nitrogen,
total Kjeldahl nitrogen), dissolved and total organic carbon, other nu-
trients (calcium, magnesium, potassium, chloride, sulfate, phosphorous,
sodium), trace elements (boron, cadmium, chromium, copper, iron,
lead, manganese, nickel, zinc) pH and electrical conductivity. Frequency
of the analysis varied from monthly to seasonal. Frequency of sampling
and analysis methods for each constituent are listed in Table 2.

Constituent removal rates were calculated monthly as the ratio of the
difference between influent and effluent concentrations divided by the
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influent concentration. Mean removal rates were calculated as the av-
erages (tstandard error) of all available values. We quantified the N
recovered over one year by comparing the annual N produced by the
cows with the sum of the N contained in the wastewater and in the
vermicompost.

2.3. Vermicompost analysis

The vermicompost is the product of the action of the worms and
microbes on the organic matter removed from wastewater and the wood
chips. Vermicompost is typically removed after an 18-month period,
during which no chips are added. The mass of vermicompost produced
was quantified from the volume of material in the vermifilter at
extraction and its bulk density. In 2021 the Fanelli Dairy vermicompost
was analyzed by Prof. W. Horwath's research group at UC Davis. Sam-
ples were dried at 45 °C, for 48 h. A subsample was acidified with 3 M
HCI to prevent N loss and dried at 45 °C for 48 h. Samples were ground
to <0.25 mm using a ball mill. After, 10 mg of each sample was analyzed
for total C and N by dry combustion (AOAC Method 972.43). Wet bulk
density was determined for a 10 L composite sample. A subsample was
dried at 105 °C for 48 h to determine moisture content by mass
difference.

Fig. 2. A: Comparison of the vermifilter and the anaerobic
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3. Results and discussion
3.1. Methane fluxes

The effects of the vermifilter on the dairy wastewater CH4 emissions
were evaluated using 1) the comparison of CH4 emissions from the
vermifilter with the lagoon CH,4 emissions and 2) the efficacy of the
vermifilter to remove VS from the wastewater.

Methane emissions from the vermifilter were substantially lower
than emissions from the lagoon throughout the year (Fig. 2, Table 1).
Over a year, the vermifilter emitted 97% less CHy than the lagoon over
the same unit area and 99% less CHy at the full-size scale (p < 0.01). The
vermifilter reduction of the lagoon CHy4 flux density ranged between
89% and 100% (Fig. 2). Even extrapolating the vermifilter maximum
measured CH, flux rate of 6.4 pmol CH4 m~2s~! over the year resulted in
vermifilter CH4 emissions 94% lower than the lagoon CH4 emissions.

Methane emissions from the vermifilter increased steadily between
December 2019 and May 2020, and from June 2020 declined gradually
through November 2020 (Fig. 2).

Air temperature didn't explain any of the observed variation in CHy
emissions (r2 < 0.1), and soil (or water) temperature explained only 17%
of the vermifilter (p < 0.001) and 28% of the lagoon seasonal variations
in CH4 fluxes (p < 0.001). The temperature in the vermifilter bed varied
by only 13 °C over the year (Fig. 2), in part due to the consistent
wastewater application. The vermifilter homogeneous design and
consistent operation, the limited variations in humidity and tempera-
ture, and the weak relationship with temperature support the reliability
of the monthly flux monitoring. Even with a low temporal resolution,
the monitoring provided the first quantification of the annual CHy4
emissions of an industrial-scale dairy vermifilter and its MCF.

Table 1

Emissions of CH4 from manure management systems (MMS) at the Fanelli Dairy.
Monthly CH,4 emissions are calculated by linearly interpolating the fluxes be-
tween consecutive sampling dates. CH4 emissions of the lagoon are compared to
emissions from a vermifilter of the size required to treat all VS produced in the
dairy.

Date Vermifilter Lagoon

Year Month (kg CH4 month ™) (kg CH4 month™1)

2019 December 38 20,981

2020 January 114 17,999
February 236 21,723
March 422 30,141
April 948 30,769
May 708 26,850
June 195 32,578
July 163 25,766
August 57 12,628
September 7 13,724
October 21 8763
November 61 11,931

Annual CHy Vermifilter 253,854 (+35,423)

emissions
(kg CHy yr )

2970 (+£631) +
Solids from vermifiltration separator
308 (+154) =
Total vermifilter system
3278 (+£649)
Potential manure 327,951
CH4 emissions
(kg CHy yr 1)
MCF 1% 77%
Emission per animal: ~ 3.7" 284
(kg CHy yr !
cow lyr1)
(t COzeqyr tcow ™ 0.1° 7.1
yrh
Emission per unit- 0.7% 23.5
area of MMS
(kg CHy m?)

 Including emissions from the vermifiltration separator;
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Furthermore, the methods to determine CH4 emissions in this study were
similar to those reported in the literature. Of the 17 studies included in a
review of all available publications on CH4 emissions measurements
from liquid manure storages (Leytem et al., 2017), only four monitored
uncovered lagoons and provided annual CH4 emissions. The reported
annual estimates were based on gas measurements made monthly or
seasonally for 1-3 days.

A weak relationship between CHy4 fluxes and temperature for an
anaerobic lagoon was also reported by Safley and Westerman (1992)
and Leytem et al. (2017). In the Leytem et al. (2017) study, CH4 emis-
sions had a stronger relationship with wind and lagoon physicochemical
properties such as total solids, chemical oxygen demand, and VS than
temperature.

The water level in the lagoon was constant until June 2020, followed
by a gradual decrease until November 2020 due to the use of lagoon
water for irrigation. The VS availability in the lagoon decreased with
water levels and because of the increased consumption of VS due to the
high temperatures as described by Mangino et al. (2001). The decreased
VS availability offset the effect of the increased temperature and resulted
in lower CH4 emissions. Because the vermifilter received the lagoon
water recycled for flushing, the vermifilter received less VS during the
summer. Thus, the decreasing CH4 emissions from the vermifilter during
summer could in part be due to the decreasing lagoon VS content.

The vermifilter was tilled monthly to increase porosity and aeration
and thus eliminate conditions generating CH4 emissions. Anoxic con-
ditions built up gradually after each tilling event. Therefore, the length
of the interval between tilling and measurements could also explain part
of the observed temporal variability in the vermifilter CH4 fluxes.

Estimated annual emissions of CHy4 from the lagoon were 253,854 kg
CH4 compared to 2970 kg CH4 from the vermifilter and the additional
308 kg CH4 from the solids separated by the separator in the vermifil-
tration system. Even though CH4 emissions from the solids separated by
the second separator were not directly measured in the study, their
contribution to the total vermifilter emissions was minimal (10%).

In one year, the full-size vermifilter system could reduce CH4 emis-
sions by 6264 t COzeq (Table 1). The results are consistent with the low
vermifiltration CH4 emissions reported by Luth (2011) and Lai et al.
(2018).

The lower vermifilter CH4 emissions compared to the lagoon were
due both to a lower emission rate per unit area (CH4 flux density) and
the smaller surface area of the vermifilter, as the full-size vermifilter was
43% of the lagoon. The vermifilter system emitted annually 3.66 kg CH,4
yr~! per cows (or 0.1 t COgeq cow ! yr™1), and 0.7 kg CH4 m~2 yr! per
unit area of vermifilter, compared to 284 kg CH4 cow ! yr! (7.1 tCOzeq
cow ! yr™1) and 23.5 Kg CHs m~2 yr ! of the lagoon (Table 1).

The large size of the lagoon and the inability to reach the lagoon
center increased uncertainty in the estimate of the lagoon CH4 emissions
(Fig. 2b). However, this was not the case for the vermifilter CH4 emis-
sions. Also, the lagoon CH4 flux rates measured in this study are com-
parable with the emissions rate of 20 kg CH4 m~2 yr~! reported by Owen
and Silver (2014) for dairy anaerobic lagoons. They are also within the
range of 0.4-37 kg CH4 m™2 yr ! (12-1030 kg CH,4 ha™! day™!) sum-
marized by Leytem et al. (2017) and also reported by Kupper et al.
(2020).

CHj, fluxes for the same vermifilter were previously measured by Lai
et al. (2018). This study also observed low CH4 emissions from the
vermifilter, but the authors reported CH4 emission rates from the ver-
mifilter higher than from the lagoon (0.8 compared to 0.4 kg CH, day !
per 50,000 L of daily treated wastewater, respectively). The emission
rates reported in the study did not account for the size of the lagoon.
Scaling up the lagoon emissions from the sampled volume to its total
volume would increase the reported lagoon CH4 emissions well above
the vermifilter emission. In fact, the vermifilter CH4 emission rates
measured using a triangular sampling tunnel covering a section of the
surface of the vermifilter during July by Lai et al. (2018) were lower
than the 1.9 kg CH4 day ! measured in the month of July in this study.
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The vents contributed minimally to the total vermifilter CH,4 fluxes.
The 20 vents were connected to an air volume similar in size to the
vermifilter bed. The low vent CH, (on average 0.12 & 0.1 pmol CH4 m 2
s~1) and high CO, (on average 521 + 175 pmol CO; m 2 s~!) emission
rates provided evidence that aerobic conditions predominated at depth
in the vermifilter. Because the maximum contribution of the vents to the
vermifilter CH4 emissions was 0.3% (data not shown), they were
excluded from the annual CH4 flux estimation.

Additional research is needed to improve understanding of how
vermifilter design, animal type, climate, and system performance affect
emissions of CHy.

The VS left in treated wastewater determines its capacity to produce
further CH4 emissions. On average, the vermifilter system removed 87%
of the VS (Table 2) from the wastewater. Combined with the VS removed
by the first separator (17%), only 11% of the total VS produced was
present in the vermifilter effluent (Fig. 1). The VS reduction was
continuous during the year (Fig. 3) and ranged from 77% to 96%. Even if
all treated water was stored in the existing lagoon under current man-
agement, CH4 emissions would be 87% lower than without
vermifiltration.

The influent VS content was variable. Similar fluctuations observed
by Wilkie et al. (2004) were explained by the way in which the manure
particulates moved through the system and not by changes in waste-
water characteristics. Fluctuations were also measured by Miito et al.
(2021) in a Washington State dairy deploying the same vermifilter. The
authors sampled total solids and total suspended solids every two weeks
between July and December. The study found no difference in solid
content during warmer months compared to winter months. These

Table 2
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results suggest seasonality has little effect on dairy wastewater quality
and that the monthly sampling sufficiently accounted for the existing
temporal variation.

The determination of the MCF coefficient can facilitate the ability of
the dairy vermifiltration practice to access the carbon market and other
incentive programs aiming to reduce agricultural GHG emissions. The
methane conversion factor (MCF) for the vermifiltration system deter-
mined during this study was 1%, the same value suggested by the IPCC
guidelines for composting for similar climatic conditions (IPCC, 2006).
The vermifilter system MCF was much lower than the lagoon MCF of
77% (Table 1). The IPCC suggests a MCF of 75% for an anaerobic lagoon
in the region, consistent with our measured values. The higher estimated
lagoon MCF relative to the IPCC value suggests that the vermifilter CH4
emissions reduction was not due to an underestimation of the lagoon
CH4 emissions.

3.2. Nutrient removal and recovery

The effect of the vermifilter on water quality not only determines the
residual capacity of treated wastewater to emit GHG gases and pollut-
ants, but also to provide nutrients to crops when land applied. During
2019-2020, vermifiltration reduced wastewater NHg concentrations by
97% (£+5%) and total N by 84% (+£8%) (Fig. 3, Table 2). High rates of N
and NHjs reduction by vermifiltration were reported in several studies
(Adugna et al., 2019; Dey Chowdhury and Bhunia, 2021). Our results
were consistent with the Lai et al. (2018) study on the Fanelli Dairy
vermifilter N dynamics. The vermifilter removed most of the N from the
wastewater, and this was transformed into benign Nj gas through

Average concentration of key water quality constituents in influent and effluent samples and percent reduction in concentration for the vermifiltration system at the
Fanelli Dairy. Data are averages of monthly or seasonal values between March 2019 and March 2020.

Constituent Units Method Average concentration Reduction Range N
Influent SE Effluent SE % %
Nitrogen
Ammonia (NH3 + NH4" as N) mg 1! EPA 350.1 494 25 13 6 97% 87-100 13
Nitrate (as N) mg 1! EPA 300 ND 54 12 13
Total Kjeldahl Nitrogen mg 171 EPA 351.2 810 80 74 15 92% 88-100 13
Total N mg 1! CALC 810 80 134 17 84% 72-100 13
Solids
Total Solids mg 1! SM 2540B 19,258 1737 4250 454 79% 72-95 9
Total Dissolved Solids mg 1! SM 2540C 5333 410 3300 316 42% 12-64 10
Total Suspended Solids mg 1! SM 2540D 13,969 1966 666 174 95% 84-96 13
Total Volatile Solids mg 1! SM 2540E 14,127 1344 1798 240 87% 82-96 13
Total Volatile Suspended Solids mg 17! SM 2540E 11,392 1716 525 155 95% 85-98 10
Carbon
Dissolved Organic Carbon mg 17! SM 5310C 373 126 127 24 55% 17-85 4
Total Organic Carbon mg 17! SM 5310C 640 160 163 28 68% 33-86 4
Conductivity S em! SM 2510B 8700 241 4518 345 48% 30-72 11
pH SM 4500-H+ B 7.8 0.08 8.4 0.04 Incr.* 8% Incr.*1-15% 12
Calcium mg 1! EPA 200.7 530 56 84 4 83% 79-89 4
Magnesium mg1! EPA 200.7 320 39 89 15 70% 56-89 4
Potassium mg 1! EPA 200.7 2324 977 1679 673 26% 82-91 11
Chloride mg 1! EPA 300.0 435 99 358 75 12% 27-37 4
Sulfate mg 171 EPA 300.0 ND 62 24
Phosphorous mg 1! EPA 365.4 233 19 39 7 84% 83-91 8
Sodium mg It EPA 200.7 295 10 223 25 25% 9-37 4
Boron pg 17! EPA 200.8 1875 250 395 75 76% 57-9 4
Cadmium pg 17! EPA 200.8 DRC 1.1 0.1 ND 100% 4
Chromium ug 1! EPA 200.8 DRC 39 9 1 1 97% 90-100 4
Copper pg 17! EPA 200.8 DRC 770 147 100 18 86% 75-92 4
Iron pg 17! EPA 200.8 DRC 22,750 5422 913 97 95% 92-98 4
Lead pg 17! EPA 200.8 DRC 18 7 1 0 94% 82-99 4
Manganese ug 1! EPA 200.8 DRC 4550 712 468 53 89% 83-92 4
Nickel pg 1! EPA 200.8 DRC 94 16 19 3 78% 63-89 4
Zinc pg 17! EPA 200.8 DRC 3750 746 446 107 91% 85-94 4

Measured increase (Incr.).
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Fig. 3. Concentration of a) volatile solids (VS); ammonia, nitrate, and total nitrogen in the dairy wastewater b) before (INF) and c) after (EFF) the vermifiltration

system. Concentrations were measured monthly from March 2019 to March 2020.

denitrification. The study measured minimal NoO emissions (0.14 kg
N,O day™!) during vermifiltration. Volatilization of NH3 from the ver-
mifilter was 0.1 kg NH3 day ™ ‘and was 90% lower than from the lagoon.

The vermifiltration reduction of the N load in dairy wastewater re-
duces the potential losses to the atmosphere, surface, and groundwater.
When regulations limit the maximum load of N to apply with irrigation
to land, vermifiltration results in the reduction in the amount of land
required by a farmer to dispose of the dairy wastewater. Also, the
improved quality of the treated wastewater relative to the lagoon in-
creases the options for recycling treated water and can result in the
reduction of the farm's demand for high-quality water.

Vermifiltration can still provide N for crops in both the treated water
and vermicompost (Table 2). Water treated by a full-size vermifilter
(460,000 L day ') at the Fanelli Dairy would provide annually 22 t N,
50% of which is plant available ammonia and nitrate (Table 2).
Considering a generic N fertilization rate of 150 Kg N per hectare, the
treated wastewater would provide N fertilization to 147 ha.

Vermicompost produced at the Fanelli Dairy after circa 18 months of
use had 1.4% N content, 42% C, and a bulk density of 190 kggw m S
Thus, a full-size vermifilter at the Fanelli Dairy would produce 563 t of
vermicompost (wet weight and 60% humidity), with 148 t of C (165 kg C
cow 1) and 5 t of N (6 kg N cow 1) that can be applied to soils.

The life cycle of the N produced annually from one cow was followed
until the dairy wastewater stored in the anaerobic lagoon was used for
irrigation (Fig. 1c). In addition to the data resulting from this study, N
production and loss rates estimated regionally by Pettigrove and Eagle
(2009) were used. Of the 153 kg N produced annually by one typical cow
in the region, on average 31 kg N are lost during storage in anaerobic

lagoons. The 20% loss included the N removed by the first separator, as
N is minimally affected by separators because soluble nutrients and salts
predominantly remain in the liquid system (Harter, 2007). The re-
searchers reported a typical 28% loss (34 kg N) after land application.
This leaves 88 kg N for use by the crop. In contrast, the use of the ver-
mifilter resulted in 25 kg N remaining in the treated wastewater and an
additional 6 kg N in the vermicompost. Losses of N as emissions of N2O
and NHj during vermifiltration measured by Lai et al. (2018) were
minimal (<1 kg N). Thus, the vermifilter recovered in both the treated
water and vermicompost 20% of the initial N that can be applied to
crops. This was lower than the 60% of initial N provided by applying
lagoon water. However, this can help mitigate the excess nutrients
associated with intensive dairies operation. Also, losses from soils after
land application of vermifiltration-treated wastewater are unknown but
likely reduced compared to the lagoon because of the lower amount
applied, higher microbial activity able to cycle and store nutrients (Saha
et al., 2022), and low initial concentrations of NHs. The difference be-
tween N excreted, NoO emitted during vermifiltration, and left in the
effluent/vermicompost was emitted as Np. This loss may represent a
missed opportunity to recover nutrients that are a valuable resource. A
cost-benefit analysis can determine the most appropriate strategy for a
dairy. However, the analysis should assess not only cost and feasibility of
the nutrient-recovering technologies but also their effects on GHG
emissions and air and water quality.

The vermifilter removed additional constituents from the dairy
manure wastewater. Phosphorous was reduced by 84% (+8%). Total
dissolved solids and electrical conductivity decreased by 42% (+14%)
and 48% (+11%), respectively. There were also reductions from the
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wastewater in most major ions and all trace elements (Table 2). Only
sulfates and nitrates increased compared to pre-treatment conditions,
and concentrations in the effluent were low (Table 2).

Among other available studies Miito et al. (2021) and demonstrated
the efficacy of vermifiltration as a technically viable alternative for on-
site dairy wastewater treatment. A 68% wastewater reduction in total
suspended solids (TSS), 81% reduction in total nitrogen, 48% reduction
in phosphorus were reported on a Washington State dairy using a similar
vermifiltration system (Miito et al., 2021). These authors reported
higher reduction efficacy of the vermifilter at higher temperatures and
higher influent concentrations. This can in part explain our study's
higher TSS and phosphorus wastewater reduction rates (95% and 84%,
respectively). At the California dairy, the annual average air tempera-
ture was circa 10 °C higher, and the influent phosphorus concentrations
were higher than at the Washington dairy (190-290 mg L™ compared to
54-127 mg LY.

4. Conclusions

Vermifiltration of dairy wastewater caused minimal CH4 emissions
of 0.7 Kg CHy m™2 yr™! or 3.7 kg CHs m 2 yr ‘cow ! and greatly
reduced the CH4 emissions of an anaerobic lagoon. The emissions were
only 1% of the CH4 emissions potentially produced by the liquid
manure. Vermifiltration significantly decreased the wastewater nutrient
load, increasing opportunities to recycle wastewater. Thus, vermifil-
tration can be a useful tool to mitigate agriculture CH4 emissions and
manage excess nutrients. Further research is needed to assess factors
controlling GHG fluxes, GHG life cycle of vermifiltration, and the po-
tential for carbon sequestration from land application of vermicompost
and treated water.

CRediT authorship contribution statement

Sabina Dore: Conceptualization, Methodology, Investigation,
Formal analysis, Writing — original draft, Writing — review & editing,
Visualization, Funding acquisition. Steven J. Deverel: Resources,
Writing — review & editing, Supervision, Project administration. Nich-
olas Christen: Investigation, Formal analysis.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Sabina Dore, Steven Deverel, and Nicholas Christen report financial
support was provided by BioFiltro. Sabina Dore, Steven Deverel and
Nicholas Christen reports a relationship with BioFiltro that includes:
consulting or advisory.

Acknowledgment

The study was funded by the vermifiltration wastewater treatment
company BioFiltro.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.biteb.2022.101044.

References

Adugna, A.T., Andrianisa, H.A., Konate, Y., Maiga, A.H., 2019. Fate of filter materials
and microbial communities during vermifiltration process. J. Environ. Manag. 242,
98-105.

Aguirre-Villegas, H.A., Larson, R.A., 2017. Evaluating greenhouse gas emissions from
dairy manure management practices using survey data and life-cycle tools. J. Clean.
Prod. 143, 169-179.

Bioresource Technology Reports 18 (2022) 101044

Arora, S., Saraswat, S., 2021. Vermifiltration as a natural, sustainable and green
technology for environmental remediation: a new paradigm for wastewater
treatment process. CRGSC 4, 100061.

Burkholder, J., Libra, B., Weyer, P., Heathcote, S., Kolpin, D., Thorne, P.S., Wichman, M.,
2007. Impacts of waste from concentrated animal feeding operations on water
quality. Environ. Health Perspect. 115 (2), 308-312.

California Dairy Research Foundation, 2020. Small dairy climate change research: an
economic evaluation of strategies for methane emission reduction effectiveness and
appropriateness in small and large California dairies. In: Report for CDFA.

CARB, 2019. Quantification Methodology. California Department of Food and
Agriculture Alternative Manure Management Program California Climate
Investment. https://ww2.arb.ca.gov/resources/documents/cci-quantification-ben
efits-and-reporting-materials?corr (accessed 30 March 2022).

Chadwick, D., Sommer, S., Thorman, R., Fangueiro, D., Cardenas, L., Amon, B.,
Misselbrook, T., 2011. Manure management: implications for greenhouse gas
emissions. Anim. Feed Sci. Technol. 166, 514-531. https://doi.org/10.1016/j.
anifeedsci.2011.04.036.

Dey Chowdhury, S., Bhunia, P., 2021. Simultaneous carbon and nitrogen removal from
domestic wastewater using high rate vermifilter. Indian J. Microbiol. 61 (2),
218-228.

FAO, 2006. Livestock’s Long Shadow. Food and Agriculture Organization of the United
Nations, Rome. https://www.fao.org/3/A0701E/a0701e.pdf. (Accessed 30 March
2022).

Gerber, P.J., Steinfeld, H., Henderson, B., Mottet, A., Opio, C., Dijkman, J., Falcucci, A.,
Tempio, G., 2013. Tackling Climate Change Through Livestock: A Global Assessment
of Emissions and Mitigation Opportunities. Food and Agriculture Organization of the
United Nations (FAO).

Gollehon, N.R., Kellogg, R.L., Moffitt, D.C., 2016. Estimates of Recoverable and Non-
recoverable Manure Nutrients Based on the Census of Agriculture—2012 Results.
USDA Natural Resources Conservation Services, Washington, DC. https://www.nrcs.
usda.gov/wps/PA_NRCSConsumption/download/?cid=nrcseprd1360815&ext=pdf.
(Accessed 30 March 2022).

Grossi, G., Goglio, P., Vitali, A., Williams, A.G., 2019. Livestock and climate change:
impact of livestock on climate and mitigation strategies. Anim. Front. 9 (1), 69-76.

Harter, T., 2007. Groundwater Quality Protection: Managing Dairy Manure in the
Central Valley of California. Agriculture and Natural Resources. University of
California, Oakland, CA, p. 178. https://anrcatalog.ucanr.edu/Details.aspx?ite
mNo=9004 (accessed 30 March 2022).

Hristov, A.N., Zaman, S., Vander Pol, M., Ndegwa, P., Campbell, L., Silva, S., 2002.
Nitrogen losses from dairy manure estimated through nitrogen mass balance and
chemical markers. J. Environ. Qual. 38, 2438e2448. https://doi.org/10.2134/
j€q2009.0057.

Hussain, N., Abbasi, S.A., 2018. Efficacy of the vermicomposts of different organic wastes
as “clean” fertilizers: state-of-the-art. Sustainability 10 (4), 1205.

IPCC, 2006. In: Eggleston, H.S., Buendia, L., Miwa, K., Ngara, T., Tanabe, K. (Eds.), 2006
IPCC Guideline for National Greenhouse Gas Inventories. IGES, Japan. Available at:
http://www.ipcenggip.iges.or.jp/-public/2006gl/index.html. (Accessed 30 March
2022).

IPCC, 2007. IPCC Fourth Assessment Report (AR4). Climate Change, p. 374.

Kaffka, S., Barzee, T., El-Mashad, H., Williams, R., Zicari, S., Zhang, R., 2016. Evaluation
of Dairy Manure Management Practices for Greenhouse Gas Emissions Mitigation in
California. Contract, 14, p. 456. https://biomass.ucdavis.edu/wp-content/
uploads/ARB-Report-Final-Draft-Transmittal-Feb-26-2016.pdf. (Accessed 30 March
2022).

Kupper, T., Hani, C., Neftel, A., Kincaid, C., Biihler, M., Amon, B., VanderZaag, A., 2020.
Ammonia and greenhouse gas emissions from slurry storage-a review. Agric. Ecosyst.
Environ. 300, 106963.

Lai, E., Hess, M., Mitloehner, F., 2018. Profiling of the microbiome associated with
nitrogen removal during vermifiltration of wastewater from a commercial dairy.
Front. Microbiol. 9, 1964.

Lazcano, C., Dominguez, J., 2011. The use of vermicompost in sustainable agriculture:
impact on plant growth and soil fertility. Soil Nutr. 10 (1—-23), 187.

Le Riche, E.L., VanderZaag, A.C., Burtt, S., Lapen, D.R., Gordon, R., 2017. Water use and
conservation on a free-stall dairy farm. Water 9 (12), 977.

Leytem, A.B., Bjorneberg, D.L., Koehn, A.C., Moraes, L.E., Kebreab, E., Dungan, R.S.,
2017. Methane emissions from dairy lagoons in the western United States. Int. J.
Dairy Sci. 100 (8), 6785-6803.

Luth, L., 2011. Effect of the Association of Vermifiltration and Macrophyte Lagooning on
Manure Recycling on the Animal Farm (Doctoral dissertation, Université Rennes 1).

Mangino, J., Bartram, D., Brazy, A., 2001. Development of a Methane Conversion Factor
to Estimate Emissions From Animal Waste Lagoons. US Environmental Protection
Agency, Methane Sequestration Branch, Washington, DC.

Manyuchi, M.M., Phiri, A., 2013. Application of the vermifiltration technology in sewage
wastewater treatment. Asian J. Inf. Technol. 1 (4).

Miito, G.J., Ndegwa, P., Alege, F., Coulibaly, S.S., Davis, R., Harrison, J., 2021.

A vermifilter system for reducing nutrients and organic-strength of dairy
wastewater. Environ. Technol. Innov. 101648.

Owen, J.J., Silver, W.L., 2014. Greenhouse gas emissions from dairy manure
management: a review of field-based studies. Glob. Chang. Biol. 21 (2), 550-565.

Pain, B.F., Hepherd, R.Q., Pitman, R.J., 1978. Factors affecting the performances of four
slurry separating machines. J. Agric. Eng. Res. 23, 231-242.

Parkin, T.B., Venterea, R.T., 2010. Sampling protocols. Chapter 3. Chamber-based trace
gas flux measurements. In: Follet, R.F. (Ed.), Sampling Protocols p.3-1 to 3-39. https
://www.ars.usda.gov/ARSUserFiles/31831/2003GRACEnetTraceGasProtocol.pdf.
(Accessed 30 March 2022).


https://doi.org/10.1016/j.biteb.2022.101044
https://doi.org/10.1016/j.biteb.2022.101044
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0005
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0005
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0005
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0010
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0010
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0010
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0015
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0015
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0015
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0020
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0020
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0020
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0025
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0025
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0025
https://ww2.arb.ca.gov/resources/documents/cci-quantification-benefits-and-reporting-materials?corr
https://ww2.arb.ca.gov/resources/documents/cci-quantification-benefits-and-reporting-materials?corr
https://doi.org/10.1016/j.anifeedsci.2011.04.036
https://doi.org/10.1016/j.anifeedsci.2011.04.036
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0040
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0040
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0040
https://www.fao.org/3/A0701E/a0701e.pdf
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0050
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0050
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0050
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0050
https://www.nrcs.usda.gov/wps/PA_NRCSConsumption/download/?cid=nrcseprd1360815&amp;ext=pdf
https://www.nrcs.usda.gov/wps/PA_NRCSConsumption/download/?cid=nrcseprd1360815&amp;ext=pdf
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0060
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0060
https://anrcatalog.ucanr.edu/Details.aspx?itemNo=9004
https://anrcatalog.ucanr.edu/Details.aspx?itemNo=9004
https://doi.org/10.2134/jeq2009.0057
https://doi.org/10.2134/jeq2009.0057
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0075
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0075
http://www.ipccnggip.iges.or.jp/-public/2006gl/index.html
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0085
https://biomass.ucdavis.edu/wp-content/uploads/ARB-Report-Final-Draft-Transmittal-Feb-26-2016.pdf
https://biomass.ucdavis.edu/wp-content/uploads/ARB-Report-Final-Draft-Transmittal-Feb-26-2016.pdf
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0095
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0095
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0095
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0100
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0100
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0100
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0105
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0105
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0110
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0110
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0115
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0115
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0115
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0120
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0120
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0125
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0125
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0125
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0130
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0130
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0135
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0135
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0135
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0140
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0140
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0145
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0145
https://www.ars.usda.gov/ARSUserFiles/31831/2003GRACEnetTraceGasProtocol.pdf
https://www.ars.usda.gov/ARSUserFiles/31831/2003GRACEnetTraceGasProtocol.pdf

S. Dore et al.

Pavelka, M., Acosta, M., Kiese, R., Altimir, N., Briimmer, C., Crill, P., Darenova, E.,
FuB, R., Gielen, B., Graf, A., Klemedtsson, L., Lohila, A., Longdoz, B., Lindroth, A,
Nilsson, M., Maranon-Jimenez, S., Merbold, L., Montagnani, L., Peichl, M.,
Pihlatie, M., Pumpanen, J., Serrano Ortiz, P., Silvennoinen, H., Skiba, U., Vestin, P.,
Weslien, P., Janous, D., Kutsch, W., 2018. Standardisation of chamber technique for
CO3, N2O and CH4 fluxes measurements from terrestrial ecosystems. Int. Agrophys.
32 (4), 569-587. https://doi.org/10.1515/intag-2017-0045.

Pettigrove, G.S., Eagle, A.J., 2009. Nitrogen Cycling on Dairies in California’s Central
Valley. University of California Cooperative Extension. Manure Technical Bulletin
Series. Available at. https://manuremanagement.ucdavis.edu/files/134366.pdf
(accessed 30 March 2022).

Pimentel, D., Berger, B., Filiberto, D., Newton, M., Wolfe, B., Karabinakis, E.,
Nandagopal, S., 2004. Water resources: agricultural and environmental issues.
Bioscience 54 (10), 909-918.

Safley Jr., L.M., Westerman, P.W., 1992. Performance of a dairy manure anaerobic
lagoon. Bioresour. Technol. 42 (1), 43-52.

Saha, P., Barman, A., Bera, A., 2022. Vermicomposting: A Step Towards Sustainability.
https://doi.org/10.5772/intechopen.102641.

Samal, K., Dash, R.R., Bhunia, P., 2018. A comparative study of macrophytes influence
on performance of hybrid vermifilter for dairy wastewater treatment. J. Environ.
Chem. Eng. 6 (4), 4714-4726.

Singh, R., Bhunia, P., Dash, R.R., 2019. Impact of organic loading rate and earthworms
on dissolved oxygen and vermifiltration. J. Hazard. Toxic Radioact. Waste 23 (2),
04019001.

Singh, R., D’Alessio, M., Meneses, Y., Bartelt-Hunt, S.L., Woodbury, B., Ray, C., 2021.
Development and performance assessment of an integrated vermifiltration based
treatment system for the treatment of feedlot runoff. J. Clean. Prod. 278, 123355.

10

Bioresource Technology Reports 18 (2022) 101044

Sinha, R.K., Herat, S., Karmegam, N., Chauhan, K., Chandran, V., 2010.
Vermitechnology-the emerging 21 st century bioengineering technology for
sustainable development and protection of human health and environment: a
review. In: Dynamic Soil, Dynamic Plant. Global Science Books, pp. 22-47.

Stowell, R.R., Koppolu, L., Schulte, D.D., Koelsch, R.K., 2005. Applications of using the
odor footprint tool. In: Livestock Environment VII, 18-20 May 2005, Beijing, China.
American Society of Agricultural and Biological Engineers, p. 496.

USEPA, 2022. Inventory of US Greenhouse Gas Emissions and Sinks: 2010-2019. US
Environmental Protection Agency, Washington (DC), p. 2010. https://www.epa.
gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks. (Accessed 30
March 2022).

Vanotti, M.B., Garcia-Gonzalez, M.C., Szogi, A.A., Harrison, J.H., Smith, W.B., Moral, R.,
2020. Removing and recovering nitrogen and phosphorus from animal manure. In:
Animal Manure: Production, Characteristics, Environmental Concerns, and
Management, 67, pp. 275-321 (Villega and Larson 2017).

Wang, D., Nie, E., Luo, X., Yang, X., Liu, Q., Zheng, Z., 2015. Study of nitrogen removal
performance in pilot-scale multi-stage vermi-biofilter: operating conditions impacts
and nitrogen speciation transformation. Environ. Earth Sci. 74 (5), 3815-3824.

Wilkie, A.C., Castro, H.F., Cubinski, K.R., Owens, J.M., Yan, S.C., 2004. Fixed-film
anaerobic digestion of flushed dairy manure after primary treatment: wastewater
production and characterization. Biosyst. Eng. 89 (4), 457-471.

Yang, J., Xing, M., Lu, Z., Lu, Y., 2008. A decentralized and on-site option for rural
settlements wastewater with the adoption of vermifiltration system. In: 2008 2nd
International Conference on Bioinformatics and Biomedical Engineering. IEEE,
pp. 3023-3026.


https://doi.org/10.1515/intag-2017-0045
https://manuremanagement.ucdavis.edu/files/134366.pdf
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0165
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0165
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0165
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0170
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0170
https://doi.org/10.5772/intechopen.102641
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0180
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0180
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0180
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0190
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0190
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0190
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0195
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0195
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0195
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0200
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0200
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0200
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0200
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0205
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0205
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0205
https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks
https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0215
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0215
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0215
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0215
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0220
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0220
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0220
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0225
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0225
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0225
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0230
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0230
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0230
http://refhub.elsevier.com/S2589-014X(22)00101-3/rf0230

	A vermifiltration system for low methane emissions and high nutrient removal at a California dairy
	1 Introduction
	2 Materials and methods
	2.1 Methane emissions
	2.1.1 Gas flux measurement system
	2.1.2 Vermifilter measurements
	2.1.3 Anaerobic lagoon measurements
	2.1.4 Methane emission calculation

	2.2 Water quality
	2.3 Vermicompost analysis

	3 Results and discussion
	3.1 Methane fluxes
	3.2 Nutrient removal and recovery

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgment
	Appendix A Supplementary data
	References


