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Abstract

Different mixtures of animal byproducts, other slaughterhouse waste
(i.e., rumen, stomach and intestinal content), food waste, and liquid manure
were codigested at mesophilic conditions (37°C) atlaboratory and pilot scale.
Animal byproducts, including blood, represent 70-80% of the total biogas
potential from waste generated during slaughter of animals. The total biogas
potential from waste generated during slaughter is about 1300 MJ / cattle and
about 140 MJ/pig. Fed-batch digestion of pasteurized (70°C, 1 h) animal
byproductsresulted ina fourfold increaseinbiogas yield (1.14 L/ g of volatile
solids [VS]) compared with nonpasteurized animal byproducts (0.31 L/g of
VS). Mixtures with animal byproducts representing 19-38% of the total dry
matter were digested in continuous-flow stirred tank reactors at laboratory
and pilot scale. Stable processes at organic loading rates (OLRs) exceeding
2.5 g of VS/(L-d) and hydraulic retention times (HRTs) less than 40 d could
be obtained with total ammonia nitrogen concentrations (NH,-N + NH,-N)
in the range of 4.0-5.0 g/L. After operating one process for more than 1.5 yr
at total ammonia nitrogen concentrations >4 g/L, an increase in OLRto 5 g
of VS/(L-d) and a decrease in HRT to 22 d was possible without accumulation
of volatile fatty acids.

Index Entries: Animal byproducts; anaerobic treatment; animal waste;
biogas; slaughterhouse waste; codigestion.

Introduction

The outbreak of bovine spongiform encephalopathy (BSE) in Europe
hasmade the traditional use of animal byproducts as animal feed impossible,

*Author to whom all correspondence and reprint requests should be addressed.
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and it is therefore important to find alternative solutions for treatment.
In Sweden and Denmark, utilization of rumen, stomach and intestinal con-
tent, blood waste fractions, and sludge from slaughterhouse wastewater
treatment in biogas plants is rather common (1,2). Sweden is still (February
2002) free from BSE-infected cattle (S. Liljenstrom, personal communication),
and the interest in using animal byproducts as a substrate for biogas pro-
duction has increased lately.

Because of the high content of protein and lipids, animal byproducts
are an energy-rich feedstock, which makes them interesting as a substrate
for anaerobic digestion. However, the high content of protein and lipids
may cause inhibition of the digestion process owing to high ammonia and
long chain fatty acids (LCFA) concentration. Therefore, codigestion with
other feedstock is an option to achieve satisfying stability and efficiency in
the digestion process.

The objectives of the present study were to obtain results and experi-
ence that could be used for developing full-scale codigestion processes
with animal byproducts from slaughterhouses during mesophilic condi-
tions. In this article, we present the biologic performance such as process
stability and biogas yield in relation to the organic loading rate (OLR) of the
laboratory- and pilot-scale processes investigated.

Definitions

According to SJVFS 2000:166 (3), animal byproducts are defined as car-
casses or parts of animals, or products of animal origin, not intended for
direct human consumption. Animal byproducts are classified either as
(1) high-risk material, if it presents a serious risk of spreading communi-
cable diseases to animals or humans; or as (2) low-risk material, if the ani-
mal byproducts are derived from healthy animals slaughtered in a
slaughterhouse, which have passed health inspection. After the outbreak
of BSE, the animal byproducts presenting a risk for transmissible spongi-
form encephalopathy have to be sorted out. This fraction is classified as
specified risk material (SRM) and must be completely disposed of as waste
by incineration, coincineration, or landfill. Rumen, stomach and intestinal
content, and manure from stables and trucks are not characterized as ani-
mal byproducts.

Potential Biogas Substrates from Slaughtered Animals

The calculated quantity and composition of byproducts from slaugh-
ter of cattle and pigs is givenin Tables 1 and 2, respectively. The calculation
is based on the quantity of animal low risk material (4), SRM and animal
high-risk material (J. Hellstrom, personal communication). The composi-
tion of stomach and intestinal content is calculated from (5-8), the animal
byproducts from (6,9), and blood from (6,8,9).
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Table 1
Calculated Quantity and Composition
of Waste and Byproducts from Slaughter of Cattle

Weight DM  Nitrogen Phosphorus

(% of (% of (% of (% of
total)  total) total) total) References
Rumen, stomach 34 14 4 9 5-8
and intestinal
content
Animal low risk 43 56 63 65 6,9
excluding blood
SRM* 14 22 21 22 Hellstrom, J.,
personal
communication
Blood 7 5 9 1 6,8,10
Animal high risk 2 2 3 3 Hellstrom, J.,
(average) personal
communication
Total® 270 68 5.3 0.8 4

“SRM shall go to an incineration plant, or after a preprocessing to burial in an approved
landfill site (11). Today, digestion is not an allowed treating method for SRM.
b(kg/cattle)

Table 2
Calculated Quantity and Composition
of Waste and Byproducts from Slaughter of Pigs

Weight DM  Nitrogen Phosphorus

(% of (% of (% of (% of
total)  total) total) total) References
Stomach 25 10 3 15 5-8
and intestinal
content
Animal low risk 61 77 78 79 6,9
excluding blood
Blood 11 9 14 1 6,8,10
Animal high risk 4 5 5 5 Hellstrom, J.,
(average) personal
communication
Total® 28 6.9 0.6 0.1 4
“(kg/pig)

Materials and Methods
Waste Mixtures

A representative mixture of minced animal byproducts based on the
amount produced at a slaughterhouse was used in fed-batch experiments.
The potential gas yield was determined for a pasteurized (at 70°C, 1 h) and
an unpasteurized mixture.
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During the continuous experiments atlaboratory and pilotscale, seven
different mixtures were tested (four in laboratory scale and three in pilot
scale). The composition of the mixture was mainly based on the amounts
of substrates available in the planning of two separate full-scale biogas
plants. The animal byproducts were codigested with other solid sub-
strates such as food waste from restaurants and food distributors as well
as sludge from a slaughterhouse wastewater treatment plant (Table 3).
Liquid substrates such as fat from restaurant grease traps, glucose from a
pharmaceutical manufacturer, and liquid manure from cattle were used to
dilute the substrate and thus reduce the total ammonia nitrogen levels in
the digester. Pure water was also used for dilution in some cases. All the
mixtures were pasteurized for 1 h at 70°C before digestion.

The substrate mixtures differed mainly regarding the quantity of ani-
mal byproducts and the degree of dilution. The dry matter (DM) concentra-
tion of the animal byproducts was approx 30%, with a fat content of 35-40%
of the DM and a protein content of approx 50% of the DM. The slaughter-
house waste (animal byproducts, blood, rumen, stomach and intestinal
content, and sludge from slaughterhouse wastewater treatment) contrib-
uted to waste mixtures with 50-60% of the DM content. The nitrogen con-
tent in the waste mixtures varied between 3.3 and 6.0% of DM, and the
nitrogen contribution from animal byproducts in the mixtures was 40-63%.

Process Descriptions and Analytical Methods

The fed-batch experiments were performed at 37°C in digesters with
a 3-L active volume and a 5-L total volume. The continuous laboratory
processes were operated in mesophilic (37°C), semicontinuously fed (once
a day) continuous-flow stirred tank reactors (CSTRs) with a 30-L active
volume and a 50-L total volume. The pilot-scale processes were in opera-
tion mainly to investigate technical parameters. The digesters were meso-
philic (37°C), semicontinuously fed (once a day), and mixed CSTR with an
active volume of 26 m’ and a total volume of 30 m®. The inocula used for
batch experiments, laboratory digester 1, and pilot digester 1 were anaero-
bically treated sewage sludge.

Gas chromatography was used to determine concentrations of meth-
ane (11). Carbon dioxide concentration and pH were determined according
to ref. 12. The standard methods, according to ref. 13, were used to deter-
mine total ammonia nitrogen (phenate method), total Kjeldahl nitrogen
(TKN), DM, and volatile solids (VS) content. Volatile fatty acids (VFA) were
determined according to Orlygsson et al. (11).

Results
Fed-Batch Digestion

During the experiment, the digesters were fed for 3 wk with an aver-
age OLR of 2 g of VS/(L-d) (Fig. 1). The fed-batch experiment showed that
the pasteurization at 70°C of the waste mixture considerably increased the
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Fig.1.Mesophilic fed-batch experiments with pasteurized animal byproducts (Abp-
heat) and nonpasteurized animal byproducts (Abp).

biogas yield. The specific production of biogas and methane was 1.14 and
0.76 L/g of VS, respectively. Fed-batch digestion of non-heat-treated ani-
malbyproducts gave abiogasyield of 0.31 L/gof VS, only 25% of the biogas
potential reached for the heat-treated waste.

Continuous Digestion

Laboratory Experiments

After the inoculation of laboratory digester 1, the OLR was gradually
increased to4 g of VS/(L-d) (Fig. 2, Lab. 1a) after 10 wk. During this period,
the total ammonia nitrogen level increased rapidly from 0.8 to 4.1 g/L.
Owing to low specific biogas production and accumulation of VFA, the
OLR was reduced to about 1 g of VS/(L-d). After 30 wk, the total ammonia
nitrogen level had reached 6.5 g/L, and it was very difficult to operate a
stable digestion process atan OLR above 1 g of VS/(L-d) (Table 4). The VFA
levels mostly exceeded 10 g/L (consisting of 25% acetate, 60% propionate,
and 15% other VFAs). To improve the digestion process, the substrate
mixture to Lab. 1b was changed (Table 3). After a gradual increase in the
OLR, the laboratory digester could then be operated with satisfying stabil-
ity at3 gof VS/(L-d) (Fig. 2, Lab. 1b) with a concentration of total ammonia
nitrogen at 4.5 g/L (Table 4). The biogas yield was 0.80 L/g of VS with a
methane concentration of 70%. After operating the digester for 70 wk, the
OLR could gradually be increased without any significant change in sub-
strate mixture. At wk 100, the OLR reached 5 g of VS/(L-d) (Fig. 2, Lab. 1c),
and the process was operated for another 11 wk (which corresponds to
3.5 HRTs) without any major increase in VFA. The improvement probably
depended on the adaptation of the bacterial consortia to the ammonia-rich
environment.
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Fig. 2. Specific biogas production, organic load, total ammonia nitrogen, and VFA
levels during experiment with laboratory digester 1.

Laboratory digester 2 (Lab. 2) was started with an inoculum from Lab.
1c,and theamount of animal byproducts in the waste mixture was increased
to 13%. The addition of animal byproducts was about the same as for
the Lab. 1a period, butin this case the dilution was considerably larger.
This digestion process was operated for 12 wk, and the OLR was 2.5 g of
VS/(L-d) (Table 4). The VFA levels in the digester during the last 9 wk in
operation were <1.2 g/L.

Pilot Experiments

The OLR for pilot digester 1 was gradually increased up to 3 g of
VS/(L-d) (Fig. 3, Pilot 1a) during the first 10 wk. This led to an increase in
total ammonia nitrogen. After 10 more weeks with a total ammonia nitro-
gen concentrationof5g/Land VFA levelsabout5g/L (Fig.3), the substrate
mixture to Pilot 1b was changed (Table 3) in the same way as for Lab. 1b.
After that, the digester could be operated with satisfactory stability at
an OLR of 2.5 g of VS/(L-d) (Fig. 3, Pilot 1b) and a concentration of total
ammonia nitrogen of 4.1 g/L (Table 4) for 16 wk (which corresponds to
2.5 HRTs).

The pilot 2 digestion process started with an inoculum from Pilot 1b
and the amount of animal byproducts in the waste mixture was 15% (Table 3).
The OLR was 3.2 g of VS/(L-d), and the concentration of total ammonia
nitrogen was 4.5 g/L (Table 4). The VFA level never exceeded 2 g/L, and
the specific yield of biogas was 0.70 L/g of VS.
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Fig. 3. Specific biogas production, organic load, total ammonia nitrogen, and VFA
levels during experiment pilot 1.

Discussion

The results obtained in our study show that feedstock mixtures with
8-15% of animal byproducts (corresponding to 19-38% of the DM in the
mixture) can be codigested during stable conditions at OLRs exceeding
2.5gof VS/(L-d) and HRTsless than 40 d, reaching total ammonia-nitrogen
concentrations of 4.5-5.0 g /L. The feedstock mixtures tested corresponded
to the relative amount of different wastes generated in Uppsala and
Linkdping municipality. Kirchmayr et al. (14) managed to operate a meso-
philic, continuous process with only animal byproducts diluted with water
at an OLR of 2.5 g of chemical oxygen demand/(L-d) (corresponding to
about 1.2 g of VS/[L-d]) and a total ammonia nitrogen concentration of
2.0g/L.Thus, codigestions of animal byproducts with other organic wastes
or liquid manure clearly improve the process performance.

After operating laboratory digester 1 for more than 1.5 yr at total
ammonia nitrogen concentrations >4 g/L, an increase in the OLR to 5 g of
VS/(L-d) and a decrease in HRT to 22 d was possible without accumulation
of VFA. This is likely a result of adaptation of the microorganisms to higher
totalammonia concentration (15). The level of total ammonia concentration
reported as inhibitory varies in the literature, depending on different con-
ditions, such as inoculum, substrate, operation period, pH, and tempera-
ture (16). Typical levels reported range from 1.7 (17) up to 5 g/L (15).
The inhibiting effect increases with increasing pH owing to the release of
free ammonia, which is considered the active component causing inhibi-
tion. Levels of free ammonia inhibition have been found at 80 mg/L (17),
150 mg/L (18), and 0.7 g/L (19). Wellinger and Fruteau (20) found upper
limits of 3.5 g/L of total ammonia corresponding to approx 0.15 g of
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NH,/L when digesting solid slaughterhouse waste with blood. The pH of
the continuous mesophilic digestion experiments in the present study were
between 7.8 and 8.0, and the total ammonia nitrogen levels varied from 4.0
to 6.5 g/L. Calculating according to Wikberg (21), the concentration of free
ammonia (NH_-N) during the experiments is in the range of 0.45-0.56 g /L.
This is above the levels reported by Braun et al. (18) and Wellinger and
Fruteau (20), but below the level reported by Angeledaki and Ahring (19).
Another explanation for the poor degradation of VFA could be an accumu-
lation of LCFAs, which caninhibitanaerobic digestion (22,23). In the present
study, LCFAs were not analyzed, but the high content of fat in the substrate
could likely result in high LCFA levels.

Pasteurization of animal byproducts at 70°C for 1 h led to a fourfold
increase in the potential methane yield compared to nonpasteurized
animal byproducts. This shows that pasteurization before digestion can
be motivated not only from a sanitation point of view, but also for increas-
ing degradability and energy recovery. The reason for the increased
degradability owing to pasteurization was not investigated in detail.
However, the increased degradability is likely a result of an increased
accessibility of lipids for the microorganisms, resulting from the heat
treatment.

Conclusion

The biogas plants that digest slaughterhouse waste usually use
rumen, stomach and intestinal content, as well as blood waste fractions
and sludge from slaughterhouse wastewater treatment. However, the
use of animal byproducts for anaerobic digestion is not very common in
Europe. The animal byproducts, including blood, represent 70-80% of
the total biogas potential from waste generated during slaughter of
animals. The total biogas potential from waste generated during slaugh-
ter is about 1300 MJ / cattle and about 140 M]/pig (Table 5). In addition,
the animal byproducts contain 60-80% of the nitrogen and phosphorus,
which is important to consider from a sustainable point of view. Hence,
since the animal byproducts cannotbe used in the feed industry, anaero-
bic digestion offers a sustainable treatment method to facilitate energy
recovery in combination with the use of the residue as a fertilizer on
farmland.

The results of the present study have been used to design the first
full-scale biogas plant using animal byproducts in Sweden (Linkoping
Biogas AB). The plant has a capacity to treat 16,000 t of grinded and ster-
ilized animal byproducts. Today, seven Swedish plants digest animal
byproducts (S. Liljenstrom, personal communication) generated from
slaughter. Hence, anaerobic digestion has been proven to be a competi-
tive treatment method for the huge amount of animal byproducts cur-
rently generated in Europe.
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