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Abstract

Handling systems can influence the production of biogas and
methane from dairy farm manures. A comparative work performed in
three different Italian dairy farms showed how the most common tech-
niques (scraper, slatted floor, flushing) can change the characteristics
of collected manure. Scraper appears to be the most neutral choice, as
it does not significantly affect the original characteristics of manure.
Slatted floor produces a manure that has a lower methane potential in
comparison with scraper, due to: a lower content of volatile solids
caused by the biodegradation occurring in the deep pit, and a lower
specific biogas production caused by the change in the characteristics
of organic matter. Flushing can produce three different fluxes: diluted
flushed manure, solid separated manure and liquid separated manure.
The diluted fraction appears to be unsuitable for conventional anaero-
bic digestion in completely stirred reactors (CSTR), since its content
of organic matter is too low to be worthwhile. The liquid separated
fraction could represent an interesting material, as it appears to accu-
mulate the most biodegradable organic fraction, but not as primary
substrate in CSTR as the organic matter concentration is too low.
Finally, the solid-liquid separation process tends to accumulate inert
matter in the solid separated fraction and, therefore, its specific
methane production is low.
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Introduction

Anaerobic digestion is a robust and widely applied biochemical con-
version process for the production of energy from biodegradable organic
matter (Appels et al., 2011). Livestock and agricultural waste, and ener-
gy crops are commonly used as substrates for their abundance and avail-
ability: in particular, dedicated energy crops (e.g., maize, triticale, sugar
beet, efc.) emerged in specific situations as a cost-effective option in
order to increase the return of the invested capital (Gissén et al., 2014).
However, the ethical issues regarding energy crops have been the sub-
ject of continuous debate in the last years. In fact, the demand for energy
crops appears to increase the direct and indirect competition among
energy, land and food (Fritsche et al., 2010). It becomes therefore impor-
tant to enhance the energetic conversion of other low value substrates,
in particular of abundant organic waste. In livestock farming, this
approach corresponds to both digestion processes that efficiently con-
verts organic matter into methane, and manure/slurry management sys-
tems that allows a complete and prompt recovery of fresh excreta (Holm-
Nielsen et al., 2009). As already outlined in the literature (Larney et al.,
2006; Martinez et al., 2009), different handling systems can determine
the freshness of the available organic matter (ie., the time elapsed
between faeces deposition and collection/utilisation), influencing the
quality of manure. Freshness is a key element, as biodegradation can
occur also before the introduction of manure in the anaerobic reactor.
Consequently, the longer the interval between the excretion and the
beginning of the anaerobic process, the higher the amount of non-col-
lected biogas (Mgller et al., 2004a; Gopalan et al., 2013). From a practical
point of view, manure collection is strictly related to housing systems
and bedding options. Conveyance cleaning systems like scraping, flush-
ing-scraping and flushing are common in free stall sheds with solid
floors, while in sheds with slatted floors manure is removed by gravity,
and litter is manually renewed if present in resting areas (Meyer ef al.,
2011). Scrapers mechanically collect excreta preserving their character-
istics, while flushing systems collects excreta hydraulically, diluting
them. In housing facilities equipped with scrapers or flushing systems,
the collection of faeces and urine is frequent (1-2 times per day), and
manure freshness is always guaranteed. On the contrary, when slatted
floors with underlying deep pits are adopted, a longer time interval
occurs between faeces production and utilisation, and the biogas poten-
tial is reduced as a function of the retention time (Moset et al., 2012). A
decrease of the potential methane production of 4.3-6.6% after 15 days
storage and of 7.7-11.9% after 30 days storage was observed (Mgller et
al., 2004a, 2004b). When cow manure was stored for a period of 2
months, biogas losses were of 30-40% (Fabbri and Piccinini, 2012) espe-
cially during summer. In farms with deep litter, faeces are not removed
for long periods (months) and undergo complex degradation processes
that can be either aerobic, where oxygen is available, or anaerobic (Tait
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et al., 2009). In both cases, a fraction of organic substance is converted
into non-collectable carbon dioxide (aerobic process) or biogas (anaero-
bic process). It was observed that, in a litter of 6 months, the biogas
potential of excreta was reduced by 40-50% if compared to the same fresh
dairy manure (Fabbri and Piccinini, 2012). This loss can be partly bal-
anced by the increased presence of straw in the litter (Garlipp et al.,
2011), even if the high content of lignocellulosic compounds represents
a strong limit for the biologic degradation of materials such as straw or
maize stalks (Song et al., 2014). Only few fragmentary and disaggregated
data are available regarding the correlation between manure manage-
ment system and methane production. Applied technologies are rarely
specified in scientific publications. In addition, the few available data in
literature are difficult to compare, since obtained under different opera-
tive conditions. Comprehensive works that compare the influence of
housing system are therefore rare (Rigolot et al., 2010). The aim of this
research was to discuss the methane potential production of manure
samples from different handling systems.

Materials and methods

Farms and sampling

Three commercial Holstein-Friesian farms located in Lombardy (in
the north of Italy) were considered during an experimental campaign
lasting 18 months. During this period, the average number of cows in the
considered sections of each farm was around 90. In order to reduce the
influence on the biogas production among farms, all the dairy cows were
fed with the same diet. Dry matter supply was 21-23 kg/d, and different
feedstuffs were used in order to satisfy the productive needs of cows dur-
ing seasons. During cold seasons, cows were daily fed with 26-28 kg of
corn silage, 5 kg of alfalfa (Medicago sativa), and 10 kg of concentrate
(maize and/or soy flours) with a vitamin supplement. During warm sea-
sons, cows were daily fed with 26-28 kg of corn silage, 3-4 kg of alfalfa
(M. sativa), and 6 kg of concentrate (cotton and/or sugar beet seeds).
Samples of each effluent were taken twice a season, from summer 2012
to autumn 2013, for a total of 180 samples (three samples per sampling
day, two sampling days per season, six seasons, five effluents).
Samplings were carried out periodically on the same effluent every 4-8
weeks, according to the availability of free batch reactors for the deter-
mination of the biochemical methane potential (BMP). Manure samples
were taken directly during the clean-up operation, from the manure col-
lection basin, depending on the technology installed in each farm. Each
representative sample was obtained mixing two sub-samples of 3 L.
Samples were collected in 10-L plastic tanks and temporarily maintained
(max. 24 h) at a temperature of 4°C before use.

Farm 1 - Free stall dairy system equipped with scrapers

Cows were housed in a free-stall barn divided into feeding and resting
zone. Two rows of head to head free stalls were located between the two
areas. The feed alley (3.5x80 m) and the resting alley (3x80 m) were
covered with a rubber mat pavement and equipped with scrapers for
manure removal. Scrapers were used twice a day. At the end of the alleys,
manures were collected in a catch basin. Crossover passages between
alleys were placed every 15 stalls. Manure in those areas was removed
during daily maintenance and was not considered in this work. Samples
were collected at the end of the scraper run, before the discharge.

Farm 2 - Free stall dairy barn equipped with flushing system

The feeding (5x60 m) and the resting alley (3x60 m) of cows were
in convex (1.5% slope) and inclined (3% slope) concrete, in order to
facilitate cleaning. The flushing flow rate in the considered section of
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the farm was 0.15 m%s. The flushing was carried out twice a day, usu-
ally at the time of milking, for 10 min. The flush system utilised mainly
recycled effluent from the manure separation system or occasionally
water from the municipal water supply network. The flushed waste-
water was collected directly to a primary storage basin. Samples were
taken just before the discharge. Wastewater was then pumped to a
screw press solid-liquid separator (5 kW, treating 25 m%h of slurry),
and both the liquid and solid separated fractions were sampled.

Farm 3 - Free stall dairy system equipped with slatted floors

Each section of the housing module consisted of a feed alley (3.5x50
m), two rows of head-to-head free stalls, a resting alley (3x50 m), and
a row of single free stalls. Free stalls (128 cubicles of 185x120 cm)
were equipped with rubber mats and cleaned manually. The floor of the
feeding and resting alleys was made of perforated concrete with holes
of 3.5 cm. Slurries were collected by gravity in deep pits located under
the floor. Each housing module had its own separate pit, and every pit
was emptied cyclically according to a time interval that varied from 12
to 20 days (14 days was the most common time interval). Samples were
collected while emptying. During summer, foam was often present on
the surface of pits, but was not sampled.

Samples characterisation

Total solids (TS) and volatile solids (VS) were determined for each
sample, according to standard methods (APHA et al., 2012). Analyses
were carried out in triplicate. BMP tests were performed using a cus-
tom experimental platform made up of 18 identical parallel lines at con-
trolled temperature. Each line was equipped with a 5-L batch plexiglass
reaction tank coupled to a variable volume (max. 1 L) aluminium-poly-
ethylene gas storage. Batch reactors were housed into thermally insu-
lated containers (6 batches per container). Gas storages were connect-
ed in through automatic valves to a main unit equipped with a condens-
er to remove humidity, a drum counter for the volumetric measurement
of the biogas (TGOS, Ritter Apparatebau Gmbh, Bochum, Germany)
and a non-dispersion infrared/fuel cell gas analyser for oxygen, carbon
dioxide and methane determination [Gasboard 3200 provided by
WuHan Cubic Optoelectronics, Wuhan, China; the entire platform was
assembled by Ambra Sistemi, Grugliasco (TO), Italy]. Biogas was auto-
matically pumped from the storages to the analyser when the 80% of
the maximum volume was reached. Results were automatically record-
ed on a PC. Reaction tanks were filled with 3 L of a mixture of inoculum
and substrate. The mixture respected a 2:1 ratio between inoculum and
substrate VS mass, in order to avoid any accumulation of fatty acids
during the early days of digestion. The inoculum was obtained from the
supernatant of the effluent of a mesophilic anaerobic digestion plant,
operating with 50-days hydraulic retention time and treating dairy cow
manure. The inoculum was filtered at 1 mm and kept at 40°C for 72 h
before use in order to remove the residual, easily biodegradable organ-
ic compounds. At least two batch reactors for each set of measurements
were used as control, measuring the BMP of the inoculum. At the
beginning of each test, the headspace of the reactors and the storages
were washed with N, for 2 min at 2 bars, and then depressurised to —0.4
bars, in order to remove residual oxygen and to identify any leakage of
the system. Then the internal pressure was equilibrated to atmospheric
pressure at the incubation temperature of 40+0.5°C. Temperature was
continuously monitored and maintained constant through electric air
heaters coupled with proportional-integral-derivative logic controllers.
The reactors were incubated in the dark and mechanically stirred for a
minute once a day. The incubation period lasts until the cumulated pro-
duction of biogas had a daily marginal increase of less than 1% and, in
any case, at least for 30 days.
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Statistical analyses

Statistical analysis of the characteristics of different manures was
carried out using SAS statistical software (SAS version 9.3, 2012; SAS
Institute, Cary, NC, USA). Correlation analyses were carried out using
the CORR procedure to study the relationship between type of manure
and season as a function of TS, VS, and methane production. The same
data were submitted to variance analysis (PROC GLM) to evaluate the
seasonal effects. Methane production, TS and VS data were analysed
using the analysis of variance (ANOVA) procedure (Waller-Duncan K-
ratio t-test) to study the effect of the different manure handling sys-
tems.

Results and discussion

Characteristics of manures

Lactating cows produced about 50 kg of manure per day, correspon-
ding to about 6 kg of dry matter per day (TS=12.0+1.3%,
VS=78.1+3.3%, referred to the TS content of the manure sample; aver-
age values of samples taken during various seasons in the three
farms). Table 1 shows TS and VS, representing the dry and organic mat-
ter content of manures; the results suggests an certain effect of han-
dling techniques on manure characteristics. The most relevant compar-
isons are discussed, assuming scraping as reference point. In fact,
scraping does not affect in substantial ways the characteristics of
manure, since the collection is mechanical and very frequent.

Slatted floor slurry had a lower content of TS (P<0.001) and VS
(P<0.001) than scraped manure. These results were probably due to
(at least) two causes: i) slatted floor slurries remained for several
days in the deep pit, where the rapidly biodegradable organic matter
could be partly decomposed by heterotrophic and/or anaerobic bacte-
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ria and converted to gaseous products (foams were observed on the
liquid surface); ii) deep pits were not mixed, and this could have
favoured sedimentation or floatation of solids (that are never
removed during the usual operations of the farm, as the emptying of
the pit was never complete).

Raw flushed manure was very diluted due to its origin, and acted like
a liquid. Therefore, a TS comparison with other manures makes no
sense. On the contrary, VS can be compared since expressed as
referred to TS. In raw flushed manure, VS were lower than in scraped
manure (P<0.001) probably because flushing process was operated by
means of stabilised liquid fraction, which had a higher concentration
of inert solids (VS=61.7+2.4%), as also observed by Wilkie ez al. (2004).
TS variability within seasons was relatively high with significant differ-
ences only between samples collected in summer 2012 and spring 2013.
A probable cause was that the liquid fraction of manure was stored in
an open tank utilised also for the storage of rainwater runoff, as com-
monly in many farms, producing anomalies in the characteristics of the
fluid during washing operations. Solid-liquid separation operated dif-
ferently on VS. In particular, it produced a solid fraction with a signifi-
cantly increased VS concentration (up to an average value of
91.3+£2.9%), and a liquid fraction with a reduced VS concentration
(64.8+3.1%). This behaviour was already observed by the authors on
other plants (unpublished data) and by others (Jorgensen and Jensen,
2009), and was probably due to the fact that organic solids are larger
than inorganic (Levine et al., 1985). A clear trend of the characteristics
of manures during seasons was not observed. Statistical analyses
showed no significant differences (P>0.05) among seasons and total
and volatile solids concentrations.

Biogas yield and methane content

Specific biogas productions from different manure handling systems
are reported in Table 2, and are expressed as normal litres of methane

Table 1. Total and volatile solids content of manure samples collected (%, mean valuetstandard deviation of the six samples taken dur-

ing each season).

Scraper TS 14.0+1.2 13.5+0.9 11.6£1.5 125+1.1 13.6£15 13.6+1.8 13.2+0.9
VS 79.3+2.1 80.7+3.0 83.1£2.7 76.3+2.1 75.1x1.1 83.8+2.5 77.8+4.5
Slatted floor TS 8.5+0.9 13.5+1.2 11.1£1.1 11.2£1.0 10.8+0.9 12.0+1.0 11.1+1.6
VS 71.9+1.5 73.5+2.1 734+2.0 72.1£2.3 71.1+1.8 72.1+0.9 73.0+1.4
Flushing (raw) TS 2.3+0.5 2.3+0.6 2.8+0.5 3.0£0.6 2.9+0.3 3.0+04 2305
VS 73.2+18 75.1£2.5 73.9+1.5 70.1+1.9 73.0+1.7 73118 71.9+2.3
Flushing (liquid fraction) TS 1.9+0.3 2.0+0.7 1.8+0.4 2.3£0.5 2.5+04 2.6+0.5 2.2+03
VS 65.2+1.8 63.0£1.9 62.5+1.5 67.0+1.2 69.7+1.7 61.6+2.1 64.8+3.0
Flushing (solid fraction) TS 344+25 29.8+1.9 30.3+1.8 27.9+1.1 283+1.1 29.3+1.0 30.6+2.7
\A 94.2+2.1 94.5+1.7 92.2+1.8 87.2+2.1 90.2+2.1 89.2+1.7 92.3+34

TS, total solids; VS, volatile solids.

Table 2. Specific methane production (NL/kgsy, mean valuetstandard deviation of the six samples taken during each season).

Scraper 175+22 188+12 17725 193+34 192+12 183+23 18522
Slatted floor 152+14 160£11 16617 161£15 16823 168+24 162+19
Flushing (raw) 174+15 129+12 163+15 186+31 173+21 188+30 16926
Flushing (liquid fraction) ~ 193+28 205+29 200+22 209+21 209+35 21737 205+28
Flushing (solid fraction) 141+16 145427 139+31 155+23 144+11 15632 147+27
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Table 3. Methane concentration in biogas (%, mean valuetstandard deviation of the six samples taken during each season).

Scraper 54.1x1.1 53408 52.0+1.0 53.8+0.9 56.5=1.1 52.5+0.5 53.7+1.6
Slatted floor 48.1+0.9 48.6+1.2 50.9+0.8 53.2+1.0 55.5+0.7 51.3+1.3 51.3+2.8
Flushing (raw) 57.3+1.0 55.1+0.8 55.5+1.1 57.0+1.3 55.3+0.8 56.4+1.1 56.10.9
Flushing (liquid fraction) 50.3+0.7 49.1+13 51.3+1.0 51.0«1.1 49.7+0.8 50.8+1.1 50404
Flushing (solid fraction) 56.9+0.9 55.8+1.2 60.5+1.1 574+1.1 59.3+0.9 58.7+1.1 58.1+1.7

produced per kg of VS subjected to anaerobic digestion. Little or no sur-
face accumulation of solids was observed in samples before and during
biochemical methane potential tests. Since biogas losses can be con-
sidered negligible after a few hours from excretion (Mgller et al.,
2004a; Kirk and Faivor, 2012), manure handling systems that allow a
frequent collection, such as scraping and flushing, was expected to pre-
serve the specific methane potential. Instead, significant differences
(P<0.001) in the specific production of methane of flushed manure
was observed. This was probably due, as discussed in the previous
paragraph, to use of stabilised liquid separated fraction of slurry during
flushing, that lower the specific production of methane. Statistical sig-
nificant differences (P<0.001) can be observed among raw flushed
manure, flushed liquid fraction and flushed solid fraction. This behav-
iour was probably due to the washing process and, in particular, to the
separation process. Highly biodegradable VS appeared to be concentrat-
ed in the separated liquid fraction that had a high specific production
of methane. This result suggests that the solid-liquid separation
process did not distribute VS equally, but operated a selection: the most
productive fraction of VS appeared to be contained in the liquid frac-
tion. This result was already observed by other authors (e.g. Liao et al.,
1984; El-Mashad and Zhang, 2010), that supported their findings con-
sidering the composition of the separated fraction. It was observed that
fibrous (poorly degradable) compounds tend to accumulate in the sep-
arated solid fraction, lowering the specific production of methane. The
valorisation of the liquid separated fraction cannot be performed in
completely stirred reactors (CSTR), since the low concentration of
solids. Other authors, e.g. Wilkie ef al. (2004) and Rico et al. (2007),
obtained interesting results using fixed-film anaerobic digesters.

Slatted floor manure was expected to produce a lower amount of
methane. In fact, the observed specific production was 162+19
NLcua/kgys, significantly (P<0.001) lower in comparison with scraped
manure (185+22 NLcus/kgys). As previously discussed, this was proba-
bly due to the long retention time in the deep pit. The slow but constant
production of small bubbles of gas and foam was always observed in the
deep pit. However, when considering the concurrent reduction of VS in
the slatted floor manure (Table 1), we observed a more pronounced
depletion in the methane yield. If the methane production is expressed
as a function of TS (in order to include in the analysis also the varia-
tion of VS), scraper and slatted floor manure produced 144+17 and
118+14 NLcua/kgrs, respectively. This aspect is not clearly visible if only
specific biogas production (referred to the mass of VS) is considered.
Nevertheless, when a substantial change in the characteristics of the
solids occurs (especially when dealing with a transformation of similar
manures), the specific production could be a misleading parameter
during a farm scale evaluation. For example, considering negligible the
effect of evaporation in the deep pit during the period of storage (Costa
et al., 2015, unpublished data), the calculated methane yield of 1 kg of
raw scraped manure was 18.8+4.3 NLcus, while for 1 kg of slatted floor
manure was 13.2+3.3 NLcy.

The methane content in biogas is reported in Table 3. The values
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Table 4. Waller grouping of different technologies and parame-
ters.

Scraper B B B C
Slatted floor C C C D
Flushing (raw) D C C B
Flushing (liquid fraction) D D A D
Flushing (solid fraction) A A D A

Technologies with the same letter (referred to a parameter) are not significantly different (level of
significance for the comparison among the means =0.05). Letters are ordered from the highest to the
lowest mean value (refer to Tables 1,2 and 3). TS, total solids; VS, volatile solids.

remained between 50 and 58%, an interval that is comparable with that
in the literature (Hill, 1984; Mgller et al., 2004b; El-Mashad and Zhang,
2010). Again, the lower values were observed in manure that was par-
tially stabilised (slatted manure). No evident seasonal effects were
observed.

Table 4 reports the Waller grouping from the ANOVA procedure,
describing the statistical differences among different technologies and
parameters, and supporting the previous discussion.

In general it should be considered that some minor differences
among manures can probably be explained by other factors like feed-
stuff quality, genetic variety, conservation, microclimate, geopedology
and soil structure of the areas where feedstuffs were produced, which
can slightly influence the amount of undigested residuals even if the
amount of feed was constantly monitored.

Energy consumption

Different manure handling techniques requires the installation and
operation of different technologies. The scrapers were moved by two 3
kW electrical engines, twice a day (overall operation time: 80 min). The
daily consumption of energy was 4 kWh. Assuming an average live
weight (LW) of 700 kg/cow, the daily specific consumption of energy
can be estimated at 65 Wh/tyy. Flushing was operated through a cen-
trifugal pump of 15 kW, twice a day (overall operation time: 20 min).
The overall flushed manure (300 m%d) was then treated in a screw
press solid-liquid separator (5 kW, operated 12 h per day). The overall
daily consumption was estimated at 65 kWh. Since the farm was subdi-
vided into two barns, and we considered only one of them, the daily
energy consumption of the studied section was 32.5 kWh. Therefore,
the daily specific consumption of energy can be estimated at 515 Wh/tyy,
which is a much higher value with respect to scraper. It can also be
observed that the management of the flushing process is discretional
(see, for example, the brief review reported in Wilkie et al., 2004, where
it is highlighted that differences of 2-4 times in flow rates are possible
among farms with similar characteristics). Therefore, the value
obtained in the present study should be considered as site-specific,
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even if the flushing can in any case considered as a technology with a
high-energy and water consumption. In the studied farm, in fact, an
average water consumption of ~2500 L/t;w was calculated, and can be
compared with other literature values (e.g., 2260 L/t;y, Williams and
Frederick, 2001; 935 L/, Chastain et al, 2001; 4000 Ly, Kay
Camarillo et al., 2012).

Slatted floor handling system did not require any specific device,
since it is based on gravity. The energy consumption for the transport
of manure to the storage was not considered here, as the pump was
operated every two weeks and the specific energy consumption was
negligible. These values can slightly be varied as a function of the
dimension of the farm, but the proportion between them should remain
quite constant.

Conclusions

Manure handling can have an effect on the overall energetic balance
of anaerobic digestion process. Scraping appears to be the most effec-
tive technology, as it does not significantly affect the characteristics of
manure (that is adequate to be digested as it is) nor its energy content,
and requires a minimal energetic consumption for collection. Slatted
floor is a simpler technology that does not require the operation of any
specific equipment, but a significant loss of methane can occur during
the period of storage of manure in the deep pit. Finally, flushing
requires much more energy than the other technologies, and the liquid
fluxes produced are not fit to be directly introduced in the digesters
commonly installed in Europe (mesophillic, wet technologies, CSTRs),
since too diluted. The relatively high specific methane production of
the liquid separated fraction could suggest its utilisation in other types
of reactors, such as fixed film anaerobic digesters, even if the low solid
concentration remains a problem. The solid separate fraction from
flushing tends to accumulate the VS with the lower methane potential
and therefore could be considered as suitable co-substrate only under
particular circumstances, such as the adjusting of the humidity. In gen-
eral, flushing appears to be a technology scarcely compatible with con-
ventional anaerobic digestion processes: the unavoidable dilution
makes the characteristics of the slurry unfit to be conveniently convert-
ed into methane. Also from the environmental point of view, the prompt
recovery of slurries is an important aspect. In fact, methane losses
between excreta deposition and collection have not only an energetic
drawback, but also a clear environmental consequence: the emission of
greenhouse gases. The proper management of slurries is therefore a
primary issue in order to optimise the environmental sustainability of
livestock farms.

References

APHA (American Public Health Association), AWWA (American Water
Works Association), WEF (Water Environment Federation). 2012.
Standard methods for the examination of water and wastewater,
22" ed. APHA, Washington, DC, USA.

Appels L., Lauwers J., Degréve J., Helsen L., Lievens B., Willems K., Van
Impe J., Dewil R. 2011. Anaerobic digestion in global bio-energy
production: potential and research challenges. Renew. Sust. Energ.
Rev. 15:4295-301.

Chastain J.P, Vanotti M.B., Wingfield M.M. 2001. Effectiveness of lig-
uid-solid separation for treatment of flushed dairy manure: a case
study. Appl. Eng. Agric. 17:343-54.

El-Mashad H.M., Zhang R. 2010. Biogas production from co-digestion of

[page 34]

_\epress

dairy manure and food waste. Bioresour. Technol. 101:4021-8.

Fabbri C., Piccinini S. 2012. Bovini da latte e biogas. Linee guida per la
costruzione e la gestione di impianti. C.R.PA., Reggio Emilia, Italy.

Fritsche U.R., Sims R.E.H., Monti A. 2010. Direct and indirect land-use
competition issues for energy crops and their sustainable produc-
tion — an overview. Biofuels Bioprod. Biorefin. 4:692-704.

Garlipp F, Hessel E.F, van den Weghe H.FA. 2011. Characteristics of
gas generation (NH3, CH4, N20, CO2, H20) from horse manure
added to different bedding materials used in deep litter bedding
systems. J. Equine Vet. Sci. 31:383-95.

Gissén C., Prade T., Kreuger E., Nges LA., Rosengvist H., Svensson S.-
E., Lantz M., Mattsson J.E., Borjesson P, Bjornsson L. 2014.
Comparing energy crops for biogas production - yields, energy
input and costs in cultivation using digestate and mineral fertilisa-
tion. Biomass Bioenerg. 64:199-210.

Gopalan P, Jensen PD., Batstone D.J. 2013. Biochemical methane
potential of beef feedlot manure: impact of manure age and stor-
age. J. Environ. Qual. 42:1205-12.

Hill D.T. 1984. Methane productivity of the major animal waste types.
Trans. ASAE 27:530-4.

Holm-Nielsen J.B., Al Seadi T., Oleskowicz-Popiel P. 2009. The future of
anaerobic digestion and biogas utilization. Bioresour. Technol.
100:5478-84.

Jorgensen K., Jensen L.S. 2009. Chemical and biochemical variation in
animal manure solids separated using different commercial sepa-
ration technologies. Bioresour. Technol. 100:3088-96.

Kay Camarillo M., Stringfellow W.T., Jue M.B., Hanlon J.S. 2012.
Economic sustainability of a biomass energy project located at a
dairy in California, USA. Ener. Policy 48:790-8.

Kirk D., Faivor L. 2012. The impact of dairy housing and manure man-
agement on anaerobic digestion. pp 34-42 in Got manure?
Enhancing Environmental and economic Sustainability confer-
ence, March 28-29, Liverpool, New York, NY, USA. Available from:
http:/www.manuremanagement.cornell.edu/Pages/General_Docs/
Events/Final.Proceedings.Document.pdf

Larney FJ., Buckley K.E., Hao X., McCaughey W.P. 2006. Fresh, stock-
piled, and composted beef cattle feedlot manure. J. Environ. Qual.
35:1844-54.

Levine A.D., Tchobanoglous G., Asano T. 1985. Characterization of the
size distribution of contaminants in wastewater: treatment and
reuse implications. J. Water Pollut. Control Federat. 57:805-16.

Liao PH., Lo K.V,, Chieng S.T. 1984. Effect of liquid-solids separation on
biogas production from dairy manure. Ener. Agric. 3:61-9.

Martinez J., Dabert P., Barrington S., Burton C. 2009. Livestock waste
treatment systems for environmental quality, food safety, and sus-
tainability. Bioresour. Technol. 100:5527-36.

Meyer D., Price PL., Rossow H.A., Silva-del-Rio N., Karle B.M.,
Robinson PH., DePeters E.J., Fadel J.G. 2011. Survey of dairy hous-
ing and manure management practices in California. J. Dairy Sci.
94:4744-50.

Mgller H.B., Sommer S.G., Ahring B.K. 2004a. Biological degradation
and greenhouse gas emissions during pre-storage of liquid animal
manure. J. Environ. Qual. 33:27-36.

Mgller H.B., Sommer S.G., Ahring B.K. 2004b. Methane productivity of
manure, straw and solid fractions of manure. Biomass Bioenerg.
26:485-95.

Moset V., Cambra-Lopez M., Estellés E., Torres A.G., Cerisuelo A. 2012.
Evolution of chemical composition and gas emissions from aged
pig slurry during outdoor storage with and without prior solid sep-
aration. Biosys. Eng. 111:2-10.

Rico J.L., Garcia H., Rico C., Tejero I. 2007. Characterisation of solid
and liquid fractions of dairy manure with regard to their compo-
nent distribution and methane production. Bioresour. Technol.

[Journal of Agricultural Engineering 2015; XLVI:449]



~z

98:971-9.

Rigolot C., Espagnol S., Robin P,, Hassouna M., Béline F, Paillat J.M.,
Dourmad J.Y. 2010. Modelling of manure production by pigs and
NH3, N20 and CH4 emissions. Part II: effect of animal housing,
manure storage and treatment practices. Animal 4:1413-24.

Song Z., GaiheY., Liu X., Yan Z., Yuan Y., Liao Y. 2014. Comparison of
seven chemical pretreatments of corn straw for improving
methane yield by anaerobic digestion. PLoS ONE 9:¢93801.

Tait S., Tamis J., Edgerton B., Batstone D.J. 2009. Anaerobic digestion

[Journal of Agricultural Engineering 2015; XLVI:449]

of spent bedding from deep litter piggery housing. Bioresour.
Technol. 100:2210-8.

Wilkie A.C., Castro H.E, Cubinski K.R., Owens J.M., Yan S.C. 2004.
Fixed-film anaerobic digestion of flushed dairy manure after pri-
mary treatment: wastewater production and characterisation.
Biosys. Eng. 89:457-71.

Williams D.W,, Frederick J.J. 2001. Microturbine operation with biogas

from a covered dairy manure lagoon. ASAE Annual Meeting, paper
016154.

[page 35]





