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ABSTRACT Millions of tonnes of solid organic waste are generated in Western Canada every year. 
Anaerobic digestion of solid waste is more desirable than combustion or gasification as a waste-to-energy 
technology because of the ability to extract energy (biogas) and generate nutrient-rich digestate material that 
can be used as a fertilizer. However, most anaerobic digestion systems are suitable only for liquid waste so 
information on the operating parameters for solid-state digestion and the biogas potential of solid feedstocks 
is lacking. To help fill this knowledge gap, The Prairie Agricultural Machinery Institute (PAMI) designed and 
commissioned a pilot-scale solid-state anaerobic digester (SS-AD) at a beef research farm in central 
Saskatchewan, Canada. PAMI’s SS-AD research program is generating new and valuable information on the 
biogas production potential of solid organic waste produced in Western Canada. 

Initial trials at the pilot scale SS-AD utilized solid beef manure mixed with straw and yielded biogas with a 
methane content of 50% on average (65% maximum). The methane (CH4) yield from beef manure at the pilot 
facility (100 L CH4/kg volatile solid) was lower than the yield from beef manure digested in bench scale 
reactors (150-200 L CH4/kg volatile solid), but this was attributed to the temperature fluctuations (and possibly 
compaction) in the pilot facility. The first side-by-side trial at the pilot facility showed that frequent leachate 
recirculation may have hindered biogas production compared to no leachate recirculation. Frequent 
recirculation of leachate also had a negative effect on biogas production in the bench scale system. A 
preliminary economic analysis showed that SS-AD is more cost-effective than high solids liquid digestion for 
processing of solid organic material.  

Keywords: anaerobic digestion, dry fermentation, biogas production, manure, methane, leachate, 
optimization, parameters, pilot-scale.  
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INTRODUCTION  

Anaerobic digestion is gaining momentum in Canada as a waste management  treatment and 
energy recovery process. During anaerobic digestion, organic waste is broken down by naturally 
occurring micro-organisms that convert the volatile portion of the organic matter into methane and 
carbon dioxide (biogas). The remaining organic matter is converted into a stable, humus-like 
product called digestate. Depending on the type of organic matter and the operating parameters of 
the system, the process requires 20 to 60 days to convert the material into biogas and digestate. 
Anaerobic digestion is a viable treatment option that stabilizes nutrients to improve fertilizer value 
and reduces the risk of environmental contamination. 

Most active anaerobic digesters are designed for liquid organic waste. Liquid waste (dry matter 
content less than 15%) can be pumped and metered mechanically. Liquid digesters usually consist 
of a mixing tank and an intermittently or continuously stirred reactor tank. Material is slowly metered 
into the reactor tank where substrate is digested and where biogas is collected in the headspace. 
Liquid anaerobic digesters are suitable for liquid wastes such as pig manure, dairy manure, and 
wastewater. But a large portion of organic waste is considered a solid waste (dry matter content 
greater than 15%) that cannot be processed in traditional liquid digesters. Solid organic waste is 
generated in massive quantities from beef cattle feedlots, slaughter facilities, food processing 
facilities, and crop production. Solid-state anaerobic digestion (or dry fermentation) has the 
potential to generate biogas from solid feedstocks that would otherwise have little energy value. 
Since solid organic waste cannot be pumped or metered mechanically, a solid-state digester 
requires specialized systems and controls to provide the environment required for healthy 
anaerobic digestion. Technical hurdles associated with solid-state digestion include liquid 
recirculation (for mixing), achieving and maintaining airtight seal, and material handling. 

In 2008, the Prairie Agricultural Machinery Institute (PAMI) designed a pilot-scale (10 to 20 tonnes 
per batch) solid-state anaerobic digestion (SS-AD) facility to provide experience and knowledge in 
solid-state anaerobic digestion. The pilot-scale digester was designed to provide information on 
material handling challenges and the feasibility of large-scale digester implementation. The overall 
goal of the facility was to advance the science to the point where it can become a viable treatment 
option for solid organic waste with commercialization potential. A bench-scale study was also 
initiated to scientifically evaluate the effect of varying operating parameters on biogas production 
and digestate quality (Gaudet et al., 2013).  

This paper describes the pilot-scale facility and summarizes the results from trials conducted in 
2012.  

DESCRIPTION OF FACILITY 
PAMI`s pilot-scale SS-AD is located at the Western Beef Development Centre ranch near Lanigan, 
SK. The main components of the facility consist of  

• two airtight reactors,  
• two heated containment vessels for the reactors,  
• liquid recirculation equipment, 
• equipment for gas collection, metering, and compression, and 
• instrumentation controls and housing.  

Airtight Reactors and Containment Vessels The airtight reactors used in the initial design 
commissioned in 2011 were composting bags from the Ag-Bag composting system, which had 
showed some success for anaerobic digestion in Germany. A description of the Ag-Bag digester 
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reactors and trials can be found in Agnew et al. (2011). Due to temperature control and sealing 
issues, the reactors were redesigned and re-commissioned in 2012.  

The redesigned reactors consisted of two water-tight, roll-off containers with four wheels (Figure 1). 
The capacity of each of the two reactors is approximately 15 m3 or 10 tonnes. Piping for heated 
glycol, which was heated using a DryAir unit, was secured inside each reactor to help maintain 
mesophilic temperatures in the substrate. To aid in maintaining an even heat distribution, diesel 
engines were used to heat the air in the shipping container surrounding each reactor. For each 
reactor, a custom lid created an airtight seal, while fittings and piping facilitated leachate 
recirculation.  

 
Figure 1. Reactor with custom piping connections for heating and leachate recirculation. 

The new reactors were housed in the shipping container used in the original design for protection 
and secondary heating (via the diesel, forced air heater on the shipping container). Custom rails 
were designed to facilitate loading the reactor into and out of the shipping container (Figure 2).  

 

 
Figure 2. Rails for loading and unloading the reactor, which required moving the reactor into and out of the 
shipping container. 
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Once the reactor lid was removed, the reactor was loaded from the top using a front-end loader. 
The substrate (manure) was then evenly spread-out. For unloading the reactor, the back door of 
the vessel opened to provide access for a skid steer. 

Leachate Recirculation For solid-state digestion, liquid or leachate recirculation can then be 
used to provide “mixing” within the reactor and to facilitate contact between the microbes and 
substrate (food source). A liquid distribution system can also be used to inoculate fresh feedstock 
with inoculum such as leachate from a previous trial.  

The new reactor was designed to include perforated piping on the underside of the lid for 
water/leachate distribution over the substrate. The liquid percolates through the feedstock and 
pools at the bottom of the vessel. The entire shipping container is positioned on an angle to allow 
gravity to pull the pooled liquid to the front of the vessel and through the sump lines at the front of 
the vessel. 

The liquid drains by gravity from the sump lines into a 190 L sump pit. Each reactor has its own 
sump pit. From the sump pit, the leachate is pumped to the liquid ISO container where it can be 
directed to one of three 760 L holding tanks. Once in the holding tank, the leachate can be pumped 
to any of the other five tanks or back to any of the reactors. As the microbe-rich leachate has the 
potential to generate gas during storage, gas collection lines were added to the sump and storage 
tanks. 

Gas Collection As the gas collects in the headspace of the reactor, it is pushed through the gas 
collection line to one of three inlet streams in the gas compression and metering equipment. The 
equipment can accommodate gas from three separate sources: the two reactors and the liquid 
storage tanks. The gas is passed through a series of valves and instrumentation before being 
compressed and released to the flare. The system was designed to accommodate future expansion 
and addition of gas storage and utilization equipment such as a combined heat and power unit.  

Controls and Instrumentation A programmable logic controller (PLC) in the control container 
controls the pumps, instrumentation, gas sensors, ventilation fans, alarms and other system 
controls. All information is displayed on a screen and logged on a memory card and available for 
remote monitoring by a wireless linkup.  

 

MATERIALS AND METHODS 
The goal of the digestion trials in 2012 was to generate information on the biogas production and 
evaluate the effect of leachate recirculation on biogas production at the pilot-scale.  

The first new reactor (Reactor B) was commissioned and leak tested in mid-June and was loaded 
with for a preliminary trial on June 14, 2012. An estimated 6 tonnes of solid feedlot manure was 
layered with wheat straw in the reactor. Approximately 567 L of leachate from the 2011 trials was 
pumped into the reactor to saturate the substrate and initiate digestion. Then, approximately 378 L 
of leachate was periodically recirculated in the vessel. The substrate temperature, gas production, 
and gas concentration were continually monitored to evaluate digestion performance. The reactor 
was unloaded after 76 days of digestion.  

During the week of September 4, 2012, both reactors were loaded with fresh feedlot manure that 
was layered with straw. Reactor A was loaded with 7.3 tonnes of manure and straw and Reactor B 
was loaded with 6.5 tonnes of manure and straw. On September 10, 2012, (day 0) the reactors 
were sealed. The feedstock in each reactor was then saturated with 511 L of leachate from the 
June trial and 580 L of water; the heating systems were then started. To allow a side-by-side 
comparison of the effect of leachate recirculation on biogas production at the pilot scale, leachate 
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was recirculated twice per week in Reactor B, while leaving Reactor A as a control. The reactors 
were unloaded after a 52 day retention time.  

 

RESULTS AND DISCUSSION 
June Trial (Reactor B only) After some minor temperature set-point adjustments the heating 
systems successfully maintained steady mesophilic temperatures (around 37°C) within the reactor. 
Gas production was slow during the first few weeks of the June trial, likely due to the advanced age 
of the leachate used as an inoculant, but by day 38, biogas production peaked at 7.1 m3 per day. 
The methane concentration of the biogas peaked at 65% (35% carbon dioxide) around day 30. The 
average methane concentration of the biogas was 50% (50% carbon dioxide).  

The reactor was unloaded after 76 days of digestion. At that point, gas production was still 
approximately 4 m3 per day, but the side-by-side trial was scheduled to begin. The material settled 
significantly during digestion (Figure 3 and Figure 4) and it was noted that the middle and bottom 
layers of straw appeared to have degraded considerably (Figure 5).  

 

 

Figure 3. Reactor B immediately after loading (June 14, 2012). The reactor was loaded with three layers of 
straw and two layers of manure (total of 6 tonnes). 

 

 

Figure 4. Reactor B immediately after unsealing (September 5, 2012).  
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Figure 5. Digestate profile from Reactor B. The middle layer of straw was not visible. 

At the end of the trial (day 76), a total of 312 m3 of biogas had been recovered, which included 164 
m3 of methane. Based on the estimated mass and volatile solids content in the feedstock loaded in 
the reactor, the preliminary trial yielded approximately 97 L of CH4 per kg of volatile solids. Typical 
methane yields reported in literature for dry fermentation of manure range from 50 L per kg to 
200 L per kg of volatile solids (Parker et al., 2002; Lung et al., 2010). However, at the end of the 
trial, daily gas production was still approximately 4 m3 so the material was not completely digested. 

September Trial (both reactors A and B) It took almost six full days to heat the feedstock to 
the desired temperature. During that time, the pressure built in both reactors and some gas was 
collected, but it was apparent that neither vessel was perfectly sealed. The seals were then 
repaired on both reactors. The biogas flow from Reactor A topped 5.7 m3 per day by September 19 
(day 9), but the pressure in Reactor B still did not build up enough to cause biogas to flow (Figure 
6). Extensive leak testing was performed on September 20, 2012, and a small crack in an external 
valve was repaired. By day 17, both reactors were producing biogas, but biogas production from 
Reactor B lagged biogas production from Reactor A until day 37. Each reactor was monitored daily 
for temperature, gas pressure, gas flow, and gas concentration. The methane concentration in the 
biogas peaked at 48% around day 25 for the June trial.  

Biogas flow from Reactor A reached 7 m3 per day by day 19 which was considerably faster than 
during the June trial. This was likely due to the fresh leachate used as an inoculant for the 
September trial.  
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Figure 6. Biogas and methane production from pilot-scale solid-state anaerobic digester. Reactor A had no 
leachate recirculation and Reactor B had leachate recirculation twice per week. 

The reactors were unloaded in November (52-day retention time). The methane yield from the non-
recirculated reactor (73 L/kg VS) was higher than the yield from the recirculated reactor (46 L/kg 
VS). The recirculated reactor did recover around day 13 and began generating some gas; however, 
the gas yield from this trial was lower overall than the preliminary trial. This may have been due to 
cooler ambient temperatures and the failure of the secondary heating system (forced air from diesel 
engines on the shipping container) during the September trial. The resulting uneven heat 
distribution, where  The resulting temperature fluctuations (as low as 25°C) within the reactors may 
have inhibited the mesophilic microbial activity. In addition, the mass of substrate loaded in the 
reactors may have resulted in compaction of the lower layers, inhibiting gas production.  

Initially, the negative effect of leachate recirculation on gas production was surprising. However, the 
results of the bench-scale trials (Gaudet et al., 2013) also showed that frequent leachate 
recirculation hindered gas production in replicated trials, likely due to disruption of the microbial 
community during the digestion process. This is in contrast to research at other dry fermentation 
facilities (BioFERM, Kaiser et al., 2003) and lab-scale studies (Demirbas, 2006, San and Onay, 
2001, Sponza and Agdag, 2004) that showed that incorporating leachate recirculation in the solid 
system results in higher biogas production volumes. These studies also reported that leachate 
recirculation resulted in shorter required retention times. In this study, the use of fresh leachate as 
an inoculant shortened retention times in the September trial compared to the June trial.   

The effect of digestion on the physical and chemical composition of manure was also evaluated. A 
comparison of the nutrient content of raw and digested manure from the bench scale study (Gaudet 
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et al., 2013) is shown in Table 1. During the digestion process, nutrients contained in the manure 
are transformed such that much of the organic N present in the feedstock is converted to 
ammonium. The nutrient data from this study shows a loss of carbon during digestion (due the 
production of CO2 and CH4), and an increase in NH3-N content. Other macronutrient contents 
(sulfur (S), potassium (K) and phosphorus(P)) increased slightly due to digestion. 
Table 1. Nutrient content of the bench-scale SS-AD substrate and digestate showing no substantial nutrient 
difference between the two. 

 
 Average nutrient content across treatments (kg/tonnedry) 

Total C Total N C:N NH3-N NO3-N S P K 
Raw Manure  68 4.02 16.9 0.54 <0.20 1.14 1.40 3.29 
Digestate 60 4.11 14.6 0.99 <0.20 1.38 1.84 4.57 

When the digestate is incorporated into the soil instead of raw manure, less ammonium is lost to 
volatilization and more will be converted to nitrite and then nitrate by microorganisms, which is 
more readily available to plants (Topper and Richard, 2013). As methane is being captured and 
converted to energy, the anaerobic digestion of raw manure can also lead to less nitrogen loss due 
to volatilization (Topper and Richard, 2013) and a reduction in the carbon footprint when compared 
to traditional manure management systems. Anaerobic digestion can also help destroy pathogens 
and weed seeds that would otherwise still be in the manure when it is land-applied (Eckford et al., 
2012; Topper and Richard, 2013). It should be noted that anaerobic digestion is being evaluated as 
an adequate means of destroying the prions that cause Bovine Spongiform Encephalopathy (BSE), 
also known as Mad Cow Disease.  

While this study demonstrates that it is possible to generate biogas from solid organic feedstocks at 
a pilot-scale, the viability of the technology to process material at a commercial scale is still 
questionable. PAMI’s facility was designed for research purposes and was not intended to be 
scaled up for commercial production. In 2013, PAMI conducted a detailed economic feasibility 
study of solid-state anaerobic digestion and compared three designs: a high solids liquid system 
(currently in operation at HiMark Biogas near Vegreville, AB), a concrete bunker style solid system 
(similar to the BioFERM design) and a pit style solid system. The capital and operating costs were 
assessed and compared for a system designed to handle solid feedlot manure from a 40,000 head 
feedlot. The return on investment for the bunker and pit systems was between 6 and 8 years while 
the return on investment for the high solids liquid digester was approximately 50 years (Sampson et 
al., 2013). This indicates that digesting solid feedstock in its solid form is more efficient and 
economical than diluting and digesting in tanks.  
 

CONCLUSIONS AND RECOMMENDATIONS 
PAMI’s pilot solid-state digestion facility provides the opportunity for unique and important research 
and demonstration of biogas generation from solid waste. The information on biogas potential, 
retention times, heating requirements, and material handling gained during the pilot trials will be 
used to develop a system for farm-scale implementation of solid-state digestion. The pilot facility 
and bench-scale systems provide the flexibility and control needed to conduct research trials to 
optimize the process. The effects of feedstock pretreatment (size reduction, mixing) and key 
operating parameters (method of inoculation, frequency of leachate recirculation) are important to 
evaluate because the complexity of a full-scale digester will be influenced by the need for feedstock 
pretreatment and leachate recirculation.  

The gas production from feedlot manure and straw was relatively low and variable (46 to 97 L 
CH4/kg VS) from the pilot facility. The first trials (June to August, 2012) generated 97 L CH4/kg VS, 
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but daily gas production was still significant when the reactors were unloaded on day 76 of the trial; 
therefore, the total gas production may have been higher. This first trial was not inoculated with 
fresh material, which contributed to the slow startup and long retention time of the trial.  

The methane production from the pilot facility (46 to 97 L CH4/kg VS) was lower than values 
published in the literature for similar feedstocks. However, no studies reported on gas production 
values from a system of this scale under non-laboratory conditions. Furthermore, it is difficult to 
assess the effects of temperature fluctuations or compaction on biogas production from the pilot-
scale facility. The feedstock was up to 1.5 m deep in some places in the reactor and there may 
have been a wide temperature distribution or difference in compaction throughout the reactor that 
may have affected microbial populations. These effects may be assessed at the bench scale in the 
future. 

The side-by-side trial (September to November, 2012) results showed that the non-recirculated 
reactor generated more gas than the recirculated reactor. This result was confirmed in the bench-
scale study where frequent recirculation (three times per week) was shown to hinder methane 
production and increase the variability of biogas production.  

Finally, a full economic feasibility analysis of the integration of solid-state digestion into an existing 
facility is required. This will require an evaluation of the capital and operating costs of a digester as 
well as the value of the products. The value of the biogas will depend on the quantity that can be 
generated as well as the efficiency of conversion and the ability to use the resulting heat and power 
on-site. In some provinces, selling excess electricity generated from biogas to the grid can be 
profitable because of green energy incentives. The value of the digestate as a soil additive should 
also be assessed to assign a value to the digestion process. 
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