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Abstract: The objective of this investigation was to optimize and evaluate the bioenergy production potential and COD
removal efficiency of a semi-continuous anaerobic digester from slaughterhouse wastewater. The performance of the pilot
scale anaerobic digester was evaluated at the OLRs of 0.32, 0.51, 1.16 and 2.31 kg m>day ' under mesophilic environmental
condition (29.6+1.40°C). The COD removal efficiencies and methane yield in the pilot scale digester were in the range of
43.39 to 84.54% and 0.09+0.03 to 0.22+0.02 m’/kg COD removed, respectively with the maximum volumetric methane
production (0.93+0.17m%/day) was achieved at the OLR of1.16 kg m > d' corresponding to an optimum methane yield of 0.20
m’ CH, per kg COD removed. Generally, the results of this study showed that anaerobic digester is efficient on generating
bioenergy while treating high strength wastewater such as slaughterhouse wastewater. Hence, a full scale anaerobic digester
should be developed and used to treat the wastewater generated in the slaughterhouse industries in Ethiopia where almost all

the slaughterhouses discharge their wastewater to the nearby streams without prior treatment.

Keywords: Slaughterhouse Wastewater, Anaerobic Digester, Digester Performance, Methane Production and Yield,
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1. Introduction

Meat production is increasing to fulfil the protein needs of
the ever increasing world population which in turn has
environmental pollution problems attached [5] due to the
large quantities of wastewater generated from the
slaughtering, processing and preserving activities required
for meat production in municipal slaughterhouses. It is
estimated that for every cow and pig processed, 700 and 330
liters of wastewater are generated, respectively, with an
increase of 25% if further processing is carried out to
produce edible products [12]. This wastewater is a complex
mixture of compounds containing mainly organic materials
with high concentration, a measured Chemical Oxygen
Demand (COD) loading as high as 4,000-10,000 mg/l is
typical for such wastewater [9, 10, 13]. It also contains high
concentration of suspended solids, colloidal materials such as
fats, proteins and cellulose [13].

Hence, the major environmental problem associated with
this slaughterhouse wastewater is the large amount of organic
matter or suspended solids and liquid waste as well as its
odor generation released to the environment [18]. Effluent
from slaughterhouses has also been recognized to
contaminate both surface and groundwater due to the fact
that blood, fat, manure, urine and meat tissues are lost to the
wastewater streams during slaughter processing [22]. Blood,
one of the major dissolved pollutants in slaughterhouse
wastewater, has the highest COD of any effluent from
abattoir operations [16]. If the blood from a single cattle
carcass is allowed to discharge directly into a sewer line, the
effluent load would be equivalent to the total sewage
produced by 50 people on average day [6].

Slaughterhouse wastewaters, with the major characteristics
of such high organic strength, sufficient organic biological
nutrients, adequate alkalinity, relatively high temperature (20
to 30°C) and free of toxic material, are well suited to
anaerobic treatment and the efficiency in reducing the BODjs
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ranged between 60 and 90% [15] and from different research
report point of view, it can be concluded that anaerobic
digestion is a high-rate reactor which represents an attractive
alternative for wastewater treatment at the slaughterhouse
plant [10, 13].

Currently, most (if not all) slaughterhouses in Ethiopia
discharges their wastewater directly into water bodies such as
streams, rivers and lakes or municipal sewers systems,
thereby putting these ecosystems at risk [2]. Addis Ababa
abattoir enterprise (AAE), owning the largest slaughter house
(Kera) in the country, releases its wastewater directly to the
nearby stream without pretreatment. Lack of treatment
systems at slaughterhouse facilities in Ethiopia is deeply
rooted for the shortage of financial and technical resources
associated with other factors, such as lack of governmental
and societal pressures and a lack of knowledge of alternative
practices impede the implementation of improved
slaughterhouse wastewater management in Ethiopia (AAE,
2016). Given the direct release of wastewater with the
pollutants to the environment, it is urgent to find a feasible
and scientific solution to manage this slaughterhouse
wastewater in Ethiopia in general and in Addis Ababa in
particular. The main objective of this investigation was to
evaluate and optimize the biogas production potential and
COD removal efficiency of a semi-continuous anaerobic
digester from slaughterhouse wastewater at mesophilic
environmental temperature.

2. Materials and Methods

2.1. Sources of Wastewater

The slaughterhouse wastewater used as a substrate in this
anaerobic digestion study was taken from Addis Ababa

slaughterhouse located in the central part of Addis Ababa,
Ethiopia. The word “Kera™ is a name given to a place where
edible animals are slaughtered. It 1is the biggest
slaughterhouse in Ethiopia in which an average of more than
1000 head of cattle plus considerable numbers of small
ruminants (goats and sheep) and rarely pigs are slaughtered
[2]. Kera slaughterhouse uses large amount of water,
estimated as more than 400.57m’/day for washing meat and
cleaning processing areas. This large amount of water
consumption leads to generate a significant amount of
wastewater amounting about 363.35m’/day, which is directly
discharged in to nearby Kera River without any prior
treatment after it travels about 60 meters on land. Therefore,
this pilot scale anaerobic digestion study was carried out in
Addis Ababa Slaughterhouse (Kera) compound using 6m’
dome shape anaerobic digester constructed underground.

2.2. Digester Design

A pilot-scale anaerobic digester was constructed
underground using bricks in a dome shape with a dimension
of 1.14 meter in height and 1.3 meter in diameter. The
digester was constructed underground to enable the microbial
biomass maintain the internal digester temperature in a stable
manner regardless of the environmental temperature varies,
so that no additional heating was needed during the during
operation. The total volume of the digester was 6m’, of
which 5.1m’ was working volume and the remaining volume
dedicated for head space for gas. The wastewater inlet to the
dome shape anaerobic digester was installed with a PVC pipe
at the bottom, 20cm from the bottom of the digester so that
mixing of the digester system was performed with the up
flow velocity of the inlet wastewater and no additional
mixing was done. Figure 1 shows the schematic diagram of
the pilot scale experimental setup.

Slaughterhouse Enterprise (Kera), a municipal
Wastewater reservoir (1) Digester (6)
1 | Gate valve (2) Gas storage (7)
r‘--.,________________ Pipe to inlet chamber (3) Gas valve (8)
2 ket thanber (4 Gas flow meter (%)
l : Inlet pipe (35) Biogas stove (10)
Effluent outlet (11)

Figure 1. Schematic diagram of the pilot scale experimental setup.

2.3. System Operation

Before using the slaughterhouse wastewater as a substrate,

the digester was operated using fresh cow manure and rumen
content for 60 days so as to establish the essential microbes
in the digester. After two months of microbial establishment,
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the digester was fed with the slaughterhouse wastewater by
operating at four different HRT, i.e., 22, 14, 6 and 3 days
with the corresponding organic loading rate (OLR) as shown
in Table 1.

Table 1. HRT, flow and organic loading rates used during the experimental
period.

Phases HRT Flow Rate (I/day) OLR (kgCOD/m’. day)
1 22 232 0.32
2 14 364 0.51
3 6 850 1.16
4 3 1,700 2.31

During the experimental period, the OLR in the digester
was increased corresponding with decreasing HRT in order to
allow microorganisms to adapt the changing environment.
Then, the digester performance in terms of biogas
production, methane yield and organic matter (COD)
removal efficiency was evaluated during steady state of each
phase. The digester was operated in semi-continuous mode
by feeding once in every 24hrs interval for 6 months.

2.4. Analytical Methods

Measurement of physical parameter of the wastewater
samples such as temperature and pH were conducted in situ
at the time of sampling. Temperature was measured by digital
thermometer and pH of the collected water samples were
measured using pH meter (CON, 2700) with all the
instruments got calibrated prior to taking readings.

Biochemical oxygen demand (BODs) and chemical
oxygen demand (COD) were  determined by
titrimetric/volumetric methods whereas, total phosphate (TP),
total nitrogen (TN), ammonium (NH™-N), sulfide (S*), and
sulfate (SO,”) were measured by UV-Visible
Spectrophotometer (Hack model DR/2400 portable
spectrophotometer, Loveland, USA), all according to HACH
instructions. Total solid (TS) and suspended solid (TSS) were
also measured according to the methods described in

standard methods of water and wastewater [4]. TDS and EC
were measured using TDS/EC meter. The biogas production
was measured using gas flow meter fitted on the gas pipeline
installed from the dome of the digester and the biogas
composition was determined using biogas analyzer
(Geotechnical Instrument, UK, S/N BM-14068, England).

2.5. Data Analysis

The data generated from analytical method of each sample
were statistically analyzed based on the objective of the study
by organizing through MS-Excel spreadsheet. The graphs
were drawn using Origin software, version 2017. The
analysis of variance and comparison of means were
performed on the data using IBM SPSS package version 23.
The comparison between mean was performed at 5% level of
significance.

3. Result and Discussion
3.1. Characteristics of the Slaughterhouse Wastewater

The average characteristics of the slaughterhouse
wastewaters used in the studies are shown table 2 below.
During sample collection, the lowest temperature mean value
of the wastewater was 29.33+£1.17°C and the highest mean
value was 30.7+0.51°C. The levels of pH were found in the
range between 7.14 + 0.16 and 7.23+£0.27 which indicates
that the wastewater was neutral to slightly alkaline.

The concentrations of total dissolved solid and
conductivity levels of the wastewater samples were
considerably high with the range between 3,175.51+£311.27
to  3,737.744628.32 mg/l and 1,803.25£86.43 to
1,881.17+122.23 pSem™, respectively (Table 2). Those
values indicate that the slaughterhouse wastewater contained
substantial dissolved (mobile) ions such as sulfate, nitrate,
ammonium and other ions as depicted in the table below.

Table 2. Characteristics of the slaughterhouse wastewater used at four different OLR.

Parameters Phase [ Phase 11 Phase 111 Phase IV

pH 7.18 £0.18 7.22 £0.25 7.14£0.16 7.23+0.27
Temperature (°C) 30.7+0.51 29.9+1.06 29.33+1.17 29.78+1.46

E. C. (uS/cm) 1803.25+86.43 1881.17+£122.23 1870.61+118.21 1843.82+148.70
TS (mg/l) 6205.53+685.78 6545.07+£519.69 6033.31+293.48 6163.96+582.94
TSS (mg/l) 2888.50+260.54 2807.33+121.54 2857.80+159.31 2900.73+222.42
TDS (mg/1) 3317.03+612.58 3737.74+628.32 3175.51+£311.27 3263.23+646.42
COD (mg/l) 7049.07+306.42 7079.69+226.89 6975.77+178.44 6942.59+152.98
BODs 4364.97+443.74 4330.90+417.06 4352.74+335.97 4391.80+388.65
TKN (mg/1) 565.16+£54.91 570.40+77.89 584.84+61.77 585.71+£51.14
NH,"-N (mg/l) 241.55+39.57 226.65+12.33 227.88+20.56 223.17+26.85
TP (mg/l) 152.33+£16.75 157.60 £13.41 154.19+£12.52 151.46+16.45
Sulfide (mg/1) 2.02+0.14 2.10+£0.15 2.25+0.53 2.10£.10
Sulfate (mg/1) 569.85+58.10 574.89+45.17 567.31+46.73 583.28+36.21

The slaughterhouse wastewater also contained huge
amount of total and suspended solids with 6,033.31+£293.48
to 6,545.07£519.69 mg/l for TS and 2,807.33+121.54 to
2,900.73+222.42¢/1 for TSS. Such elevated value of TS and
TSS in the slaughterhouses wastewater could be attributed to

various solid by-products such as animal feces, soft tissue
removed during slaughtering and cutting, fats and soil from
hides and hooves as well as the enormous amount of blood
and urines released during slaughtering.

The mean organic matter content of the wastewater in this
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study was found extremely high with COD values ranging
from 6,942.59+152.98 to 7,079.69+£226.89 mg/l. The
wastewater also contained high amount of nitrogenous and
phosphate compounds with concentrations of TKN found
between 565.16£54.91 to 585.71+51.14 mg/l and total
phosphate 151.46+16.45 to 157.60 +13.41 mg/l. Similarly,
the sulfate and sulfide concentrations were found in the range
between 567.31+46.73 to 583.28+36.21mg/l and 2.10+.10 to
2.2540.53 mg/l, respectively. Abrha and Tenalem [1] reported
relatively higher COD and solid contents in the same
slaughterhouse plant.

As can be computed from the table, the COD/SO4'2 ratio
laid between 11.9 and 12.4. The highest ratio was observed in
the influent used in the last phase of the study. Researches
confirmed that there would be vigorous competition between
the methane producing bacteria and sulfur reducing bacteria
if the COD/sulfate ratios are between 1.7 - 2.7 and sulfate
reducing bacteria would be more competitive at lower
COD/SO4'2 ratios, below 1.5 [21]. However, the ratios of
COD/SO,” were greater than 11 in all the feeding used in the
four different phases of the present study. These levels of
ratio support effective performance of the anaerobic digester
in both COD removal and increase biogas yield [20] as
methane gas generation is directly proportional to the
removal of organic matter (COD) through the action of
anaerobic bacteria and methanogenic activity increase with
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3.2. Digester Performance

The performance of the pilot scale anaerobic digester, in
terms of organic matter removal efficiency, biogas
production, methane production and yield, has been
investigated for the four phases of the study attributed to the
different organic loading rate (OLR) in tropical
environmental conditions with an average digester
temperature of 29.6+1.40°C.

3.2.1. Biogas and Methane Production

The trends in the volumetric biogas and methane (CH,)
production during all the experimental phases are illustrated
in Figure 2 below. The average biogas and methane
production during phase 1 (at OLR=0.32 kg m>d! with
HRT=22 days) was 0.42+0.02m’ and 0.31 +0.02m’ per day,
respectively. As the organic loading rate increases in phase 2
and 3 through decreasing the HRT in to 14 and 6 days
respectively, the biogas and CH, generation were also
increased with the highest in phase 3 (at OLR=1.16 kg m>d™).
However, when the OLR increases from 1.16 kg m>d’
(phase 3) to 2.31 kg m>d" (phase 4) with further reduction of
the HRT to 3 days only, a sharp falling of both biogas and
CH, production were observed.
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L, Phase 4
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Figure 2. Volumetric Production of Biogas and Methane at different organic loading rate.

As indicated in table 2, significantly higher biogas and
CH, generation (p<0.05) were observed in phase 2 and 3
compared to phase 1 attributed to the increased organic
loading rate. However, when the OLR increases from 1.16 kg
m>d"! (phase 3) to 2.31 kg m™>d” (phase 4), the production of
both biogas and CH,; were significantly reduced (p<0.05)
compared to phase 3. Hence, significantly highest biogas and

methane generations (p<0.05) were observed in phase 3
(1.33+0.25 m’ biogas and 0.93+0.17 m® CH, generated per
day). A total volume of 143.94m’ biogas and 95.15m’
methane were generated during the entire study period (about
6 months).

The present study shows that biogas and CH, generations
were low at the beginning of the experiment (phase 1) due to
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the insufficient organic matter to be converted to biogas
resulted in the maximum utilization of the substrate by
microorganisms during the long substrate retention time [11].

Then after, the volumetric biogas and methane productions
were increased with increasing organic loading rate from

0.32 to 1.16 kg m™d”, showing strong linear correlations
(R?=0.95) as shown in figure 3. Since, the slopes of the lines
are positive, the gas production is positively correlated and
increased with increasing organic loading rate from phase 1
to phase 3.

Table 3. Summary of the pilot scale anaerobic digester performance.

Parameters Phase 1 Phase 2 Phase 3 Phase 4
OLR, kg.m? day’ 0.32+0.01 0.51+0.01 1.16+0.03 2.31+0.05
HRT, day 22 14 6 3

COD in, kg.day™ 1.63+0.06 2.57+0.08 5.93+0.15 11.80+0.26
COD removal,% 84.54 82.82 77.92 43.39
COD removed, kg.day™ 1.38+0.05 2.13+0.06 4.62+0.20 5.12+0.20
Biogas production, m*.day™ 0.42+0.02 0.65+0.0.07 1.334+0.25 0.98+0.15
Methane,% 72.75 70.15 69.86 49.54
Methane Production, m*.day™ 0.31+0.02 0.45+0.05 0.93+0.17 0.49+0.13
Methane yield, m*kg” CODr 0.22+0.02 0.21+0.02 0.20:£0.04 0.09+0.03
CO,% 20.52 23.20 25.30 42.33

pH 7.60:0.40 6.75+0.29 6.73+0.29 5.00+0.78

This revealed that the microbial biomass in the digester
was continuously acclimatizing to the changing
environmental conditions created due to the increased OLR

[3, 8]. In addition, it was observed that the digester was
stable from phase 1 through phase 3 substantiated by the
normal range of pH measured daily (table 2).
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Figure 3. Biogas and methane generations as a function of organic loading rate (OLR).

On the other hand, as the OLR increased from 1.16 kg m’
*d’ to 2.31 kg m>d”’ in terms of COD (phase 4), the
volumetric biogas and methane generations significantly
reduced (p<0.05) compared to phase 3 of the study. This
might be due to the inadequate HRT period at the
corresponding increased OLR values which was not
sufficient for the microbial biomass to convert the substrate
to biogas and methane [3]. The digester was also observed
unstable as the pH drops to 5.

3.2.2. Gas Composition and Methane Yield
The average biogas generation during phase 1 (at

OLR=0.32 kg m~d™") was 0.42+0.02m’ per day with the CH,
and CO, compositions were 72.75% and 20.52%,
respectively, resulted in an average 0.31 +0.02m’ methane
produced per day. Relatively higher methane yield was also
recorded in phase 1 (0.2240.02 CH, per kg of COD reduced)
due to higher percentage of methane content in the biogas
generated. When the organic loading rate increases from 0.32
to 0.51 and 1.16 kg m>d" in phase 2 and 3, a slight decrease
in the methane content was observed (70.15%, and 69.86% in
phase 2 and 3, respectively) with an increase in the CO,
content of the biogas (23.2% and 25.3%). However, there
was no significant difference in the average CH, yield
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obtained in phase 2 and 3 (p>0.05) compared to phasel (table
3 and figure 4).

On the other hand, when the OLR increases beyond 1.16
kg m>d’, the CH, content and yield were significantly
reduced (p<0.05) and the composition of CO, was increased
with the CHy; and CO, composition were 49.54% and
42.33%, respectively, resulted in significantly lowest
methane yield generation (p<0.05) of all the study phases
(only 0.09+0.03 m’ CH, was generated per kg COD
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reduced). Sindhu and Meera [19] reported lower methane
yield (0.17 m* CH, per kg COD reduced) than phase 1, 2 and
3 of the present study from the treatment of slaughterhouse
wastewater using an up flow anaerobic sequencing batch
reactor. The methane yield obtained in phase 1, 2 and 3 of
this study is comparable with results reported by Raj et al.
[17] from the treatment of slaughterhouse wastewater using
anaerobic sequencing batch reactor.

|[—=— Methane Yield|

I
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T T
15 2.0 25

OLR (kgnr3d)

Figure 4. Methane yield as function of organic loading rate.

However, the methane yields obtained in this study were
lower than the results recorded by Masse and Masse [9] from
the treatment of slaughterhouse wastewater (0.49m’CH,/kg
COD removed) using anaerobic sequencing batch reactor.

3.2.3. COD Removal Efficiency

COD was used as a major parameter to compare the
performance of the digester and to monitor the effect of OLR
throughout the study phases. As can be seen from Figure 5,
the digester showed a stable behavior from phase 1 to phase
3 (up to an OLR of 1.16kg COD m>day™) with a slight
decrease in the COD removal efficiency.

During the first phase of the operation, the average COD
removal efficiency and mass removal rate were 84.54% and
1.3840.05 kg COD per day, respectively resulting in
1,086.17mg/1 of COD in the effluent. In the second phase, the
average COD removal efficiency was 82.82% with an
average organic mass removal rate of 2.13+0.06 kg COD per
day while the average concentration of COD in the digester
effluent was 1,211.66mg/l. In the third phase, the average
COD removal efficiency was decreased to 77.92% while the
organic mass removal rate was 4.62+0.20 kg COD per day

leaving 1,538.50 mg/l of COD in the final effluent. In the
final phase (4), the COD removal efficiency was significantly
decreased (p<0.05); only about 43.39% of the COD was
removed but the mass removal rate was 5.12+0.20 kg COD
per day leaving more than 56% (3,931.77mg/l) of the COD
concentration in the effluent.

The COD removal efficiency in phase 1 was slightly
higher than that of phase 2 & 3 and the COD removal
efficiency in phase 1, 2 and 3 were significantly higher than
the COD removal efficiency in phase 1 (p<0.05). The major
cause for this is that simple organic compounds produced in
the hydrolysis are further converted in to volatile fatty acids
by acidogenic bacteria and these intermediary compounds are
changed to acetic acid, carbon dioxide and hydrogen in the
acetogenic stage which are substrate for the methanogenic
bacteria use this molecule to produce methane and carbon
dioxide as end product [14]. Hence, increasing feeding time
would cause a decrease in volatile fatty acids (VFA) which
could reduce the substrate availability to microorganism and
cause low accumulation of these acids in the reactor. This in
turn increases the COD removal efficiency [7].
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Figure 5. COD removal efficiency at different organic loading rate.

On the other hand, the COD removal efficiency was
significantly lower in phase 4 (p<0.05) due to insufficient
time for the microbial biomass to convert the organic
substrate to the intermediate compounds and further to
methane and carbon dioxide due to the short HRT.

As revealed from figure 6, the COD removal efficiency
significantly negatively correlated with mass removal rate
with increasing of organic loading rate (p<0.05; Pearson
Correlation= -0.92). The organic matter mass removal rate
was significantly strongly associated with increasing of
organic loading rate (p<0.05; pereason correlation = 0.99).
Moreover, Figure 6 also shows the linear relationship
between mass removal rates and organic loading rate and

hence, mass COD removal rate highly depends on organic
loading rate if the biomasses in the digester have sufficient
time to utilize the waste (Song et al, 2003). The COD
removal efficiency of the first phase was not significantly
different from phase 2 (p>0.05) and significantly higher than
the other two phases (P<0.05). The removal efficiency in the
second phase was also higher than phase three and four and
removal efficiency in phase four was significantly lower than
all the three phases of the operation (p<0.05). Hence, the
COD removal efficiency decreased with increasing of
organic loading rate (Figure 6). This might be attributed to
the accumulation of VFA due to the reduction of hydraulic
retention time (HRT) in the anaerobic reactor.
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Figure 6. COD removal efficiency and mass removal rate with organic loading rate.
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4. Conclusion

The performance of the pilot scale anaerobic digester was
evaluated at the OLRs of 0.32, 0.51, 1.16 and 2.31 kg
m>day' wunder mesophilic environmental condition
(29.6£1.40 °C). The COD removal efficiencies and methane
yield in the pilot scale digester were in the range of 43.39 to
84.54% and 0.09£0.03 to 0.22+0.02 m’/kg COD removed,
respectively with the maximum volumetric methane
production (0.93+0.17m’/day) was achieved at the OLR
of1.16 kg m> d™' corresponding to an optimum methane
yield of 0.20 m® CH, per kg COD removed. Hence, the
results of this study showed that COD removal efficiency,
methane percentage and yield were decreased with increasing
OLR or decreasing HRT. However, the volumetric biogas and
methane generations increase with increasing OLR up to a
certain point and then decrease, with the highest volumetric
biogas and methane productions obtained at the OLR of 1.
16kgm'3d'1 (phase 3) and the lowest was obtained at OLR of
2. 31kg.m'3d'1 (phase 4). It can be also concluded that
anaerobic digester was efficient on generating biogas and
removing the organic matter thereby treating strong agro-
industrial effluents such as slaughterhouse wastewater with
optimum bioenergy production and COD removal efficiency
took place at OLR of 1. 16kg.m'3d'1 at HRT of 6 days.
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