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a b s t r a c t

Methane emission is an important tool in the evaluation of manure management systems due to the
potential impact it has on global climate change. Field procedures used for estimating methane emission
rates require expensive equipment, are time consuming, and highly variable between farms. The purpose
of this paper is to report a simple laboratory procedure for estimating methane emission from stored
manure. The test developed was termed a methane production rate (MPR) assay as it provides a short-
term biogas production measurement. The MPR assay incubation time is short (3d), requires no sample
preparation in terms of inoculation or dilution of manure, is incubated at room temperature, and the
manure is kept stationary. These conditions allow for high throughput of samples and were chosen to
replicate the conditions within deep-pit manure storages. In brief, an unaltered aliquot of manure was
incubated at room temperature for a three-days to assay the current rate of methane being generated by
the manure. The results from this assay predict an average methane emission factor of 12.2 ± 8.1 kg CH4

head�1 yr�1 per year, or about 5.5 ± 3.7 kg CH4 per finished animal, both of which compare well to
literature values of 5.5 ± 1.1 kg CH4 per finished pig for deep-pit systems (Liu et al., 2013). The average
methane flux across all sites and months was estimated to be 22 ± 17 mg CH4 m�2-min�1, which is
within literature values for deep-pit systems ranging from 0.24 to 63 mg CH4 m�2-min�1 (Park et al.,
2006) and similar to the 15 mg CH4 m�2-min�1 estimated by (Zahn et al., 2001).

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Pork production is an important component of North American
agriculture. Two of the primary environmental issues facing the
swine industry are manure utilization and odor mitigation. As
swine production systems have become larger and more special-
ized, these concerns have only intensified, requiring these opera-
tions to place greater emphasis on their environmental
stewardship. The most common use for swine manure is fertilizer
for crop production due to its nutrient value (Hatfield et al., 1998).
In most instances, this practice continues to this day; however, due
to crop rotation practices where swine production is most promi-
nent, land application windows are often limited to once or twice
per year. Thus, long-term storage (6e12 months) of manure is
typically required on swine farms.
In the Midwestern United States, swine finishing operations
typically utilize deep-pit manure storages to hold the manure until
it can be land applied. These deep-pits are located within the swine
production building, beneath a slatted floor on which the pigs are
raised. This allows the manure to fall through to the storage pit,
where it is stored until field conditions are appropriate for land
application. Storing the manure within the building limits the op-
portunity for rainwater dilution of the manure, minimizing manure
volumes and maintaining the fertilizer value. This long-term stor-
age of high organic matter manure coupled with anaerobic condi-
tions, allows methanogenesis to occur. This process breaks down
the organic material in the manure and produces methane.

Methane has a warming potential 25 times that of carbon di-
oxide and recent estimates is that methane has contributed up to
20% of the recent warming trend (Kirschke et al., 2013), making its
production during manure storage a potential environmental
concern. Numerous conditions impact the amount of methane
produced during manure storage. These include: the manure
temperature (Yvon-Durocher et al., 2014), atmospheric
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temperatures (due to the impact on barn ventilation) (Ni et al.,
2008; Blanes-Vidal et al., 2008), the manure pH (Sanchez et al.,
2000), potential presence of inhibitory compounds (Angelidaki
and Ahring, 1993; Vedrenne et al., 2008; Petersen et al., 2012),
the residence time of manure in the storage (Van Velsen, 1979;
Vavilin and Angelidaki, 2005), the size and type of animal (Jung-
bluth et al., 2001), the diet of the animal (Lovett et al., 2003;
Misselbrook et al., 1998), and the amount of residual manure
remaining after land application (serves as inoculant of bacteria for
fresh manure) (Zeeman, 1991; Huther et al., 1997). In general, fac-
tors leading to greater microbial development, such as increasing
temperature, manure residence time, and residual manure in the
storage, increase methane production from the manure. While
those that reduce microbial development, the presence of inhibi-
tory compounds or reducedmanure storage times, reduce methane
production.

Two methods currently exist for inventorying methane pro-
duction by animal production facilities. The first method, the
Intergovernmental Panel on Climate Change (IPCC) “Tier 2”
approach, requires specific waste characteristics, including the
maximum methane-production capacity of the manure, the mass
of volatile solids excreted from the animals, and a methane con-
version factor (IPCC, 1997; IPCC, 2000). The maximum methane
production capacity of the manure would typically need to be
determined from the use of the biochemical methane production
(BMP) potential assay as described by (Owen et al., 1979; Moody
et al., 2011) although the default value (0.48 m3 per kg of VS) is
often used for finishing swine manure. The ASABE standard ASAE
D384.2 “Manure Production and Characteristics” (ASABE, 2005) is
used to estimate the mass of volatile solids excreted for various
livestock species. The value currently listed for finishing swine is
0.27 kg VS day�1 animal�1. Finally, the methane conversion factor is
estimated based on IPCC suggestion for the specific manure storage
type (17e25% for long-term pit manure storage at cool tempera-
ture, 27e65% for long-term pit manure storage at temperate tem-
perature, and 71e80% for long-term pit manure storage at warm
temperature). Using default values from the IPCC Tier 2 method-
ology with an MCF of 46% (average of temperature storage condi-
tions), estimated methane emissions from a swine facility are
5.83 kg CH4 per finished pig (in a grow-finish operation). Although
this methodology would seem to offer a good approximation for an
average facility, researchers have pointed out a substantial variation
in the amount of methane being emitted (Haeussermann et al.,
2006), and any practice designed to reduce methane emissions
would presumably be most beneficial if its application could be
targeted to operations with the largest methane emissions.

An emission factor approach is the second methodology
commonly used to estimate emissions from livestock facilities. The
emission factor approach is based on using continuous measure-
ment of air emissions for an extended period from a defined set of
animal feeding operations (different species, housing systems, and
manure storage). The monitored facilities were selected based on
their ability to represent a substantial portion that particular ani-
mal industry. The data is then summarized and expressed as the
mass of a particular substance emitted per animal (or animal unit)
per unit of time, also known as an emission factor. The emission
factor can then be used to estimate emissions from other animal
feeding operations that have similar production facilities, man-
agement strategies, and manure management systems.

Methane emission factors determined using barn-scale meth-
odologies provide emission estimates at high levels of accuracy
(Wang et al., 2010). However, these procedures are labor intensive,
require substantial investment in time and equipment, and thus are
not practical for assaying large numbers of farms (Jungbluth et al.,
2001). In addition, researchers measuring methane emission in the
field have found significant variation in emission amounts at the
animal housing level (Haeussermann et al., 2006), due in part to
broad diurnal and seasonal variation (Hartung et al., 1998).
Methane emission rates from swine houses ranges from 0.9 to
21.1 kg per animal per year (Hartung and Monteny, 2000) have
been reported. This variation in emission rates among operations
with similar management strategies, methane emission factors will
invariably have large uncertainties when applied to specific oper-
ations. Consequently, large number of swine operations need to be
surveyed for greater confidence in the reported methane emission
factors, which is not practical given cost of preforming these
studies.

Cheaper alternative procedures that are capable of high
throughput analysis are needed. Since the majority of the methane
emitted from swine deep-pit operations is thought to be associated
with the stored manure (Park et al., 2006; Liu et al., 2013), focusing
on the manure emissions may offer an alternative approach at
estimating methane emissions from swine operations at a fraction
of the cost of a whole facility monitoring program. Instead of
measuring the maximum methane production capacity of the
manure as in the BMP assay, measuring the actual methane pro-
duction rate (MPR) directly may be a cheaper, faster alternative.
Additionally, such an alternative could be used to screen operations
to determine on which implementing a treatment practice would
have the largest impact onmethane emissions. Thus, the purpose of
this study was the following: 1) develop a laboratory assay for
determining methane production rates; 2) verify results of the
assay against existing data; and 3) provide a brief interpretation of
results in terms of its implications for manure management.

2. Materials and methods

The methane production rate (MPR) assay was developed to
mimic field conditions and differs from the biochemical methane
production potential (BMP) in several key ways. First, the test does
not inoculate the manure with anaerobic bacteria. The decision not
to inoculate was based on wanting to evaluate the inherent ability
of microbes already present in the manure to generate methane.
Second, the test is a short-term incubation (three days) compared
to the BMP incubation (45e60 days) for finality of methane pro-
duction. In the case of methane emissions, ultimate potential for
methane production is of less value than the rate of production.
Moreover, within the storage pit, manure is continuously being
added by animal excretion, this increases the amount of potential
substrate for the microbes to consume. Since it was not possible or
practical to continually add manure to the test system, short-term
incubation was required to alleviate the possibility of substrate
limitations or the manure composition being significantly altered
by the microbial processing. Third, the test assay was performed at
room temperature (~22.2 �C) as opposed to the 35 �C temperature
used in a BMP since this temperature was more representative of
temperature expected of deep-pit manure storages. Finally, the test
vessels were not agitated during incubation to reflect conditions in
a deep-pit.

2.1. Manure sample collection

Manure samples were collected on a monthly basis from 58
deep-pit swine finishing facilities located throughout Central and
Southeastern Iowa (example facility shown in Fig. 1a). Each location
consisted of an in-ground manure storage, lined with concrete, and
integrated into the building in which the pigs were raised. At each
site, a manure pump-out port was selected and then utilized
repeatedly for sample collection (example shown in Fig. 1b). The
manure storages were all approximately 244 cm (8 ft) deep;



Fig. 1. Examples of (a) deep-pit swine finishing facility similar to those used for manure collection for this study, (b) the pump out cover where manure samples were obtained, a
sample being collected from the pump-out, and (c) a short of the plastic rod used to measure manure depth lowered into the storage.
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manure samples were collected from the surface of the manure
with an additional sample collected for every 61 cm (24 inches) of
manure depth, thus between one and three samples of manure
were collected depending on the pit level. Samples were collected
from multiple depths to evaluate if methane production was uni-
formly distributed throughout the manure profile and could be
represented by a single sample of the manure, or if it varied with
depth and multiple samples would be required to determine the
manure's methane production.

The total depth of manure was determined by lowering a plastic
rod to the bottom of the pit, withdrawing the rod, and measuring
from the bottom of the rod to the wetted line that the manure had
reached. Similarly, the amount of surface accumulation (crust/
foam) on top of the manure was determined by slowly lowering a
1-L bottle down into the manure until the manure would just start
to flow into the sampling bottle. The pole and bottle were then
withdrawn from the pit and the distance from the top of the bottle
to the highest point the crust/foam reached on the pole measured.
The amount of surface accumulation present on the manure was
subtracted from the total depth to determine the amount of
manure present in the pit. Finally, manure temperature at each
facility was monitored on a monthly basis. The temperature was
measured from a sample collected six inches from the bottom of
the pit using a digital thermometer immediately after sample
collection. Manure temperatures ranged from 7 �C in the late
winter to 24 �C in the late fall.
2.2. Description of the methane production rate assay

The procedure utilized at the Iowa State University Manure
Management Lab is as follows. Approximately 100 g of homoge-
nized liquid swinemanure (mass of manure recorded) is added (i.e.,
poured) into a clear, 250 mL graduated serum bottle (Wheaton
Science Products No.:223950, Millville, NJ). A sleeve stopper septa
(SigmaeAldrich Product No.: Z564729, St. Louis, MO) is then placed
on top of the bottle to seal it from the atmosphere and bottle
incubated at room temperature (22.2 �C) for three days. Used in this
configuration the bottles head a headspace volume of approxi-
mately 170 mL. After three days the gas tight syringe (Micro-Mate
interchangeable hypodermic Syringe, SigmaeAldrich Product No.:
Z102342, St. Louis, MO) was inserted into the bottle septum, vol-
ume displacement recorded, and syringe contents injected into an
infrared gas analyzer (NDIR-CH4 Gas analyzer, University Kiel,
Germany) to obtain the methane content.

The methane production rate (equation (1)) was calculated by
adding the amount of biogas measured to the volume of the
headspace in the bottle and multiplying by the methane content of
the sampled gas. The headspace correction is required as all of the
methane produced during the incubation isn't extracted, i.e., some
remains in the head space of the bottle. The calculated value is then
divided by the volume of manure used and the duration of the
incubation.

MPR ¼
%Methane

�
Biogasþ Vheadspace

�
� rmanure

100MmanureðgÞ � time
(1)

In this equation:

MPR: Methane Production Rate (L CH4 L�1 manure day�1)
% Methane: The methane content of the gas sample (%)
Biogas: The measured displacement on the gas tight syringe
(mL)
Vheadspace: The volume of headspace in the bottle after adding
manure (mL)
rmanure: the density of the manure (g mL�1)
Mmanure: Mass of manure added to the bottle (g)
Time: Incubation time (day)
2.3. Evaluating the methane production rate assay

The first objective with this test was to validate that a three-day
incubation length was appropriate. This was done by performing a
series of six-day incubations where the methane production rate
over the first three days were compared to the methane production
rate over days four through six (methane production rates on days
four through six were corrected to account for methane present in
the headspace at the start of this period). Swine manure samples
for this experiment were collected from the 58 b surveyed in the
study, with several barns represented by multiple samples as the
depth of manure at the time of collection was greater than 61 cm
(total of 61 manure samples). Methane production rates over the
first three days were plotted against methane production rates over
days four through six. The data was then evaluated by determining
the correlation between the measured methane production rates
over days one through three compared to over days four through
six and evaluating if the slope of the best-fit line was significantly
different from one and if the intercept was significantly different
than zero. Meeting these requirements would indicate that the
methane production rate from the manure remained relatively
constant over this period, and indicate that these incubation hasn't
caused a limitation in substrate availability or led to an increase in
microbial activity or alternatively dramatically changed the mi-
crobial population such that methane production rate was altered.

2.4. Experimental design to test temperatue and agitation impact
on methane production rate

Due to its impact on methane emissions, a method of correcting
methane production that occurred at lab temperature to the
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amount of methane that would have been produced if the incu-
bation was conducted at the in situ pit temperature was required.
Additionally, we chose to not agitate our samples during this in-
cubation as generallymanure in storage is not agitated; however, as
many incubation procedures utilize agitation (for example the BMP
procedure as detailed by Moody et al., 2011) we also chose to
evaluate its impact. Thus, the objective of this experiment was to
evaluate the impact agitation (shaken versus non-shaken) and
temperature (5, 15, 25, and 35 �C) had on the measured methane
production rate of swine manure to develop a temperature
correction factor and validate shaking wasn't required.

The manure for this experiment was obtained from three deep-
pit swine finishing facilities in North Central Iowa. A vacuum pump
was used to collect approximately 20-L of manure at each location.
The manure sample was collected from the midpoint of the liquid
manure depth. These farms were selected from a random popula-
tion and are assumed to be representative of typical swine deep-pit
operations in the Midwestern United States. Total and volatile
solids information on each manure sample was determined
following Standard Methods for the Examination of Water and
Wastewater 2540B and 2540E (APHA, 1998). Each sample was then
split into 24 subsamples which received differing temperature and
agitation treatments that were applied in a full factorial designwith
three replicates of each treatment (Fig. S1). The manure samples
were incubated at 4, 15, 25, and 35 �C for three days. At each
temperature treatment, half of the samples were placed on a bench
and not agitated, and the other half were placed on an orbital
shaker set at 180 rpm. Biogas and methane production rates were
assayed as described above.

Statistical analysis was performed in JMP Pro 10 (JMP, Version
Pro 10.0.0, SAS Institute Inc., Cary, NC, 1989e2007) as a full factorial
analysis where manure source (farm) was considered a random
variable, temperature a fixed factor, mixing a fixed factor, and the
interaction of temperature and mixing a fixed factor. Interactions
with the random variable (manure source) were pooled into the
residual error term. A means separation procedure (Fisher's pro-
tected least significant difference test) was used to evaluate the
significance of temperature, mixing, and the interaction of tem-
perature andmixing on themethane and biogas production rate. To
better understand and evaluate these results the linearized
Arrhenius equation was fit to the methane production rate as a
function of temperature (eq. (2)).

k
�
L CH4=L� day

�
¼ A exp

� �B
T þ 273

�
(2)

In this equation k is the rate constant (L CH4 L�1 manure day�1),
T is the temperature (�C), and A and B are fitting parameters.
2.5. Converting the methane production rate to a methane flux

Each manure sample (918 manure samples) were assayed for
total solids, volatile solids, and the methane production rate. Of
these, approximately half, 404, were also assayed for volatile fatty
acid content following the procedures of Webber et al. (2010).
Statistical analysis of the assayed methane production rates indi-
cated no significant differences in the methane generation rate of
samples collected from different depths (p ¼ 0.2547, analyzed with
anova blocking by farm and month and a fixed factor of depth).
Thus, all samples from the same month and facility were averaged
to estimate the methane production rate of the manure for that
facility, i.e., samples were not limited to representing a certain layer
as originally hypothesized but could be used to represent the
continuum of the manure.

The MPR assay was performed at room temperature. The fitted
Arrhenius equation developed using data collected from the
temperature-agitation experiment was used to develop the tem-
perature correction factor. The methane generation rates at the
lower temperatures tested (4, 15, and 25 �C) was scaled to the
percent of methane that was generated at 35 �C for each manure as
it provided a method to standardize the response of each of the
samples to temperature. The temperature recorded during the
manure sample collection was then used to adjust the methane
production rate values measured at room temperature to the
monitored in situ temperature recorded during field sample
collection.

To calculate the methane flux (L CH4 m�2 day�1) the average
methane production rate (L CH4 L manure�1 day�1), corrected for
temperature effects, was multiplied by depth of manure (m) and
appropriate conversions (1000 L m3) as shown in equation (3). The
methane emission was then converted to kilograms per animal
space by assuming 0.9 m2/pig space and a methane density of
0.66 kg/m3.

Flux ¼ MPR� Tcorrection � depth� 1000 (3)
3. Results and discussion

Our first objective was to evaluate if a three-day incubation was
an appropriate length of time for the MPR assay. This was analyzed
by comparing the methane production rate over the first three days
to the methane production rate over days four through six (Fig. S2).
The statistical analysis of the data indicated that the methane
production rates over the first three days was significantly corre-
lated to the next three days (p < 0.0001), that the slope of the best-
fit line wasn't significantly different than one (95% confidence in-
terval of 0.812e1.06) and that the intercept wasn't significantly
different than zero (95% confidence interval of �0.028 to 0.012).
Analysis of the residuals indicated that the distribution of residuals
was approximately normal. We interpret this to mean that the
methane production rate of the manure sample over a six-day in-
cubation period is approximately constant and thus the measured
value provides a characteristic of the manure based on its microbial
population and the availability of carbon substrates in the sample.

Our second objective was to determine the impact that the
temperature at which the incubation was conducted and whether
or not the sample was agitated had on the methane production
rate. Manures from three farms were used in this part of the study.
Characteristics of the manures and the biogas and methane pro-
duction rates they had at 25 �C are provided in Table 1. These
include the total solids content, the volatile solids content, the
volatility of the solids (percent of solids that are volatile), the
methane production rate (MPR), biogas production rate (BPR), and
the methane content of the biogas (%). Overall, the manure solids
contents were typical of those found in deep-pit swine finishing
facilities in Iowa.

The analysis of variance table evaluating the impact of tem-
perature, agitation, and their interaction is for methane production
rates and biogas production rates are shown as Tables 2 and 3
respectively. As can be seen from the table the interaction be-
tween temperature and mixing wasn't significant for either
methane (p ¼ 0.0940) or biogas (p ¼ 0.3809) production nor was
the impact of mixing (p ¼ 0.7678 and p ¼ 0.3304 for methane and
biogas respectively); however, the impact of temperature was very
significant (p < 0.0001 in both cases).

These results indicate that shaking should not be needed as part
of the methane and biogas production assay as it did not impact the
results. Moreover, not shaking the samples allowed foam to



Table 1
Characteristics of the manure samples used in the study of impact of temperature and agitation on methane and biogas production rates.

Manure source Total solids (g/L) Volatile solids
(g/L)

Volatility (%) MPR (L CH4/L-day) BPR (L/L-day) Methane (%)

Ave. St. Dev. Ave. St. Dev. Ave. St. Dev. Ave. St. Dev. Ave. St. Dev. Ave. St. Dev.

Farm 1 57.1 (0.2) 39.3 (0.4) 68.8 (0.5) 0.13 (0.01) 0.21 (0.01) 61.1 (5.1)
Farm 2 100 (2.0) 79.2 (1.6) 79.1 (0.4) 0.12 (0.01) 0.21 (0.01) 60.4 (7.5)
Farm 3 83.2 (0.6) 57.3 (0.6) 68.9 (0.3) 0.21 (0.01) 0.36 (0.02) 59.1 (3.9)

Table 2
Analysis of variance table for the impact of temperature and agitation on methane production rates.

Source Degrees of freedom Sum of squares Mean square error F ratio Prob > F

Manure source 2 0.06494 0.03247 e e

Temperature 3 0.65984 0.21995 315.6 <.0001
Mixing 1 0.00006 0.00006 0.088 0.7678
Temperature � mixing 3 0.00465 0.00155 2.226 0.0940
Error 62 0.04320 0.00070

Table 3
Analysis of variance table for the impact of temperature and agitation on biogas production rates.

Source Degrees of freedom Sum of squares Mean square error F ratio Prob > F

Manure source 2 0.16499 0.08250 e e

Temperature 3 0.83993 0.27998 235.5 <.0001
Mixing 1 0.00114 .00114 0.962 0.3304
Temperature � mixing 3 0.00371 .00124 1.041 0.3809
Error 62 0.07365 .00119
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develop on top of some of the samples which could be advanta-
geous for studying foam structure, characterizing the foam, and
evaluatingwhat is causing foam formation. The results also indicate
that temperature can have a significant impact on the rate of
methane and biogas production. Fisher's least significant difference
test indicated that biogas and methane production rates at each
temperature were significantly different (a ¼ 0.05) than the rate at
every other temperature.

The response to temperature datawere plotted in twoways. The
first, shown in Fig. S3a, supplementary materials, was to fit the
measured methane production rate against temperature for each of
the manures. This showed that themanure from farm three had the
greatest temperature response. The other twomanures (farm 1 and
farm 2) responded similarly to temperature. The second method
was to rescale the methane production rate to percent of methane
production rate at 35 �C (Fig. S3b, supplementary materials). This
rescaling resulted in all three manures exhibiting a similar tem-
perature response pattern. In general, the data was well fit by the
Arrhenius equation, indicating it is an appropriate choice for
modeling the response of methane production to temperature.

A common rule of thumb is that microbial activity will
approximately double with every 10 �C increase in temperature
(Westerman et al., 1989; Lin et al., 1987; O'Rourke, 1968). Our data
would suggest this approximation is reasonably valid as the
methane production rate on average increased by 2.3 times from
4 �C to 15 �C and 2.8 times from 15 �C to 25 �C, and 1.8 times from
25 �C to 35 �C. Most importantly, this data fit illustrates that the
manure temperature can greatly influence the actual rate of
methane production as compared towhat is projected by this assay.
Thus, some form of temperature correction is required.

3.1. Manure methane production rate

TheMPR is a measured property of the manure that accounts for
both the substrate availability and the biological activity of
microbes within the manure. In this work, we did not measure
biological activity directly; however, several variables describing
substrate availability were evaluated. These included both total
solids content (volatile solids was strongly correlated to total solids)
and volatile fatty acids content. Initially, the data seemed to be
quite variable; however, fitting a moving average trendline
(average of 20 points shown) indicated a decreasing methane
production rate with increasing VFA concentration (Fig. 2a). To
better evaluate this trend the samples were binned into increments
similar VFA content: bin sizes were 100 mg/L between 0 and
1000 mg/L, 500 mg/L between 1000 and 5000 mg/L, 1000 mg/L
between 5000 and 10,000mg/L, and 2000mg/L thereafter. A plot of
MPR rate versus volatile fatty acid concentration after binning
(Fig. 2b) better displayed the general trend of stable to increasing
methane production rate up to a VFA concentration of near
4000 mg/L and then decreasing methane production rate with
increasing volatile fatty acid concentrations thereafter. The corre-
sponding relationship was well described by a decaying exponen-
tial curve. Similarly, Ahring et al. (1995) found that methane
production rates in anaerobic digesters tended to increase until
acetic acid concentrations of 6000 mg/L, 3700 mg/L of propionic
acid concentrations, or 8800 mg/L of butyric acid occurred. This
data does not necessarily indicate that higher VFA content is
leading to lower methane production, only that a process imbal-
ance between VFA creation and conversion to methane exists and
that in these conditions production of methane is often slower.

A similar analysis was then performed to evaluate if the MPR
was related to the total solids concentration. Similar to the VFA
data, a moving average trendline (average of 20 points shown) was
fit to theMPR data to evaluate if it was related to total solids (Fig. 3a
and b). Based on these results samples were again binned into
groups with similar total solids concentrations. In this case, bin
sizes were in 0.5% increments of total solids between 1.5 and 10%
total solids and then in 1% increments thereafter. Methane pro-
duction rates tended to increase up to a solids concentration of



Fig. 2. Relationship between volatile fatty acid concentrations and measured methane production rate among (a) all samples and (b) after binning samples with similar VFA
concentrations together. Error bars represent the standard error of the mean.

Fig. 3. Relationship between total solids concentrations and measured methane production rate among (a) all samples and (b) after binning samples with similar total solids
concentrations together. Error bars represent the standard error of the mean.
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around 7.2% (average of samples collected for this work), and then
slowly decline thereafter; when the solids content reached around
10% the rate of methane production rate decreased drastically.
Again, this is in linewith results of Fischer et al. (1984) whom found
for anaerobic digesters being used to treat swine manure that
methane production increased until a solids content of around
7e9%, at which point methane production decreased rapidly with
increasing solids content.

An alternative analysis of this data is to evaluate if the methane
production rate is related to month, depth, or the manure tem-
perature at the time of sample collection. Results of the statistical
analysis indicated that all three factors were significantly
(p < 0.0001) related to the measured methane production rate. In
the case of month, significantly higher methane production rates
were detected in the months of November and December and to a
Fig. 4. Average methane production rates during each month; error bars represent the
standard error of the mean. Average monthly methane production rates not connected
by the same letter were significantly different at a ¼ 0.05.
small extent October (Fig. 4). This period corresponds to the
months of, and immediately following, manure agitation and
removal from the pit. A smaller, but less dramatic increase in
methane production rates were also seen in June and July. This
again corresponds to a time period when about 1/3 of the operation
conducted a manure removal event. Although not conclusive, this
could indicate that mixing and suspension of the solids in the
manure resulted in increased biological decomposition of organics
within themanure, and as a result increased biogas production for a
short time interval. The analysis also indicated that as the tem-
perature of the manure sample at the time of manure collection
increased, so did the methane production rate measured in the lab
(0.0131 ± 0.0016 L CH4/L manure-day per 1 �C increase in tem-
perature at collection). Conceptually this could indicate increased
biologically activity within manure at the time of manure collec-
tion; however, further experimentation would be required to vali-
date or refute this hypothesis. Finally, the depth of manure in the
storage was found to be negatively correlated with the methane
production rate (�0.0499 ± 0.0095 L CH4/L manure-day per m in-
crease in manure depth). In this analysis manure depth is serving as
a proxy for manure age; greater manure depths would indicate
longer periods of accumulation. Slowing of gas production as
manure ages would be expected as the more easily degraded
organic substrates would have already been converted into
methane via biological processing. That is additional substrate in-
puts from animal excretion represent a decreasing percent of the
collected manure sample.
3.2. Methane emissions

Our third objective was to evaluate if this assay could be utilized
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to make reasonable estimates about the amount of methane
emissions a farm would produce. In our model (eq. (3)), methane
emissions are a function of three factors: the amount of manure in
the storage, the temperature of the manure, and the methane
generation rate of the manure sample as determined from the MPR
assay. Based on the procedure described here, the manure is
emitting 10.7 ± 8.1 kg CH4 per pig space per year
(average ± standard deviation), or about 4.9 ± 3.7 kg CH4 per
finished animal. As this procedure did not estimate enteric
fermentation methane emissions from the animal we utilized the
IPCC “Tier 1” approach of assuming 1.5 kg CH4 year�1 animal-
space�1 to generate barn level emissions of 12.2 ± 8.1 kg CH4 per
pig space per year, or about 5.5 ± 3.7 kg CH4 per finished animal. It
should be noted, this estimate was based on stocking density of
0.9 m2 per pig, which includes both the space allotment in the pen
as well as a portion of alleys pace within the barn. If actually
stocking density was higher than estimated methane emissions
would be smaller than estimated (same manure emission factored
over more pigs), if actually stocking density was lower methane
emissions would be higher than estimated.

This emission level is within the range suggested by Hartung
and Monteny (2000) of 0.9e21.1 kg per animal space per year.
Moreover, this result is similar to 6.4 kg CH4 per finished animal
measured by Pepple (2011) at one of the swine operation utilized in
this study. Additionally, our average is comparable to the 5.5 ± 1.1
(ave. ± s.e.m) kg CH4 per finished animal for deep-pit systems
found by Liu et al. (2013) in their meta-analysis of greenhouse gas
emissions from swine operations. Moreover, when evaluated on a
methane flux from the manure surface basis, average flux across all
sites and months was estimated to be 1.3 ± 1.0 g CH4/m2-hr,
(average ± standard deviation) which compares favorably to the
0.9 g CH4/m2-hr estimated by Zahn et al. (2001) for under floor
manure storages on swine operations. Although not conclusive, this
provides strong evidence that the assay as proposed here provides a
reasonable estimate of methane emissions from swine facilities
with deep-pit storages.

Along with the total estimated methane emission seasonal
variation of methane emissions are also of interest. To generate the
seasonal pattern, themeasuredMPRwas corrected to themeasured
manure temperature and multiplied by the manure depth. The
geometric average and standard deviation of the methane emission
estimated was averaged across all sites in each of the months. The
average values tended to show seasonal trends, exhibiting lower
emissions in the colder, winter months after the manure pit had
recently been emptied and higher emissions in the summer
months when the manure storage contained more manure (Fig. 5).
The variability of the average monthly emission factor tended to
show the same pattern, exhibiting substantially higher variability
during the summer months. We believe this is in part due to the
Fig. 5. Seasonal variation in estimated methane flux. Error bars represent one standard
deviation of the estimated fluxes.
different manure pumping scheduled utilized at these operations;
all operations were pumped in the fall (note how methane flux
variability dropped in November), but only a subset of operations
pumped in the spring (in May). This caused greater variation in
manure depth at the operations, and as a result, a wider range of
methane fluxes throughout the summer. The lower variability in
August was caused by a logistical constraint that only allowed
manure sample collection from 30 of the 58 sites.

The impact of manure depth, temperature, and measured
methane production rate on the estimated methane flux was
evaluated by plotting the estimated methane flux against each of
the three variables. The measured methane production rate of the
manure was most strongly correlated to the flux, describing about
50% of the variation in estimated methane flux. Temperature was
the second most important variable, describing about 25% of the
estimated methane flux, and depth was the least strongly corre-
lated describing only 13% of the estimated methane flux (Fig. 6).
The relationships between the estimated methane flux for both
depth andmeasuredmethane production rate were linear, whereas
the relationship between methane flux and temperature appeared
to be exponential as expected from the temperature correction
factor. This tends to indicate that though other factors (manure
temperature, manure depth, other) play a key role in controlling
methane emissions from the manure, at its heart the variability in
manure methane emissions is driven by inherent differences in the
manure, i.e., potentially differences in substrate availability or in
development of themicrobial consortia responsible for carrying out
the methanogenesis sequence.
4. Implications

Within this section we evaluate how different management
practices could impact a farm's methane emissions. The approach
used is to take an example farm, estimate methane emissions from
this farm, and then evaluate how a change in management practice
could impact the estimated methane emissions. All calculations are
performed on a per head basis.

Our base case will be a swine finishing operation that land ap-
plies manure once per year in the fall. Assume the initial manure
depth is 30.5 cm in November, that each pig has 0.9 m2 of floor
space, that the pit fills at a rate of 4.9 L/headspace-day, that the
manure has a solids content of 9% as per the ASABE manure pro-
duction standard, and manure remains at a constant temperature
18 �C. At this solid content, the methane production rate would be
estimated at 0.0996 L CH4/L-day (based on Fib.e 10b) as compared
to a value of 0.0921 ± 0.0027 L CH4/L-day (average ± standard error
of the mean) from this data set. Using these assumptions the esti-
matedmethane emissionwould be 19 kg CH4/animal space-year, or
about 8.7 kg CH4/finished head. Our first question is how would
switching to twice a year manure application alter this estimate?
Assuming everything is the same as previously stated, but adding
an additional manure removal event in May, again to a depth of
30.5 cm, would reduce the estimated methane emission to 10 kg
CH4/animal space-year, or about 4.7 kg CH4/finished head; an
estimated methane reduction of approximately 46%.

Alternatively, the MPR assay could be used to assess methane
emissions from a large number of farms and attempts could be
made to, at the field level, better understand why some operations
develop high rates of methane production and others do not.
Studies of this type could include field evaluations on the impact of
residual manure left in the storage on inoculating fresh manure,
impact of microbial community structure, or the impact of other
relevant management practices on methane emissions over a large
collection of barns.



Fig. 6. Correlation between the estimated methane flux and the manure depth (a), manure temperature (b), and the measured methane production rate (c).

D.S. Andersen et al. / Journal of Environmental Management 159 (2015) 18e26 25
5. Conclusions

The emission of greenhouse gases, such asmethane, has become
and an important consideration in the evaluation of manure
management systems. To this end, this work focused on developing
a lab-assay that could be used to determine the methane produc-
tion rate of manure. Components of the assay, such as incubation
length, temperature, and agitation level were tested to evaluate the
impact that had on the results. A model for estimating methane
emissions from manures based on the amount of manure in the
storage, the temperature of the manure, and a simple lab-scale
manure incubation assay was described and its reasonableness as
compared to other methods of estimate methane emissions
assessed. The results from the MPR assay suggested that on average
the methane emission factor 12.2 ± 8.1 kg CH4 per pig space per
year (ave. ± s.d), or about 5.5 ± 3.7 kg CH4 per finished animal (ave.
± s.d) from deep-pit manure storages on swine finishing operations
in Iowa. When evaluated on a methane flux basis, average flux
across the 58 sites was 22 ± 17 mg CH4 m�2-min�1. The large
variation found in methane emissions at different farms suggests
that greater analysis is needed to determine what causes differ-
ences. The presented methodology offers a potential method of
characterizing a large number of manure samples for many oper-
ations, and in so doing the potential to study this component of the
manure storage system and develop strategies that result in
reduced methane emissions.
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