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ABSTRACT  

Solid state (>15% solids) anaerobic digestion (SS-AD) research and system optimization is limited 
when applied to solid organic feedstocks, specifically cattle feedlot manure. The goal of this study 
was to establish SS-AD baseline information on biogas production and optimization. The project 
was split into three components: the design and development of a bench scale SS-AD digester; the 
investigation of the optimization of the SS-AD process by particle size reduction and leachate 
recirculation (Round 1); and the investigation of SS-AD inoculation methods and the effects of 
straw addition and mixing (Round 2).  

Round 1 looked at the effects of crushing vs. not crushing the manure prior to digestion and 
examined the effects of no recirculation of the leachate, infrequent (weekly recirculation), and 
frequent recirculation (3x/week). Results regarding the particle size reduction were inconclusive 
due to the inherent small size of the vessels. Gas production and methane composition were 
comparable for all recirculation treatments; however, the weekly recirculation regime showed 
reduced variability in the results. Round 2 inoculation methods examined were: no inoculation, 
inoculation using manure digestate, and inoculation using manure digestate leachate. Straw was 
added to the manure for Round 2 to evaluate how the degree of mixing of co-substrates affected 
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digestion. The added straw was either completely mixed or layered. Results show that the addition 
of straw lowered the overall biogas production by approximately 25% and the methods of mixing 
were comparable.  The inoculation methods did not significantly affect the total biogas yields; 
however, employing the digestate method did accelerate biogas and methane production early on. 
Detailed analytical results and final conclusions for all rounds of study are presented, as well as 
recommendations for research applications. 

Keywords: solid state, anaerobic digestion, leachate recirculation, inoculation, beef feedlot, 

manure, straw, biogas, methane 

INTRODUCTION 

Anaerobic digestion (AD) is a microbial process in which organic matter is broken down and 
decomposed by anaerobic microorganisms under oxygen free conditions.  This process results in 
the production of a biogas that can contain greater than 50% methane (Li et al. 2011).  The AD 
process has been used for many years all over the world at wastewater treatment facilities, landfills, 
and other municipal and agricultural digestion facilities as a method of organic waste degradation 
and energy recovery (Rapport et al. 2008).  There are two main systems in which AD can be 
carried out: liquid (or slurry) digestion, and solid-state (or high solids) digestion, with the former 
being the most conventional method (Martin et al. 2003). Liquid AD (L-AD) is characterized with 
substrate total solids content of less than 15%, while the solid-state AD (SS-AD) operates with 
substrate total solid contents of 15-50% (or 50-85% moisture content, wet basis) (Rapport et al. 
2008).  Because of these operating parameters, L-AD systems require high dilution rates which 
need large volumes of water, as well as complex materials and effluent management systems 
(Kumar et al. 2010, Rapport et al. 2008).  

The SS-AD method utilizes feedstocks in their produced state as substrates, which lead to many 
inherent advantages (Kumar et al. 2010).  Advantages that have been reported include decreased 
water requirements, smaller reactor volumes, simpler feedstock transportation and handling 
systems, and reduced energy requirements (Li et al. 2011, Kusch et al. 2011, Kumar et al. 2010, 
Ahn and Smith 2008, Rapport et al. 2008).  Martin et al. also states that the increased microbial 
biomass concentration in SS-AD systems may lead to improved biogas production (2003).  The 
solid digestate that is left at the end of digestion can be used as a solid fertilizer as it contains 
higher concentrations of plant available nitrogen, potassium, and phosphorous compared to 
untreated organic waste, while still containing high amounts of organic matter (Tambone et al. 
2010, Kumar et al. 2010). 

A potential feedstock for SS-AD is manure from beef feedlots.  There are approximately 964,000 
head of cattle located on feedlots across Alberta and Saskatchewan that produce approximately 13 
million tonnes of manure per year (Canfax 2013, Statistics Canada 2006).   This abundant reserve, 
as well as its natural high solids content and heterogeneity make feedlot manure an attractive 
feedstock for SS-AD.   

There is limited research in the application of SS-AD, and its optimization for feedlot manure 
despite its high potential as a feedstock.  Biochemical methane potential (BMP) laboratory studies 
have been conducted on cattle manure (Moody et al. 2011, Labatut, et al. 2011 ); however, these 
results only indicate methane potential of a substrate in ideal laboratory settings (Speece 2008) and 
do not necessarily reflect the actual real world operational and economic outcomes (Sell et al. 
2011).   

There have been several SS-AD studies conducted; however, few have specifically investigated 
feedlot manure.  Some inoculation studies have been conducted with SS-AD; however, they 
incorporated non-manure amendments and feedstocks such as organic municipal solid wastes (O-
MSW) (Di Maria et al. 2012, Cui et al. 2011).  Leachate recirculation studies on cattle manure (El 
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Mashad et al. 2006) and maize silage (Kusch et al. 2012) returned mixed results, but did indicate 
that a degree of recirculation could improve biogas production.  SS-AD studies of manure mixed 
with co-substrates, such as wet distillers’ grain (WDG), O-MSW, and switch grass, have been 
conducted with varying results.  WDG improved manure results with 115 L CH4/kg VS opposed to 
50L CH4/kg VS with manure alone (Lung et al. 2010), O-MSW obtained 70 L CH4/kg VS (Marcias-
Corral et al. 2008), and switch grass did not achieve results (Ahn and Smith 2008).  

Feedlot manure SS-AD trials that have been conducted did not have optimization as the main 
focus.  Field trials using cattle manure have resulted with one month biogas yields of 175 L/kg dry 
substrate with a methane content of 52% (Kaiser et al. 2003).  Non heated field and laboratory trials 
were conducted with feedlot manure over long digestion times (approximately a year) with biogas 
yields of 160L/kg VS and 190 L/kg VS, respectively (Parker et al. 2002).  

The Applied Bioenergy Centre of the Prairie Agricultural Machinery Institute (PAMI) out of 
Humboldt, SK set forth a research plan into investigating the knowledge gap of the application SS-
AD on solid feedlot manure feedstocks in western Canada.  PAMI implemented a pilot scale SS-AD 
study at the Termuende Research Ranch, which lies adjacent to the Pound-maker Feedlot in 
Lanigan, SK.  The study included the design and commissioning of a pilot scale SS-AD digester 
with a 15m3 capacity.  In order to provide the pilot scale study with baseline data, as well as to test 
preliminary parameter optimization techniques, a bench scale study was developed and initiated.  

The bench scale SS-AD project scope of study consisted of three main objectives: 

1. Design and construct a bench scale SS-AD apparatus that will consist of a series of 
reusable digester vessels, and be able to quantify biogas production;  

2. Investigate SS-AD parameter optimization techniques applied to feedlot manure at 
mesophilic temperature conditions (≈38°C); and  

3. Provide the bench scale results to the PAMI SS-AD pilot scale study for field testing. 

The parameter optimization investigation was split into two rounds of study.  Round 1 investigated 
the effects of manure particle size reduction and leachate recirculation.  Particle size reduction has 
shown to potentially improve biogas production due to the increased number of digestion sites (Wu-
Haan et al. 2010, Martin et al. 2003).  Leachate recirculation has been used to improve biogas 
productivity (El Mashad et al. 2006, Marcias-Corral et al. 2008, Kaiser et al. 2003, Kusch et al. 
2012); however, results are varied. Round 2 investigated the effects of inoculation method, as well 
as the method of straw addition.  Inoculation studies with O-MSW have shown that proper 
inoculation strategies can improve SS-AD (Cui et al. 2011, Di Maria et al. 2012); however, there is 
limited information on manure inoculation.   The method of straw addition was investigated in order 
to quantify the effects of the high straw content of feedlot manure, as well as to evaluate the effects 
of adding straw as a bulking agent, and to improve the CN ratio.  

METHODS AND MATERIALS 

Incubator and Laboratory Set-up 

The bench scale apparatus consisted of two incubators, each with a nine vessel capacity.  The 
vessel bodies were made with PVC materials.  The substrate section of the vessel consisted of 
0.15 m diameter PVC pipes, with a 0.10 m clear PVC liquid reservoir at the bottom.  Each vessel 
had a resealable cam lock cap.  The vessels had a solid substrate capacity of 7.1 L (approximately 
3.5 to 4.5 kg), and a liquid capacity of 1.6 L.  Each vessel was equipped with a gas outlet, a liquid 
outlet at the bottom and an inlet at the top for leachate recirculation, and a thermocouple to monitor 
substrate temperature.  Biogas volume was measured with wet tip gas meters (WTGM) calibrated 
to 80 mL of biogas per tipping event.  A DataTaker D80 logging system was used to record 
operational temperatures (vessel substrate, incubator, ambient), WTGM tipping events, and 



 

 

4 

 

barometric pressure.  During the digestion trials, duplicate daily biogas samples were obtained from 
each vessel for the first 10 days, at which point samples were obtained every other day for the 
duration of the experiment.  Approximately 35 mL of biogas was purged from the gas line via 
syringe prior to sampling. Fourteen mL biogas samples were extracted from each vessel and 
placed into a vacutainer for gas chromatography (GC) analysis for percent carbon dioxide (CO2) 
and methane (CH4).  

Gas Analysis 

Gas samples were analyzed for methane using a Varian CP-3800 gas chromatograph, while 
carbon dioxide was assessed using a Varian Micro-GC CP-2003 with a sample time of 30 seconds 
and a 180 second run time.  Carbon dioxide was detected using a thermal conductivity detector 
(TCD) coupled with a Poraplot U column 10 m in length with a 0.32 mm inner diameter.  Column 
temperature for the TCD was 45 °C with an injector temperature of 55°C with an injection time of 25 
ms under 100 kPa.  The detection limit for CO2 measurement with this device is 80 ppm.  The 
detector used for methane analysis was a flame ionization detector (FID) which uses a Poraplot Q8 
column that is 12 feet in length with an 1/8 in diameter and 2 mm film thickness.  Column 
temperature for the FID was 45°C with an injector temperature of 55°C with an injection time of 20 
ms under 140 kPa.  The detection limit for methane on this instrument was 360 ppb.  The carrier 
gas used in all detectors was helium for both CO2 and CH4 measurement.   

Round 1 Experimentation: Particle Size Reduction and Leachate Recirculation 

Round 1 consisted of duplicate digestion trials, Trial 1 and Trial 2.  Manure for Trial 1 was collected 
from the Pound-maker Feedlot in February of 2012 and stored at 4°C until utilized.  Manure for Trial 
2 was collected in May 2012 and stored at 4°C until utilized.  Digestate from the bench scale SS-
AD test trials was used as an inoculant for Trial 1.  The Trial 1 digestate was used as the inoculant 
for Trial 2.  The manure – digestate inoculant substrate mixes were done at a 3:1 ratio by mass.  

A total of six treatments (A through F) were investigated in Round 1.  Table 1 outlines these 
treatments, as well as the starting parameters for each trial. Each treatment was conducted in 
triplicate (three vessels each), with the vessels placed randomly within the incubators. Successful 
triplicates averages were reported.  Each incubator contained three treatments each.  
The particle size reduction treatments (“crushed”) were prepared by vigorously hand mixing the 
manure in order to crush all large clumps.  Little agitation was applied to the non-reduced 
treatments (“as is”). Approximately 3.2 to 4.6 kg of substrate were added to each vessel, along with 
1.3 to 1.6 L of water in order to fully saturate the substrate as well as to ensure adequate leachate 

Figure 1: Incubator set-up; top view (left), wet tip gas meters (right) 
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production for recirculation.  One kg composite manure samples were obtained from each 
treatment for analysis of moisture content, EC, total carbon by combustion, loss on ignition, total 
nitrogen, ammonia-N, nitrate-N, pH, total P, K and S.  The carbon to nitrogen (CN) ratio of the bulk 
substrate ranged from approximately 10 to 16.  These values are much lower than the optimal 
range of 20 to 30 (Li et al. 2011).  The substrate went unaltered in order to acquire baseline feedlot 
manure results.  The moisture contents represent the characteristics of the substrate before it was 
fully saturated prior to the digestion trial.  The volatile solids (VS) content represent the percentage 
of VS of the initial dry substrate. Trial 1 had elevated values (86-91%) most likely due to the 
freshness of the manure, and the higher in situ straw content.  Trial 2 VS values are more typical of 
manure obtained from open air feedlots (Kissinger et al. 2007).  

Three leachate recirculation regimes were investigated: none, infrequent (weekly), and frequent 
(3x/week).  Recirculation was carried out by running the peristaltic pump for approximately 25 to 30 
minutes at the mid-level motor speed. This ensured that all the liquid in the reservoir would be 
recirculated at least once. 

The duration of Trial 1 and 2 were 40 and 36 days, respectively.  For standardization across all 
trials, only 33 days of data is reported.  At the end of the trial, vessels weights were recorded before 
and after leachate evacuation.  The leachate was collected and stored at 4°C for later use.  One kg 
composite digestate samples were obtained from each treatment and sent for the sample analysis 
as the initial substrate samples.  

Table 1:  Round 1 starting parameters 
Treatment Details Substrate 

(kg) 
Water 

Added (L) 
C:N Ratio MC (%) VS (%) 

Trial 1 

A 
As Is 

3x/ week 3.41 1.5 16.1 78.4 89.3 

B 
Crushed 
3x/week 4.18 1.3 16.4 76.2 89.7 

C 
As is 

No Recirc. 4.07 1.3 12.8 68.9 86.7 

D 
Crushed 
Weekly 4.03 1.5 12.0 76.8 85.7 

E 
As is 

Weekly 3.99 1.6 12.7 76.3 90.9 

F 
Crush 

No Recirc. 4.34 1.4 13.2 75.6 85.9 

Trial 2 

A 
As Is 

3x/ week 3.94 1.5 10.8 77.1 32.1 

B 
Crushed 
3x/week 3.89 1.5 11.3 76.9 41.9 

C 
As is 

No Recirc. 4.05 1.5 11.6 74.3 47.2 

D 
Crushed 
Weekly 3.95 1.5 13.4 67.8 38.5 

E 
As is 

Weekly 3.97 1.5 9.8 64.4 38.7 

F 
Crush 

No Recirc. 3.98 1.5 12.7 72.2 39.3 
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Round 2 Experimentation: Straw Addition Methods and Inoculation Strategies 

Round 2 consisted of duplicate digestion trials, Trial 3 and Trial 4.  Manure used for Trial 3 and 4 
was collected from the Pound-maker Feedlot in May 2012 and stored at 4°C until utilized.  Wheat 
straw was used for the straw addition.  The straw was completely mixed or layered with the 
substrate at manure to straw ratio of 22:1 by mass, in order to duplicate the straw mixing trials 
carried out at the PAMI pilot scale digester.  Weekly recirculation was employed as it proved to be 
the best regime concluded from Round 1.  

Three inoculation methods were investigated: none, solid digestate, and leachate.  Trial 2 digestate 
was used as the solid inoculant for the digestate trials.  The manure – digestate substrate mixes 
were done at a 3:1 ratio by mass.  The leachate from Trial 2 was utilized for the leachate inoculant 
treatments in Trial 3.  Trial 3 leachate was subsequently used for Trial 4.  The leachate was added 
to non-amended manure.  

A total of six treatments (A through F) were investigated in Round 2.  Table 2 outlines these 
treatments, as well as the starting parameters for each trial. Each treatment was conducted in 
triplicate (three vessels each), with the vessels placed randomly within the incubators. Successful 
triplicates averages were reported.  Each incubator contained three treatments each.  

Hand tools were used to mix the straw and manure substrate together in the mixed treatments.  In 
the layered treatment, straw and the manure substrate were layered in three in each vessel, with 
the straw at the bottom.  Approximately 3.4 to 4.0 kg of manure-straw substrate was added to each 
vessel, along with 1.0 to 1.1 L of water in order to fully saturate the substrate as well as to ensure 
adequate leachate production for recirculation.  The leachate inoculation trials saw the water 
replaced with leachate.  One kg composite manure-straw samples and 1 kg composite manure 
samples from the layered treatments were obtained for the same analysis as that of Round 1. In 
order to quantify the characteristics of the straw, a straw sample was submitted for analysis of 
moisture content, total carbon by combustion, loss on ignition, and total nitrogen. The carbon to 
nitrogen (CN) ratio of the bulk substrate ranged from approximately 14 to 23.  These were lower 
than the optimal range of 20 to 30 (Li et al. 2011).  The substrate went unaltered in order to acquire 
baseline feedlot manure results.  The moisture contents represent the characteristics of the 
substrate before it was fully saturated prior to the digestion trial.  The volatile solids (VS) content 
represent the percentage of VS of the initial dry substrate. The VS values were typical of manure 
obtained from open air feedlots (Kissinger et al. 2007). 

The duration of Trial 3 and 4 were 34 and 48 days, respectively.  For standardization across all 
trials, only 33 days of data are reported.  At the end of the trial, vessels weights were recorded 
before and after leachate evacuation.  The leachate was collected and stored at 4°C for later use.  
One kg composite digestate samples were obtained from the mixed treatments.  The digestate and 
straw were separated and sampled individually in the layered treatments.  Samples from each 
treatment were submitted for the same analysis as the initial substrate samples. 
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Table 2: Round 2 starting parameters 

Treatment Details Substrate 
(kg) 

Water 
Added (L) 

C:N Ratio MC
a
 (%) VS

b
 (%) 

Trial 3 

A 
Mixed 

No Inoc. 3.43 1.0 14.1 68.0 29.7 

B 
Mixed 

Digestate 3.58 1.0 23.4 62.0 36.5 

C 
Mixed 

Leachate 3.56 1.0 14.1 68.0 29.7 

D 
Layered 
No Inoc. 3.67 1.0 20.1 60.4 33.6 

E 
Layered 

Digestate 3.96 1.0 15.2 57.6 28.4 

F 
Layered 
Leachate 3.92 1.0 14.2 65.3 33.3 

Trial 4 

A 
Mixed 

No Inoc. 3.65 1.1 20.2 62.7 40.1 

B 
Mixed 

Digestate 3.67 1.1 17.6 64.4 25.7 

C 
Mixed 

Leachate 3.72 1.1 20.2 62.7 40.1 

D 
Layered 
No Inoc. 3.85 1.1 21.9 63.2 28.9 

E 
Layered 

Digestate 3.82 1.1 20.3 60.1 37.7 

F 
Layered 
Leachate 3.87 1.1 21.8 63.3 28.9 

a
 Wet basis moisture content of substrate prior to water addition 

b
 Dry basis volatile solids content of substrate 

Substrate Analysis 

Substrate and digestate analysis was conducted by ALS Laboratories (Saskatoon, SK).  Moisture 
content was determined using ASTM D2216-80 (ASTM, 2010) and total carbon, phosphorus, 
potassium and sulphur by Soil Science Society of America Standards (1997).  Ammonia-N and 
nitrate-N were determined using standards from Canadian Society of Soil Science standards 
(Carter, 1993) while total N using RMMA A3769 3.3 (Wolf et al., 2005).  Test Methods for the 
Examination of Composting and Compost standards (Leege and Thompson, 2001) were used to 
determine EC (4. 10-A), loss on ignition to determine volatile solids (VS) (05.07-A) and pH (4.11-A). 

Statistical Analysis 

Minitab software was utilized in the statistical analysis of variance (ANOVA) of the experimental 
results. Significant differences between treatments were determined at a significance level of 0.05.  
Average values of each treatment are reported.  
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RESULTS AND DISCUSSION 

Table 3 summarizes the experimental results of the bench scale SS-AD optimization study by 
outlining the gas yields (biogas and methane), methane content and energy yields of each 
treatment investigated.   

 

Table 3: SS-AD experimental results 

Treatment n
a
 

Biogas Yields
b
 Average 

CH4 
Methane Yields

b
 Energy Yields

d
 

L/kg/
d 

L/kg 
(CV) 

L/kg VS 
(CV) 

Content
c
  L/kg

VS/d 
L/kg 
(CV) 

L/kg VS 
(CV) 

MJ/kg MJ/kg 
VS 

Round 1 

A 
(As is, 3x/week) 5 1.27 

41.9 
(39%)  

333.2 
(50%) 

51 % 0.65 
21.5 

(39%) 
173.8 
(53%) 

0.77 6.2 

B 
(Crushed, 3x/week 

6 1.15 
37.9 

(41%) 
271.1 
(53%) 

52 % 0.59 
19.5 

(44%) 
141.2 
(55%) 

0.70 5.0 

C 
(As is, no recirc.) 

6 1.51 
49.9 

(14%) 
285.6 
(32%) 

53 % 0.80 
26.3 

(13%) 
151.2 
(34%) 

0.94 5.4 

D 
(Crushed, weekly) 

4 1.63 
53.8 
(3%) 

350.7 
(24%) 

53 % 0.86 
28.3 
(3%) 

185.4 
(27%) 

1.01 6.6 

E 
(As is, weekly) 

4 1.42 
46.9 

(15%) 
311.5 
(27%) 

53 % 0.76 
25.0 

(15%) 
166.6 
(29%) 

0.89 5.9 

F 
(Crushed, No recirc.) 

5 1.47 
48.4 

(15%) 
348.8 
(26%) 

53 % 0.78 
25.7 

(14%) 
186.5 
(27%) 

0.92 6.7 

Round 2 

A 
(Mixed, no inoc.) 6 1.11 

36.6 
(14%)  

306.5 
(20%) 

50 % 0.55 
18.2 

(23%) 
152.6 
(21%) 

0.65 5.4 

B 
(Mixed, digestate) 

6 1.22 
40.4 

(27%) 
371.2 
(32%) 

49 % 0.60 
19.7 

(13%) 
180.6 
(30%) 

0.70 6.4 

C 
(Mixed, leachate) 

5 1.06 
34.9 
(8%) 

273.3 
(15%) 

49 % 0.52 
17.2 

(24%) 
135.0 
(13%) 

0.61 4.8 

D 
(Layered, no inoc.) 

6 1.14 
37.5 
(7%) 

266.1 
(12%) 

49 % 0.55 
18.2 
(7%) 

129.3 
(12%) 

0.65 4.6 

E 
(Layered, digestate) 

6 1.16 
38.2 
(8%) 

240.6 
(8%) 

49 % 0.57 
18.7 
(7%) 

117.9 
(9%) 

0.67 4.2 

F 
(Layered, leachate) 

6 1.19 
39.4 
(0%) 

291.4 
(8%) 

49 % 0.58 
19.3 
(9%) 

142.5 
(8%) 

0.69 5.1 

a n value corresponds to the number of successful vessels 
b Biogas and methane yields are litres of gas produced per kilogram of wet starting substrate, and per 
 kilogram initial dry volatile solids. 
c Average methane content was calculated by dividing the total average methane produced by the total 
 biogas production 
d Energy yields were calculated by applying the methane energy value of 0.0357MJ/L to the methane 
 yields 
CV Coefficient of variation (standard deviation divided by average) 
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Round 1 

Effect of Particle Size Reduction.  The particle size reduction investigation yielded inconclusive 
results.  Two of the three “as is” treatments showed a slow and slight decline in daily gas yield 
between days 3 and 5, while the remaining treatments had consistent incremental gas yields until 
the stationary production phase at around day 8, as seen in Figure 1a.  Gas yields resumed at a 
steady increase after this delay.  The daily gas yield had minimal differences between the two size 
reduction treatments throughout the trials.    

The cumulative biogas yields did not strongly indicate a better treatment, as seen in Figure 1b.  For 
each of the three treatment sets (none, infrequent, and frequent recirculation), the crushed 
treatments yielded same, more, and less biogas, respectively, as seen in Table 3. A crushed 
treatment was the best performer of the round with a biogas yield of 53.8 L/kg.  The methane 
contents between the treatments were the same, as seen in Figure 1c. Two of the three crushed 
treatments showed better methane yield per mass volatile solids performance, with the best result 
being 186.5 L/ kg VS, opposed to the best “as is” treatment of 173.8 L/kg VS.   Despite previous 
studies indicating that size reduction results in improved gas production, the ANOVA test suggest 
that a significant difference (p<0.05) between the treatment sets for biogas yield and methane yield 
was not present (p=0.977 and p=0.740, respectively).  

This inconclusive result is likely due to the inherent systematic error in the method of vessel 
loading.  The 0.15m diameter of the vessels required that some of the “as is” substrate be broken 
down in order for it to be inserted. This resulted in similar particle size between the two treatments.  

Effect of Leachate Recirculation. Frequent recirculation (3x/week) showed a negative impact on 
feedlot manure SS-AD.  The daily biogas production peaked sooner than the other treatments, and 
had an overall lower daily rate range of 1.2 to 1.3 L/kg/day, as seen in Figure 1a.  The no and 
infrequent recirculation regimes had very similar daily production with rates between 1.4 and 1.6 
L/kg/day.   

The cumulative biogas yields clearly show that frequent recirculation reduced the overall 
performance; while no and infrequent recirculation had no major differences, as seen in Figure 1b.  
The frequent recirculation yielded between 38 and 42 L/kg, while the other treatments ranged 
between 47 and 54 L/kg, as seen in Table 3.  The biogas yield observations matched the ANOVA 
test result indicating a significant difference (p<0.05) between the three recirculation regimes 
(p=0.029), with no and infrequent being better than frequent, and no and infrequent being equal to 
each other.  Frequent recirculation of all the leachate that was produced may cause some inhibition 
of the anaerobic cultures (Shahriari et al. 2012).  

Despite this clear difference in biogas yields, the methane content was consistent across all 
treatments, with a value of approximately 53%.  This similarity is evident in the ANOVA test 
resulting in no significant differences in methane yields between the three recirculation treatments 
(p=0.969).   

The recirculation regime also had an effect on the variability of the gas yields.  The coefficient of 
variation (CV) values presented in Table 3 show that frequent recirculation results had high 
variability in gas yield data, with values between 38 and 42% for biogas on a per kilogram substrate 
basis, and 53 and 55% for methane on a per kilogram VS basis.  CV values for biogas yield for 
infrequent recirculation ranged between 3 and 15%, and no recirculation ranged between 14 and 
15%.  Infrequent recirculation also had the lowest CV for methane yield, ranging between 27 and 
29%. The frequent recirculation may have caused disruption in the microbial process, resulting in 
varying biogas production effects.  
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Figure 2: Round 1 Results, (a) daily biogas yield (L/kg substrate), (b) cumulative biogas yield (L/ kg 
substrate), (c) % methane content 
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Round 2 

Effect of Straw Addition.  Despite increasing the CN ratio closer to the more optimal range, and 
decreasing the bulk density of the substrate, the addition of straw caused an overall decrease in 
biogas yields of approximately 20%. The methane content also saw a decrease of approximately 
4% on average.  The decreased bulk density of the substrate as a whole may have caused an 
overall decrease in potential microbial biomass, resulting in reduced biogas production. The added 
straw also delayed the peak daily biogas yield by approximately two days; however, the biogas 
decline was much slower, maintaining higher daily rates longer, as seen in Figure 3a. 

Figure 3a reveals that the straw addition method pairs (no inoculation, digestate, leachate) had very 
similar daily biogas yields.  The mixed method did have a better result for one of the pairs, with a 
peak daily rate of approximately 2 L/kg, opposed to approximately 1.6 L/kg.  This mixed treatment 
also yielded the highest biogas of approximately 40 L/kg, as see in Figure 3b.  Despite these 
results, the ANOVA test between the two methods of straw addition did not result in a significant 
difference (p=0.547).   

The methane content of the biogas was the same between the two methods, with compositions of 
approximately 49%; however, the mixed method did have better methane yields. The ANOVA test 
between the methane yields on a per kilogram VS saw a significant difference (p=0.017).  Table 3 
shows that the mixed treatments had ranges of 135 to 181 L/ kg VS, while the layered treatments 
ranged from 118 to 142 L/kg VS. It would appear that having straw evenly distributed throughout 
the substrate improves the proliferation of methanogenic microbes, resulting in improved methane 
yields. 

The layered treatments resulted in more consistent results, with CV values more than half of their 
mixed counterpart.  The biogas yield CV values for the layered treatments ranged between 0 and 
8%, while the mixed ranged between 8 and 27%.  The layered methane CV values ranged between 
8 and 12%, with the mixed ranging between 13 and 30%.  

Effect of Inoculation.  The method of inoculation did not greatly affect biogas and methane yields 
over the duration of the trials.  The ANOVA test did not result in a significant difference for biogas 
yields per kilogram substrate and methane yields per kilogram VS (p=0.520 and p=0.733, 
respectively).  As can be seen in Figures 3a and 3b, the overall biogas yields between the 
treatments were overall very similar; however, one major characteristic was observed.  The 
digestate inoculated treatments had accelerated biogas yields, resulting in daily rates up to twice 
the amount of the other treatments.  This can be clearly seen in Figure 3a, with Treatment B at 1.4 
L/kg/d at day 5, with its no inoculant counterpart, Treatment A, at 0.6 L/kg/d on the same day.  This 
acceleration effect is also seen in the methane content, with the digestate treatments producing 
more methane quicker than the other treatments, as seen in Figure 3c.  The non-inoculated 
treatments were slow to produce gas, and had a delayed peak daily rate occurring on day 13, 
opposed to day 10/11 with the digestate treatments.   It would appear that the broad array of 
anaerobic microbes in the digestate caused for a more immediate benefit to the SS-AD.  

The leachate inoculated treatments resulted in erratic biogas yields throughout the trials, as seen in 
Figure 3a.  Despite this anomaly, the leachate trials had the lowest variability between replicates, 
resulting in CV values between 0 and 8%.  These results may be caused by the way the leachate 
absorbed into the substrate mass, and how the microbial biomass was transferred from the liquid to 
the solid.  Because of the heterogeneity of manure, the leachate absorption would not be consistent 
throughout the digestion; however, it would remain consistent from manure trial to manure trial.  

There were interaction relationships observed throughout the Round 2 of SS-AD trials.  The 
hierarchy of inoculation methods differed with the method of straw addition.  As can be seen in 
Figure 3b and Table 3, the mixed method had digestate performing the best, with no inoculation 
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second, and leachate third, with biogas yields of 40 L/kg, 37 L/kg, and 35 L/kg, respectively. The 
layered method had tighter results, but with leachate inoculation performing the best, with digestate 
second, and no inoculation third, with biogas yields of 39 L/kg, 38 kg/L and 37 kg/L, respectively.  
The methane yields also followed this trend.  These results would suggest that the layers of straw 
within the substrate act as a sort of filter barrier which slows the leachate percolation through the 
mass, thus helping with the inoculation.  Having the straw completely mixed does not provide with 
this advantage, and could potentially cause for preferential percolation paths that would render the 
mass with little inoculation.  Pilot-scale trials would need to be conducted to confirm these results.  
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Figure 3: Round 2 Results, (a) daily biogas yield (L/kg substrate), (b) cumulative biogas yield (L/ kg 
substrate), (c) % methane content 

CONCLUSION 

The bench scale apparatus and laboratory set-up allowed for successful investigations of SS-AD 
parameter optimization of feedlot manure. Round 1 of the study looked into the effects of particle 
size reduction and leachate recirculation as means to optimize SS-AD of feedlot manure.  The 
particle size reduction results were inconclusive due to the systematic error of the bench scale set-
up causing for the non-reduced manure to be slightly crushed for it to be inserted in the vessels.  
Pilot-scale trials would need to be conducted in order to understand the particle size reduction 
effects.  Leachate recirculation did not greatly improve biogas yields, leading to the conclusion that 
no recirculation would be the better choice due to the unnecessary need for additional energy to be 
inputted into the system; however, infrequent recirculation (weekly) provided with reduced 
variability, making for more consistent and predictable results.  

Round 2 of the study looked into the effects of straw addition methods, and inoculation methods.  
Despite improving the CN ratio, and bulking up the substrate, straw addition lowers the biogas yield 
by approximately 20%, with methane contents begin reduced by approximately 4%, and methane 
yields on a per kilogram VS being reduced up to 35%. The addition of straw did increase the 
longevity of SS-AD by maintaining higher daily gas rates longer.  More trials should be conducted in 
order to determine an optimum ratio.  The mixed and layered methods of straw addition did not 
significantly differ; however, the mixed method had better methane yields per kilogram VS, while 
the layered treatments provided with reduced variability.  The method of inoculation did not greatly 
affect biogas and methane yields. The digestate method did show an initial acceleration in biogas 
yield and methane content; however, the total trial production was not affected.  An interaction 
relationship was observed between the method of straw addition and inoculation. Using leachate as 
an inoculant performed the best with the layered treatments, while using digestate was more 
beneficial with the mixed treatments.  This would indicate that a feedstock specific method of 
inoculation should be employed.    

The baseline data gathered throughout this bench scale study will provide valuable insight on the 
performance of the pilot scale facility.  The information accumulated will also aid in the filling the 
SS-AD knowledge gap currently associated with the feedlot manure digestion in the Canadian 
Prairies. Further bench scale studies could include more feedlot manure SS-AD optimization 
techniques, such as but not limited to additional leachate recirculation regimes and methods, 
inoculation studies, co-substrate digestion, and the effects of temperature variation.   
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