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Anaerobic digestion (AD) facilities provide a renewable energy source while also 

diverting organic material from landfills.  In 2011, UW Oshkosh built the first “dry” 

anaerobic digester in North America.  Biogas in this facility is generated from the 

anaerobic digestion of organic feedstock material, and used to fuel a combined heat and 

power unit (CHP) that generates electricity and heat for the university.    

 

The organic materials that serve as a source of feedstock for biogas generation is 

influenced greatly by the seasonality of the region where a biogas system operates. The 

overall objective of this research was to evaluate the various feedstocks used at the UW 

Oshkosh dry digester and determine if feedstock changes had an impact on plant 

performance.  Both actual operational data collected during the first two years of 

operation and a bench-scale biogas system were utilized to see the impact of feedstock 

changes on biogas output.  In addition to biogas output, physical and chemical analyses 

on the feedstocks was conducted to help elucidate the impact of the many feedstock 

variables.  Two critical parameters that were monitored for each feedstock were dry 

matter (DM) and organic dry matter (oDM).   These parameters were chosen due to the 

fact that facility operators use DM metrics to monitor total recipe for stackability and 

drainage purposes, and oDM content is what drives biogas production.  DM and oDM 

tests were conducted on all incoming feedstocks at the UW Oshkosh dry digester over a 

two year period.  At the same time biogas production was also evaluated on almost a real-

time basis.   

 

Within the bench-scale biogas system, food waste generated the largest biogas 

yield, 3092 Average Standardized Gas Volume (mL) generated.  Statistical analyses 

conducted on the data collected as part of this project indicate that there is a significant 

relationship between biogas output and the seasonal influence on feedstock oDM content.  

Statistical analysis of seasonal impact on feedstock and total recipe mix oDM on facility 

operational data using Kruskal-Wallis ANOVAs generated the most consistent 

occurrences of significant p-values  ≤0.05.  
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Introduction to Industrial Scale Dry Anaerobic Digestion 

 

The Anaerobic Digestion Processes 

Anaerobic digestion (AD) is a series of processes in which microorganisms break 

down biodegradable, organic material in the absence of oxygen.  This process occurs 

across the world in locations where organic material can achieve anaerobic conditions, 

such as in the waterlogged soils of watercourses, peat bogs, swamps, the mammalian gut, 

and in landfills.  A byproduct of this microbial process is also the product of interest, a 

biogas rich in methane (Hilkiah Igoni, Ayotamuno, Eze, Ogaji, & Probert, 2008).  

Methane is a potent greenhouse gas, but it has high energy potential if it can be collected.  

The following Figure 1 from (Li, Park, & Zhu, 2011) is a representation of how anaerobic 

digestion occurs as a stepwise process.   
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Figure 1:  Model of the anaerobic digestion processes (Li et al., 2011) .   

 

 

 Steps of anaerobic digestion — hydrolysis.  Hydrolysis is the first step of the 

anaerobic digestion process.  Complex organic polymers such as proteins, lipids, and 

carbohydrates are broken down into amino acids, long-chain fatty acids, and simple 

sugars.  For instance, hydrolysis of sucrose, also known as table sugar, yields glucose and 

fructose.  Hydrolysis becomes the rate-limiting step of methane production.  This step 

also determines the conversion efficiency of the feedstock since it makes the simple 
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monomers required for the subsequence steps in AD.  This process is driven by bacteria 

(Amani, Nosrati, & Sreekrishnan, 2010; Supaphol, Jenkins, Intomo, Waite, & O’Donnell, 

2011) and is summarized in Table 1. 

 

Table 1: Typical bacteria species known to conduct hydrolysis.  Substrate and products 

listed. 

Typical Species Substrates Products 

Clostridium sp. 

Proteus vulgaris 

Peptococcus sp. 

Bacteriodes sp. 

Bacillus sp. 

Vibrio sp. 

Proteins Amino acids, sugars 

Clostridium sp. 

Acetivibrio cellulolyiticus 

Staphylococcus sp. 

Bacteriodes sp. 

Carbohydrates Sugars 

Clostridium sp. 

Micrococcus sp. 
Lipids 

Higher fatty acids, alcohols, 

amino acids 

Bacillus sp. RNA/DNA Purines, pyrimidines 

*Table adapted from (Amani et al., 2010) 

 

 

Steps of anaerobic digestion — fermentation.  Different bacteria then convert 

the reduced compounds, or monomers, derived from the hydrolysis stage to a mixture of 

short-chain volatile fatty acids (such as acetate, formate, and butyrate), carbon dioxide, 

hydrogen, and organic acid (Amani et al., 2010).  Many scientific papers lump 

fermentation and hydrolysis together since the two processes are taking molecules from 

complex organic polymers to organic acids, which is the important component of the next 

stage of anaerobic digestion (Amani et al., 2010; Supaphol et al., 2011).  However, they 
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are individually separate steps that result in far different compounds and will be discussed 

as such.  Table 2 summarizes a few of the typical species known to undergo fermentation. 

 

Table 2: Typical bacteria species known to conduct fermentation.  Substrate and products 

listed. 

Typical Species Substrates Products 

Lactobacillus sp. 

Eschericia coli 

Amino Acids 

Valerate, Isovalerate, 

propionate, butyrate 

Staphylococcus sp. 

Bacillus sp. 

Pseudomonas sp. 

Micrococcus sp. 

Clostridium sp. 

Zymomonas mobiliz 

Acetate, H2, Higher fatty 

acids 

Eubacterium sp. 

Sugars 

CO2, H2, formate, acetate 

butyrate 

Eschericia coli 
CO2, H2, formate, acetate, 

ethanol, lactate 

Bifidobacterium sp. 
Formate, acetate, ethanol, 

lactate 

Acetobacterium sp. Acetate 

Clostridium sp. Fatty acids 

Valerate, isovalerate, 

propionate, butyrate, 

acetate, H2 

*Table adapted from (Amani et al., 2010) 

 

 

Steps of anaerobic digestion — acetogenesis.  Acetogenic bacteria convert the 

short-chain volatile fatty acids and alcohols from fermentation to acetate, more carbon 

dioxide, ammonia and/or hydrogen.  These products from acetogenesis are the direct 

substrates for methanogenesis, the production of methane, in the final step (Amani et al., 

2010; Supaphol et al., 2011).  Table 3 summarizes the typical species known to undergo 

acetogenesis. 
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Table 3: Typical bacteria species known to conduct acetogenesis.  Substrate and products 

listed. 

Typical Species Substrates Products 

Syntrophobacter wolinii 

S. fumaroxidans 
Butyrate Acetate, H2/CO2, Formate 

Syntrophonomas wolfei 

P. schinkii Propionate 
H2/CO2, Formate 

Smithella propionica Butyrate, acetate 

Clostridium aceticum H2, CO2 Acetate 

*Table adapted from (Amani et al., 2010) 

 

 

Steps of anaerobic digestion — methanogenesis.  Methanogens are archaea that 

use the substrates of acetate, carbon dioxide, and hydrogen to produce methane and more 

carbon dioxide.   Recent research advances have confirmed that the methanogens come 

only from the domain archaea (Bapteste, Brochier, & Boucher, 2005; Luo et al., 2009), 

despite some papers referring to them as methanogenic bacteria.  Perhaps this is because 

many of them live in close association with other anaerobic bacteria.  Table 4 summarizes 

the typical species known to undergo methanogenesis. 
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Table 4: Typical archaea species known to conduct methanogenesis.  Substrate and 

products listed. 

Typical Species Substrates Products 

Methanothrix soehngenii 

Methanosaeta concilii 

Methanosarcina acetivorans 

Acetate CH4, CO2 

Methanobacterium bryantii 

M. alcaliphilum 

Methanobrevibacter arboriphilus 

Methanolacinia paynteri 

Methanospirillum hungatei 

Methanoplanus endosymbiosus 

M. olentangyi 

H2, CO2 CH4 

Methanobacterium formicicum 

Methanobrevibacter smithii 

M. ruminantium 

Methanococcus voltae 

M. deltae 

M. maripaludis 

Methanoplanus limicola 

M. olentangyi 

M. tatii 

M. bourgense 

Methanocorpusculum aggregans 

Formate, H2, CO2 CH4, CO2 

*Table adapted from (Amani et al., 2010) 

 

 

In fact, many of the organisms found in the UW Oshkosh biodigester originated 

from ruminants due to manure use for starting material when seeding the AD process for 

the facility (Jami & Mizrahi, 2012).  Ultimately, other gasses are also produced such as 

hydrogen sulfide – a gas corrosive to metals which will affect the component in any 

engine units used with AD facilities to utilize the biogas generated (Amani et al., 2010; 

Supaphol et al., 2011).  Over all, it takes a consortium of bacteria and archaea working in 

a synergistic process to break down solid organic waste by conducting the complex 
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metabolic process known as anaerobic digestion.   After AD occurs, the material 

remaining from dry systems is termed as digestate  (Amani et al., 2010; Supaphol et al., 

2011).  

 

The Different Types of Anaerobic Digestion Systems 

 Anaerobic digestion systems can be classified in a number of ways, but 

understanding all the different types of systems only serves to have a clear way to define 

how each type of AD technology can work.  Several parameters are used to create clear 

distinctions between each type of AD system.  These classifications include temperature, 

moisture content, type of system, the number of fermentation chambers or tanks the 

material moves through as it is digested, and even the direction of the flow of material.  

Table 5 lists these classifications and their definitions (Hilkiah Igoni et al., 2008). 
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Table 5: Type of classifications used to describe anaerobic digestion facility types. 

 

Temperature 
Mesophilic 

Thermophilic 

25-45 
o
C 

50-60 
o
C 

Liquid vs Dry 

Low Solids Liquid 

High Solids Liquid 

Dry 

<5% total dry matter 

5-15% total dry matter 

Over 15% total dry matter 

Type 

Continuous flow 
Material continuously 

moves through system 

Plug flow 
Material is not internally 

agitated; moves as a plug. 

Batch 
Material is a stationary, 

stackable pile 

Number of Fermenters 

Single 

Double 

Multiple 

Flow 
Vertical Tank 

Horizontal Plug Flow 

 

 

Dry AD — Full Scale Operation 

 Although there are over 200 digesters across the nation, they are often 

found on large-scale dairy farms to help deal with the high volume of bovine manure or 

at wastewater treatment facilities in larger cities and are liquid systems.  However, batch 

type digesters that deal with solid organic material >25% total dry matter (DM) are rare 

in the US (Kim & Oh, 2011; Kusch, Kranert, & Schäfer, 2011; Raposo, De, Fernández-

Cegrí, & Borja, 2012; Singh & Prerna, 2009).  In 2011, The University of Wisconsin 

Oshkosh partnered with the German based company BioFerm, a subsidiary of the 

Viessmann Group, Gmb of Allendorf, Germany, and erected a four bay dry anaerobic 

digester consisting of four digestion bays, termed Fermenters, shown in Figure 2.   At the 

time of construction, the UW Oshkosh AD facility was the first one in North and South 
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America.   The UW Oshkosh biodigester is dry anaerobic digestion, where the final 

feedstock mixture contains a targeted >30% total dry matter (DM).  The mixture, 

therefore, is very stackable, as depicted in Figure 3.   

 

 

Figure 2: The University of Wisconsin Oshkosh dry anaerobic digester; A) External view 

of facility; B) Inside the mixing bay, the four Fermenters.  
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Figure 3: Inside one of the Fermenters where the feedstock mixture is stacked by a front 

loader. 

 

A dry anaerobic digester utilizes the same concept as that of liquid systems.   

Organic waste is biologically transformed to simpler forms in the absence of oxygen at 

thermophilic or mesophilic temperatures.   Microorganisms are provided to the 

environment necessary to undergo anaerobic digestion of the material as described above.  

The UW Oshkosh biodigester operates in the mesophilic temperature range, about 35 to 

45
o
C.  The difference with a dry digester from liquid systems is that it generally targets 

substrates, or feedstocks, with a solids content >25%, called total dry matter (DM), that is 

retained for 28 days.  Although the UW Oshkosh digester targets a stackable mixture at 

>30% total DM, liquid material, called percolate, is still used.  The total DM content of 



11 
 

 

the percolate is <3% DM and is sprayed down on the material within the fermenters to 

help feed active microorganisms to the organic waste material.  It also serves to move 

nutrients through the pile as the percolate leaches through the material, and to keep it 

saturated, ultimately collecting in drains in the floor before being recollected into a large 

tank on site.  Therefore, a liquid portion is still essential to the operation of a dry digester 

(Bond, Brouckaert, Foxon, & Buckley, 2012). 

In summary, Figure 4 depicts how one fermenter at the UW Oshkosh digester is 

designed to operate with the feedstocks and percolate addition, and how gas flow works 

to power an engine in a combined heat and power unit (CHP) to generate electricity and 

heat. 
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Figure 4:  Flow chart of gas flow and percolate addition.  All percolate that leaches 

through the feedstock mix packed into the Fermenter is managed in a closed loop system.  

 

 

What is Fed into Anaerobic Digestion Systems — The Feedstocks 

 

Each fermenter conducts a digestion cycle for a total of 28 days.  Between 

Thursday of one week and Tuesday the following week, solid material is delivered such 

as depicted in Figure 5.  By the time a fermenter change needs to occur, 150 to 200 US 

tons (1.3 x10
2
 to 1.8 x10

2
 metric tons) of new material is ready to be mixed with recycled 

material that has been already digested over the course of the previous 28 days.  This 
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recycled material, shown in Figure 6D, is defined as a digestate.   New deliveries of 

feedstock material consists of yard waste from the city of Oshkosh (grass, leaves, brush) 

shown in Figure 6A, food waste (pre and post consumer food materials, industrial food 

processing waste, curbside organics collection pilot programs) shown in Figure 6B, and 

bedding waste from local farms (farm bedding, crop residues) shown in Figure 6C.   

As each organic waste delivery arrives, the drivers weigh the trucks before and 

after dumping using the large truck scale on site.  After the trucks deliver the material, the 

drivers leave a weight ticket in a dropbox located in the mixing bay.  The plant operator 

records the information from these sheets into an Excel database that calculates the 

weekly totals, the percent weight that each total feedstock will make of the total mixture 

fed into the system on exchange day, and the total dry matter (DM) and organic dry 

matter (oDM) content of the full mixture.   Lab data are obtained from feedstock 

characterization tests conducted at the UW Oshkosh Environmental Research and 

Innovation Center (ERIC), further described in the Materials and Methods chapter.  Using 

data from the first 2.5 years of operation, Figure 5 represents total feedstock averages 

utilized during that time frame.   



14 
 

 

 

Figure 5:  Averages of the different feedstocks that are delivered based on 2.5 years of 

data, post start-up of the facility. 

 

On Tuesdays, the new feedstocks that have been delivered since the prior 

Thursday is mixed using the JCB front-loader in Figure 6B.  On Wednesdays, 

fermentation exchange occurs.  During fermenter exchange, all the material that has 

already been retained for 28 days in the fermenter, the digestate, is removed.  Enough of 

the recycled digestate is mixed into the previously mixed pile consisting of the weekly 

feedstock deliveries using the front loader into a 1:1 ratio, Figure 5.   
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Figure 6: Feedstock materials.  A) Yard waste such as grass; B) Mixed food waste; C) 

Farm animal bedding; D) Recycled digestate (post 28 day digestion). 

 

While the fermenter is completely cleaned out of all digestate, floor drain covers 

are removed and cleaned using a pressure washer, walls are inspected for any signs of 

structural weakness such as cracks leaking percolate from the adjacent fermenter, and the 

spray nozzles along the ceiling are back flushed and cleaned with a hose.  Cleaned floor 

drain covers are replaced and loose straw material or wood chips is placed over the top of 

the drains to further facilitate leachate, or also termed percolate, drainage through the 

new material added to the system. 
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The new material, consisting of all the feedstock deliveries from the week and the 

digestate from exchange, averages about 400 US tons (3.6x10
2
 metric tons) before being 

loaded into the fermenter in Figure 7.  Once the Fermenter is fully loaded, the percolate is 

sprayed onto the pile from nozzles along the ceiling of the fermenter, which allows the 

mixture pile to be inoculated by microorganisms from within the recycled digestate as 

well as the percolate, allowing the rate limiting step of hydrolysis to occur more quickly. 
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Figure 7: One of the four fermenters of the UW Oshkosh digester, opened.  With 

dimensions of 23 ft in width x70 ft in length x 16 ft in width, organic waste material is 

loaded and sealed into a mesophilic, anaerobic environment for 28 days.  Spray nozzles 

along the ceiling of the fermenter deliver the nutrient rich percolate to the pile.  As the 

percolate leaches through the pile, it is collected via drains in the floor to be re-circulated 

into the percolate storage tank (PST). 

 

Spray Nozzles 
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The overall objective of this project was to determine the effect feedstock source 

and operational parameters have on overall biogas yield and biogas quality (in methane 

concentration).  Due to the seasonality of feedstocks in Wisconsin, we see large changes 

in the source of organic material being used at the digester, and each of these has different 

biomethane potentials.  Additionally, seasonal variations in temperature may cause 

changes in biogas production.   

Examples of the seasonal influences seen in the source organic material are shown 

in Figure 8.  Food waste looks far different early in the year than it does around 

November, Figure 8A, when delivery trucks can bring deliveries consisting entirely of 

pumpkins as Halloween celebrations come to a close.  During the cold winter months, no 

yard waste is received at all, and more animal farm bedding is used to make up that 

difference.  During spring and summers, if there is enough rainfall, yard waste can look 

very green as shown in Figure 8B, and yet in the fall yard waste begins to transition into 

consisting mainly of leaves as fall begins to settle into the region.   

There are currently no published studies that document the data generated by a 

system of this type, an industrial scale dry digester.   Therefore, investigating the 

seasonality impact on the feedstock used to feed this system and how this influences 

biogas production in an industrial scale system of this type has never been published 

before.  This study will therefore serve as a pioneer report for the field of dry anaerobic 

digestion. 
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Figure 8: Visual examples of the change in appearance feedstock deliveries can have 

during the year at the UW Oshkosh Dry AD facility.  A) Note the difference in food waste 

by month; B) Note the difference in yard waste specifically between spring, represented 

by May, and fall, represented by October. 

 

Objectives/Hypothesis 

Because it is the organic fraction of the feedstock material that influences biogas 

production, the overarching goal is to evaluate if the feedstock used in an operational 

recipe influences the biogas produced as well as the methane quality produced in each 

batch.  This would allow facility-operating officers a simple way of predicting potential 
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biogas impacts due to seasonality changes.  Therefore, the overall hypothesis states that 

the seasonal influence on organic dry matter (oDM) in the feedstocks of each recipe 

would have a significant impact on gas quantity and gas quality (CH4 %).  To pursue this 

broad objective, the following specific objectives were addressed: 

Objective 1:  To determine if the oDM content in the total recipe, as well as the 

individual feedstocks that make up the total recipe, influences biogas yield and methane 

concentration. 

Objective 2:  To investigate the impact of seasons on the oDM of the feedstocks. 

Objective 3:  To operate a lab bench system to replicate as closely as possible the UW 

Oshkosh Dry Digester and demonstrate in a more controlled system whether feedstock 

influences biogas production. 
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Materials and Methods 

 

Characterization of Feedstock Samples 

Each week the new feedstock deliveries are collected and sent to the 

Environmental Research and Innovation Center (ERIC) for laboratory processing and 

characterization.  This task focused on determining the chemical and physical parameters 

of the feedstocks described above that are fed into the Fermenters.  Specific tests 

conducted routinely on the material with each weekly feedstock delivery include: 

determination of dry matter (DM) and organic dry matter (oDM), pH, total phosphorus 

(TP), and temperature (T).  Measuring these parameters help in elucidating how efficient 

biogas generation will occur. 

Sample collection.  After a truck has delivered the feedstock material, several 

random samples are taken from three or more locations within the pile and placed in a 

composite sample.  This composite sample material is then mixed. A one gallon Ziplock
® 

bag is then filled with the sample material, and placed in a refrigerator (<4
o
C) until 

further tests can be conducted at the ERIC Lab on the UW Oshkosh campus. 

Dry matter.  Total dry matter (DM) is defined as the percent of the feedstock 

sample that is composed of water and how much of the material is dry matter (Kusch et 

al., 2011).  The system at the UW Oshkosh digester requires a total DM content >30% so 

that the material is stackable.  To calculate how much DM each feedstock contains, the 

following standard method DIN: EN 12880 was used.  In summary, samples are dried to 

constant mass in an oven at 105±5
o
C.  The difference in mass before and after the drying 
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process is use to calculate the dry residue and the water content.  A weighed amount of 

feedstock sample or recycled digestate was placed in an incubator set to 105
o
C for a 

period of at least 24 hours.  After 24 hours, the sample was removed from the incubator, 

weighed, and returned to the incubator.  The digestate was then weighed again 2 hours 

later to determine whether or not there was a change in mass.  If the mass did not change, 

then the mass of the sample will be recorded.  

Organic dry matter.  Organic dry matter (oDM) is the percentage of the DM that 

consists of organic material.  Following standard method DIN: EN 12879, samples are 

dried to constant mass in a furnace at 550±25
o
C.  The difference in mass before and after 

the ignition process is used to calculate the loss on ignition.  The loss on ignition is 

related to the dry mass and determines what percent of the feedstock DM is composed of 

organic material.  Dried feedstock material from the DM method was placed in a muffle 

oven set at 550±25
o
C for 2.5 hours.  After cooling in a desiccator, the sample was 

weighed.  The resulting residue was composed of inorganic material.  

Total phosphorus.  Feedstock material ashed in the oDM method was put 

through a test to determine total phosphorus based on method EPA 365.1 and EPA-119-B 

Rev. 0.  This method covers the determination of specified forms of phosphorus in 

drinking, ground and surface waters, and domestic and industrial wastes.  Solid samples 

analyzed for either total phosphorus or ortho-pshophate do not require any chemical 

preservation but they still must be analyzed within 28 days.   

pH.  pH was measured using a standard calibrated ion-selective field electrode 

following standard method EN DIN 12176.  This method is applicable to the 
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determination of pH values of sludges which include liquid, paste like or solid matter.  If 

the sample is sufficiently liquid, direct measurement should be made.  If the sample 

contains relatively high percentages solids the measurement should be carried out after 

diluting with water.  Approximately 5.0 g dry matter is weighed into a flask and water is 

added to make the total weight 100 g.  The sample is shaken for 15 minutes until fully 

mixed.  To calculate 5.0 g dry matter of solid to add to solution, the following equation is 

used: Amount of wet sample (g) – 500/(%DM of sample). 

 

Lab Bench Design of UW Oshkosh Digester – the Eudiometers 

 To replicate the same scenario of biogas production using the feedstocks used at 

the UW Oshkosh dry biodigester, a lab bench design that followed a modified standard 

method DIN 38414-S8 for the determination of biogas was used.   Any digestate used 

was collected from the UW Oshkosh Digester after 28 days of fermentation.  Digestate 

samples were taken from the middle of the digestate pile within the fermenter.  All 

feedstocks used were collected in the same manner as stated in the Sample Collection 

section of this report.  A 2 L Norm flask fitted with an eudiometer, Figure 9, to create an 

airtight seal in order to monitor the gas production and gas quality generated from the 

material packed inside in a manner that mimicked the UW Oshkosh digester of a high 

DM content saturated with percolate.  Eudiometers were filled with a buffer with a pH 

less than 2 in accordance with method DIN 38424-S8, Figure 9.  Six individual codes 

were created and analyzed in triplicate for the duration of the study, each taking one 

feedstock mixed with digestate to achieve a higher DM content then the standard method, 
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Table 6 and 7.  The positive control consisted of adding a known amount of 

Microcrystalline Cellulose to a known amount of percolate, creating a baseline of known 

biogas production to compare the individual code performances to, and the negative 

control consisted of only percolate used within the 2 L flask with no additional substrate 

or feedstock added to the percolate.  Once filled, all eudiometers were placed in a water 

bath with a temperature maintained at 39
o
C.  Water temperature was maintained using 

two heaters and digital thermostat switches.  Buffer levels were brought to the zero mark 

at the beginning of the gas recording period.  Biogas volumes for each eudiometer were 

recorded multiple times daily, along with the air temperature, date, time, and barometric 

pressure (in millibars). 
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Figure 9: Setup of an eudiometer.  The bottom 2 L flask is packed with feedstock 

material, saturated with percolate, and submerged in a water bath to the base of the neck. 

 

 Biogas composition (CH4 %, CO2 %, and O2 %) was measured using a digital gas 

meter (Gas Data Ltd, UK) when biogas volumes were greater than 200 mL.  The gas 

meter used meets MCERTS performance standards for portable emissions monitoring 

systems, and has response times of 9.5, 14.5, and 78.5 seconds for CH4, CO2, O2, and 
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H2S (0-5000 ppm), respectively.  Standard deviation for each analyte measure with the 

gas meter is less than 0.5%.  To achieve and maintain an anaerobic environment, the tube 

of the gas reader was connected to the sampling port of the eudiometer and then turned 

on to create negative pressure before the stopcock of the eudiometer sampling event was 

opened to allow for sampling of the gas.  The level of the eudiometer buffer was set to 

zero after each gas composition sampling even was completed.  Gas composition data 

were collected from each eudiometer for 28 days.  Table 6 and 7 details the recipe used 

for each code of the experiment.  The final filled eudiometer was placed in the water bath 

to complete the overall bench design, indicated in Figure 10. 

 

 

Figure 10: Completed lab bench eudiometer setup with flasks submerged in 38
o
C 

insulated water bath. 
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Table 6: Experimental controls 1-3 for eudiometer lab bench design. 
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Table 7: Experimental controls 4-6 for eudiometer lab bench design. 

 

 

Statistical Analysis 

 Excel and the statistical program R was used to generate box and whisker plots 

using data generated by the industrial scale UW Oshkosh Dry Anaerobic Digester, from 



29 
 

 

the first two years of operation (post startup phase) between March 2012 and February 

2014.  In the first set of analyses, three dependent variables were established; the 

weighted average of methane generated during each individual batch (which determines 

the biogas quality), the actual biogas yield (ABY) as the total cubic meters of biogas 

collected during each batch, and the specific biogas yield (SBY).   The SBY is a value 

calculated from the actual biogas yield that removes the influence of the recycled 

digestate so that it reflects biogas generated only from the organic dry matter of the fresh 

material, and is represented as liters of biogas per kilogram of the organic dry matter in 

the fresh material.  Box and whisker plots graphically depict groups of numerical data 

through their quartiles.  If lines extend vertically above or below the box (the whiskers), 

it indicates any variability outside the upper and lower quartiles.  If outliers occur, they 

are shown as individual points.   

 All data was sorted by arranging each dependent value from low to high, dividing 

the total number of data sets up by three, and arranging the data by the dependent 

variables into low, medium, and high groups with equal number of data sets in each.  The 

independent variables were the oDM of the total recipe as well as the individual recipe 

components, average ambient temperature, and the seasons as a categorical variable 

(spring, summer, winter, and fall).  Table 8 lists the independent and dependent variables 

established for the first set of box and whisker plot analyses. 

 

 



30 
 

 

Table 8: The independent and dependent variables used in the first set of box and 

whisker plots and Kruskal-Wallis analyses. 

Independent Variables Dependent Variables 

Seasons (Spring, Summer, Fall, Winter) 

Average Ambient Temperature 

Total Recipe oDM 

Recycled Digestate oDM 

Farm Bedding oDM 

Food Waste oDM 

Yard Waste oDM 

Actual Biogas Yield (m
3
/batch) 

Specific Biogas Yield (L biogas/kg 

oDM FM) 

Average CH4 % generated 

 

 

 Next, these box plots were tested for significance, or the lack thereof, by 

conducting Kruskal-Wallis one-way ANOVA’s using the same variables that created each 

individual box and whisker plot.  This analysis is a non-parametric method for testing 

whether samples originate from the same distribution, does not assume a normal 

distribution, is more forgiving of outliers, and more forgiving of uneven group sizes.   

 To follow up with the influence feedstock oDM could have on the three original 

dependent variables, a new set of analyses were generated that used the feedstock oDMs 

as the dependent variables instead, and the average ambient temperature and seasons as 

the independent variables, indicated in Table 9.  Box and whisker plots were used to 

analyze the influence seasons and average ambient temperature would have on feedstock 

oDM. 
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Table 9: The independent and dependent variables used in the second set of box and 

whisker plots and Kruskal-Wallis analyses. 

Independent Variable Dependent Variables 

Seasons (Spring, Summer, Fall, Winter) 

 

Total Recipe oDM 

Recycled Digestate oDM 

Farm Bedding oDM 

Food Waste oDM 

Yard Waste oDM 
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Results and Discussion 

 

The Eudiometer Bench-Scale System 

 This study was successful in replicating the UW Oshkosh Dry Digester.  The DM 

content of each feedstock mixture, ranging from 18.36% DM to 37.35% DM, was indeed 

greater than either of the controls, which contained only percolate, with an average DM 

content of 2.55% (Table 10). 

 The food waste mixture yielded the greatest amount of biogas with 3,092 mL 

Standardized Gas Volume (SGV) generated.   This is not surprising as food waste is an 

excellent source of feedstock material for digestion systems since it is incredibly rich 

with organic matter.   

Yard waste mixture yielded the least amount of biogas generated with 1,699 mL 

SGV.  Although this biogas yield from yard waste is still considered to be a desired 

amount of gas yield, this bench-scale study still showed that the type of feedstock will 

influence biogas production, in this case with food waste yielding more milliliters of 

biogas.  Furthermore, yard waste, especially when precipitation is low, can by very 

brown, dry material.  This type of plant material consists of mainly plant cell walls, with 

cells absent of many plant cellular components that would give yard waste more 

nutritional value to digestion systems, such as healthy, active plant cells in very green 

material.  According to the weather history for Oshkosh during the month of August 2013 

(www.weatherunderground.com), the average precipitation for the entire month was 0.05 

inches.  Thus, the yard waste was most likely more ‘brown’ than usual.   
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Because farm bedding waste consists of bedding material such as straw or corn 

stover, the farm bedding mixture and the 100% digestate also generated biogas yields 

similar to yard waste, 1,791 mL and 1,746 mL SGV respectively.  Materials such as 

wheat straw or corn stover are often used for livestock bedding, which again is material 

consisting of dead cell material, plant cell walls and the large lignocellulose molecules 

the biomass of plant dry matter which is difficult to break down in only a 28 day 

anaerobic digestion cycle.  Any manure mixed with the farm bedding is material already 

digested through the ruminant animal, and therefore most of the energy has been 

harnessed by the organism.  Therefore, digestate can also be considered as previously 

digested material.  In fact, both the farm bedding mixture and the 100% digestate tests 

yielded only 232 mL and 187 mL SGV more than the negative control, respectively, 

whereas the food waste mixture yielded 1,533 mL SGV more than the negative control.  

This is a 7-8x difference in biogas yield between the food waste mixture and the farm 

bedding mixture and 100% digestate tests. 

Consider the below list of typical biogas yield values obtained from specific 

substrates reported by Deublein and Steinhauser in comparison to the biogas yields 

obtained in the eudiometer experiment (Deublein & Steinhauser, 2010; 2010a; Deublein 

& Steinhauser, 2010; 2010b).  The following yields were obtained:  

- Food waste such as spent fruits yielded 400 – 700 NL/kg oDM. 

- Food waste such as oils from food 100 – 1200 NL/kg oDM. 

- Yard waste such as grass clippings yielded 700 – 1000 NL/kg oDM.   

- Bedding waste such as straw yielded 250 – 400 NL/kg oDM. 
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Consider the below list of expected biogas yield values calculated by the ERIC 

lab typically generated from the type of feedstock materials delivered to the facility.  

These expected yield values allows a comparison of the biogas yield values generated 

during the eudiometer bench scale experiment that used feedstock material collected 

during August 2013.  

- Food waste yielded 650 NL/kg oDM (500 – 900 typical). 

- Yard waste yielded 225 NL/kg oDM (100 – 500 typical). 

- Farm waste bedpack yielded 450 NL/kg oDM (200 – 700 typical). 

- Digestate yielded 200 NL/kg oDM (0 – 500 could occur depending on how well 

and complete digestion has occurred from the batch). 

 Therefore, because there was an obvious difference in the amount of biogas 

generated depending on what feedstock mixture was used, it would appear that 

investigating the use of the oDM content of the feedstocks would yield valuable 

fermenter performance data.   
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Table 10:  Averaged results for the bench-scale design to show that anaerobic digestion 

similar the industrial scale system of the UW Oshkosh digester could be recreated using 

the individual feedstocks mixed with digestate.  Therefore, biogas volume in mL, dry 

matter (percent of the fresh material used that consists of only dry matter) before and 

after 28 days of AD, is shown. 

Eudiometer Feedstock Tests 

Average 

Standardized 

gas volume 

(mL) 

Dry Matter (% 

FM)  before 

Eudiometer 

Test 

Dry Matter (% 

FM) post 

Eudiometer 

Test 

Negative Control 1559 2.4 2.2 

Positive Control 2057 2.7 2.3 

100% Digestate 1746 22.59 17.4 

50% Farm Bedding:  

50% Recycled Digestate 
1791 37.35 15.7 

50% Yard Waste:  

50% Recycled Digestate 
1699 27.86 13.1 

50% Food Waste:  

50% Recycled Digestate 
3092 18.36 14.8 

 

 

 

Analyzing Full-Scale Feedstock oDM and the Effect on Biogas Quality and Quantity 

 Control analyses.  For stacked histogram graphs, whole plant sample sizes are as 

follows: Fall n=26, Spring n=26, Summer n=25, Winter n=26.   Figures, B through E 

represent that same data set sorted by individual fermenters to represent the performance 

of each individual.   Fermenter 1 (Figure B) group size is as follows:  Fall n=6, Spring n 

= 8, Summer n=6, Winter n=6.  Fermenter 2, Figure C, groups are as follows: Fall n=7, 

Spring n = 6, Summer n=7, Winter n=6.  Fermenter 3, Figure D, groups are as follows: 
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Fall n=7, Spring n = 6, Summer n=6, Winter n=7.  Fermenter 4, Figure E, groups are as 

follows: Fall n=6, Spring n = 6, Summer n=6, Winter n=7.   

 For box and whisker plots, whole plant group sizes are as follows: Low methane 

or gas yield groups n=34, medium methane or gas yield groups n=34, high methane or 

gas yield groups n=35.  Within figures, B through E represent that same data set sorted by 

individual Fermenters to represent the performance of each individual.   Individual 

Fermenter group sizes are as follows:  Low yield n=8, medium yield n=9, high yield n=9. 

 Completely independent from any data generated by the fermenters and to  serve 

as control figures as an example of how box and whisker plots work in analyzing data 

using variables with a known outcome, Figure 11 shows five box and whisker plots 

indicating how the seasons fall, spring, summer, and winter effect the average ambient 

temperature.  Using two variables such as seasons and average ambient temperature that 

occurred during each 28-day batch should give rise to analyses with very predictable 

outcomes.  For instance, box and whisker plots using these variables should indicate 

significance occurring between the medians of the groups. Therefore in the following box 

and whisker plot analysis, the  Y-axis is the Average Ambient Temperature (
o
C); The X-

axis is the individual seasons.  Figure 11A shows the average ambient temperature data 

that occurred during each batch from all four Fermenters pooled into one data set to 

represent performance of the facility as a whole, whereas Figure B-E represent the 

average ambient temperature data that occurred during each batch from the individual 

fermenters.   With box and whisker plots that show possibilities of significance at a 

glance, a squished box as those in Figure 11A-E indicates that the data set is very 
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consistent with minimal variability.  The dark lines dividing each box, the median values 

of the grouped data, are what gives the most representation of possible significance 

within the analysis.  For instance, each plot in Figure 11 has median lines that are nearly 

identical for fall and spring ambient temperatures, but greatly different for summer and 

winter.  The median value for summer in all plots in Figure 11 are above 20
o
C, whereas 

the median values for winter occurred below 0
o
C.  With this significant difference in 

median line locations occurring in all plots, one can predict that Kruskal-Wallis ANOVAs 

would produce significant p-values ≤ 0.05.  Any p-values ≤ 0.05 indicates that significant 

differences between the means of the groups is occurring.   Table 11 lists the results for 

Kruskal-Wallis ANOVAs using the same parameters to serve as control calculations to 

indicate how the Kruskal-Wallis ANOVAs behave using variables with a known outcome.  

As expected from the box and whisker plots, all p-values show strong significance with 

all p-values less than 0.00.   Therefore, with these control figures used as example 

analyses and the expected outcome they were designed to show, a stated could be made, 

for example, that the individual seasons have a strong influence on the average ambient 

temperature.   
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Figure 11: Seasonal impact on average ambient temperature.  A) The facility as a whole; 

B) Fermenter 1; C) Fermenter 2; D) Fermenter 3; E) Fermenter 4. 

 

 

 

 



39 
 

 

Table 11: As control calculations, Kruskal-Wallis ANOVA analyses on the impact 

seasons had on average ambient temperature.  Shaded cells are the p-values ≤ 0.05. 

Seasonal impact on AVG 

Ambient Temperature 
Degrees of Freedom p-value 

Whole Plant Data (Fig. A) 3 <0.0001 

Fermenter 1 Data (Fig. B) 3 <0.0001 

Fermenter 2 Data (Fig. C) 3 <0.0001 

Fermenter 3 Data (Fig. D) 3 0.001 

Fermenter 4 Data (Fig. E) 3 <0.0001 

 

 

 Investigating the seasonal and feedstock oDM influence on methane (CH4%) 

generation.  Figures 12 – 18 and Tables 12 – 17 show the influence seasons and the oDM 

fraction of the feedstock recipes have on the methane percent in the biogas generated 

from each 28 day cycle, or each batch. 

 Figure 12A-E shows five stacked histogram graphs indicating the possible 

influence seasons have on the average methane generated in each batch.  These again are 

images that show the possibility of significance occurring at a quick glance.  Each 

colored area represents the percent of data points that occurred for that season.   Colors 

from light to dark indicate winter, summer, spring, and fall respectively.  On the Y-axis is 

the season; on the X-axis is the average methane percent groups low to high.  The YY-

axis is the percent value.  The entire facility is represented in Figure 12A, and the 

individual Fermenters in Figure 12B-E.  There is indication of influence in CH4% 

generation in Figure 12B indicated by the great size difference for lightest grey areas for 

Winter in Figure 12B-D, which occurs in the group representing the lowest values of 
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CH4% generation.  For instance, in Fermenter 1, over 50 % of the low CH4% generation 

values occurred during winter, Figure 12B.  However, a large percentage of low CH4% 

generation values do not appear in winter with Fermenter 4 (Figure 12E).  In fact, 

interestingly enough, winter is when ~50% of the high CH4% generation values occurred 

for Fermenter 4.  Such differences as these indicate that the oDM content of the material 

fed into the system could be an influential factor on CH4% generation.  
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Figure 12: Seasonal impact on average CH4% generation.  A) The facility as a whole; B) 

Fermenter 1; C) Fermenter 2; D) Fermenter 3; E) Fermenter 4.  Low methane yield group 

(1); Medium methane yield group (2); High methane yield group (3). 

 

 Figure 13 shows five box and whisker plots showing the impact of ambient 

temperature on average CH4% generation from each batch.  On the Y-axis is the average 

ambient temperature (
o
C); on the X-axis are the average CH4% groups low to high.  The 
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entire facility is represented in Figure 13A, and the individual Fermenters in Figure 13B-

E.   

 The median lines in Figure 13A generated from the data pooled together as the 

entire facility as a whole do indicate possible significance. To further explain this 

significance, examine each line for the low, medium, and high groups which each fall 

within the spread of the box of the other groups.  For example, the median line for the 

middle CH4% generation group, group 2, occurs between the middle quartile and upper 

quartile of the data spread for the low CH4% generation group, group 1.  However, the 

median line in group 3 is outside the upper quartile in the box and whisker for group 1.  

The difference between the median value of the low CH4% generation group, ~5
o
C, and 

the high CH4% generation group, ~15
o
C, would indicate that changes in ambient 

temperature impacts overall CH4% generation from the facility.   

 Figure 13E representing Fermenter 4 CH4% generation is the only box and 

whisker plot that does not appear to indicate that ambient temperature significantly 

impacted performance.   When comparing the median values between the three CH4% 

generation groups, low CH4% generation, medium CH4% generation, and high CH4% 

generation, each respective median value occurs within the box of the other.   

 Kruskal-Wallis ANOVAs in Table 12 show significant differences in groups, by 

definition, in analyses for the entire facility and Fermenter 1 with a p-value of 0.01 and 

0.02 respectively.  Although the p-value of 0.07 for Fermenter 2 is very close to the 

threshold of significance from ANOVA analyses where p was set at ≤ 0.05 means there 
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were indeed differences between the groups.  Therefore, it appears the average ambient 

temperature impacted CH4% generation.   

 Why would this occur if the temperature within the fermenter is controlled by the 

operating technology?  During colder temperatures as achieved during winter, for 

example, material that gets delivered to the facility often travels a considerable distance, 

and therefore this material is quite cold or sometimes contains frozen material.  As this 

material is mixed into the complete batch that is fed into a fermenter, the starting 

temperature of the material could often be cooler during winter, and therefore when 

initially filled, it may take more time for the fermenter to bring the new environment up 

to mesophilic temperatures.  Conversely, during the summer, feedstock material achieves 

warm temperatures more easily which could facilitate the natural process of material 

beginning to break down before it is fed into a fermenter.   
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Figure 13:  Average ambient temperature (
o
C) impact on average CH4% generation.  A) 

The facility as a whole; B) Fermenter 1; C) Fermenter 2; D) Fermenter 3; E) Fermenter 4.  

Low methane yield group (1); Medium methane yield group (2); High methane yield 

group (3). 
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Table 12: Kruskal-Wallis ANOVA analyses on the impact of average ambient 

temperature on average methane generated from each batch.  Shaded cells are any p-

values ≤ 0.05, or how less likely the null hypothesis is true. 

Impact of AVG Ambient 

Temp on 

Average Methane 

Degrees of Freedom p-value 

Whole Plant Data (Fig. A) 2 0.015 

Fermenter 1 Data (Fig. B) 2 0.021 

Fermenter 2 Data (Fig. C) 2 0.079 

Fermenter 3 Data (Fig. D) 2 0.091 

Fermenter 4 Data (Fig. E) 2 0.262 

 

 

 Because ambient temperature influences the changes seen visually in 

feedstock material, Figures 14 – 18 investigates whether the feedstock oDM content can 

be used to determine if there is a seasonality impact on CH4% generation.  Figure 14 

show five box and whisker plots indicating the impact of the total recipe oDM on average 

CH4% generation from each batch.  Y-axis is the Total Recipe oDM (% DM); X-axis is 

the Average Methane Percent groups Low to High.  The entire facility is represented in 

Figure 14A, and the individual Fermenters in Figure 14B-E.   

 Figure 14C for Fermenter 2 appears to indicate the oDM in the total recipe fed 

into the system could be significantly impacting CH4% generation.  The median lines in 

all other plots are so similar in each low, medium, and high groups that this indicates very 

strongly there is not a lot of difference between the median values.  Only when you truly 

start to see differences between the median lines in the groups such as in Figure 14C is 

when significance is possibly occurring.  The median values do not overlap.  In the low 
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group of CH4% generation values, group 1, the median value is ~ 68% oDM in the total 

recipe of each batch fed into the system every 28 days for Fermenter 2.  For the medium 

group of CH4% generation values, group 2, this median line of ~ 58% oDM in the total 

recipe occurs completely outside the entire spread of data for group 1 and 2.   

 However, the median value for the high CH4% generation values group, group 2, 

is identical at 68% oDM in the total recipe as in group 1.  Therefore, this similarity 

between the low and high CH4% generation median values is why the p-value generated 

by Kruskal-Wallis ANOVA analyses for Fermenter 2 is 0.07, Table 13.  This p-value 

comes closest to the definition of significance demonstrated by ANOVA analyses, that p-

values ≤ 0.05 indicates the less likelihood of the null hypothesis being true (that there are 

no differences between the groups).  Based on the definition of significance from 

ANOVAs, the p-value for Fermenter 2 was not highlighted in blue in Table 13.  All other 

p-values occurred at 0.4, proving the similarity seen in the median values in Figure 14A, 

B, D, and E.  The bottom line is that it appears no influence was found from the total 

recipe oDM and the percent of CH4 generated. 
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Figure 14: Total recipe oDM (% of DM) impact on average CH4% generation.  A) The 

facility as a whole; B) Fermenter 1; C) Fermenter 2; D) Fermenter 3; E) Fermenter 4.  

Low methane yield group (1); Medium methane yield group (2); High methane yield 

group (3). 

  

 

 



48 
 

 

Table 13: Kruskal-Wallis ANOVA analyses on the impact of total recipe mix oDM on 

average methane generated from each batch.   No significant relationships were detected 

based on a ≤0.05 cutoff. 

Impact of Total Recipe 

mix oDM on 

Average Methane 

Degrees of Freedom p-value 

Whole Plant Data (Fig. A) 2 0.411 

Fermenter 1 Data (Fig. B) 2 0.400 

Fermenter 2 Data (Fig. C) 2 0.072 

Fermenter 3 Data (Fig. D) 2 0.476 

Fermenter 4 Data (Fig. E) 2 0.491 

 

 

 Figure 15 shows five box and whisker plots representing the impact of recycled 

digestate oDM on average CH4% generation from each batch fed into the system.  Y-axis 

is the recycled digestate oDM (% of DM); X-axis is the average CH4% generation groups 

low to high.  The entire facility is represented in Figure 15A, and the individual 

Fermenters in Figure 15B-E.   

 Figure 15C and E appear to indicate differences occurring between the median 

values in the CH4% generation groups for Fermenter 2 and 4 respectively.  The other 

three box and whisker plots for the entire facility, Fermenter 1, and Fermenter 3 are 

incredibly similar between the low, medium, and high groups of CH4% generation values.  

Kruskal-Wallis ANOVAs in Table 14 indeed indicated that the oDM of the recycled 

digestate used in the total recipe significantly impacted CH4% generation with  p-values 

of 0.04 for Fermenter 2 performance, and 0.05 for Fermenter 4 performance. These 

values are highlighted in blue in Table 14, and meets the definition for Kruskal-Wallis 
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ANOVAs for significant with p-values needing to be ≤ 0.05. However, this significance 

did not occur in all cases. 

 

 

Figure 15: Recycled digestate oDM (% of DM) impact on average CH4% generation.  A) 

The facility as a whole; B) Fermenter 1; C) Fermenter 2; D) Fermenter 3; E) Fermenter 4.  

Low methane yield group (1); Medium methane yield group (2); High methane yield 

group (3). 
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Table 14: Kruskal-Wallis ANOVA analyses on the impact of recycled digestate oDM on  

average methane generated from each batch.  Shaded cells are any p-values less than 

0.05, or how less likely the null hypothesis is true. 

Impact of Recycled 

Digestate oDM on Average 

Methane 

Degrees of Freedom p-value 

Whole Plant Data (Fig. A) 2 0.899 

Fermenter 1 Data (Fig. B) 2 0.569 

Fermenter 2 Data (Fig. C) 2 0.046 

Fermenter 3 Data (Fig. D) 2 0.410 

Fermenter 4 Data (Fig. E) 2 0.055 

 

 

 Figure 16 shows five box and whisker plots representing the possible impact of 

farm bedding waste oDM on average CH4% generation from each batch fed into the 

system.  Y-axis is the farm bedding waste oDM (% of DM); X-axis is the average 

methane percent groups low to high.  The entire facility is represented in Figure 16A, and 

the individual Fermenters in Figure 16B-E.   

 Because all median values in all plots occur within the data spread of the other 

groups of each plot, no significance would be predicted from these box and whisker 

analyses.  This is then proven further by the Kruskal-Wallis ANOVAs in Table 15 where 

no significant  p-values of <0.05 were generated.  Even the smallest p-value generated 

was for Fermenter 2 with a p-value of 0.2.  Therefore, the oDM% of the farm bedding 

feedstock used in each recipe is not a good source for operators to use for predicting 

Fermenter performance changes.  This appears reasonable since farm bedding waste 
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material consists of dry plant mass and previously digested material in the form of 

manure from ruminant animals, which is low energy. 

 

 

Figure 16: Farm bedding waste oDM (% of oDM) impact on average CH4% generation.  

A) The facility as a whole; B) Fermenter 1; C) Fermenter 2; D) Fermenter 3; E) 

Fermenter 4.  Low methane yield group (1); Medium methane yield group (2); High 

methane yield group (3). 



52 
 

 

 

Table 15: Kruskal-Wallis ANOVA analyses on the impact of farm bedding waste oDM on 

average methane generated from each batch.   No significant relationships were detected 

based on a ≤0.05 cutoff. 

Impact of Farm Bedding 

Waste oDM on 

Average Methane 

Degrees of Freedom p-value 

Whole Plant Data (Fig. A) 2 0.289 

Fermenter 1 Data (Fig. B) 2 0.845 

Fermenter 2 Data (Fig. C) 2 0.214 

Fermenter 3 Data (Fig. D) 2 0.566 

Fermenter 4 Data (Fig. E) 2 0.298 

 

 

 Figure 17 shows five box and whisker plots indicating the impact of food waste 

oDM on average CH4% generation from each batch fed into the system.  On the Y-axis is 

the food waste oDM (% of DM); on the X-axis is the average methane percent groups 

low to high.  The entire facility is represented in Figure 17A, and the individual 

Fermenters in Figure 17B-E.   

 Because the food waste material is incredibly rich in organic content and exhibits 

one of the greatest visual seasonal changes, it was thought that food waste analyses may 

yield strong impact on CH4% generation.  However, this was not the case in Figure 17.  

All median values in all plots are so similar that no significance is indicated.  This is 

especially the case for the box and whisker plot analyzing the data pooled to represent the 

facility as a whole, Figure 17A.  All three median lines are so similar that this report 

would state the median values for each group at 93% oDM in the food waste feedstock 
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used in each recipe.  The p-value from the Kruskal-Wallis ANOVA generated an 

incredibly high value of 0.96, demonstrating that there is no significance between the 

groups in Figure 17A.   Also, the data spread in each box is very squished, creating short 

boxes, such as the low and medium groups of CH4% generation values for Figure 17D, 

Fermenter 3, for example.  Short boxes such as these indicates the data is very consistent, 

or in other words the data is very similar with a low amount of variability within each 

group.  Visually the box and whisker plots appear to show no differences between the 

groups, and the  Kruskal-Wallis ANOVAs in Table 16 confirms this with the smallest p-

value generated from Fermenter 3 data at 0.22.    

 Therefore, although food waste material exhibits striking visual changes 

throughout the year, oDM% of this material does not seem to significantly impact CH4% 

generation one way or the other.  There are several possible reasons for this occurrence.  

First, it could be because food waste is so rich in organic matter, that regardless of the 

type of food waste available (a delivery in the fall entirely of pumpkins versus a delivery 

in the summer with a much greater variety of fruits and vegetables) the oDM % is not 

significantly different in composition enough to drive great changes in fermenter 

performance.  Second, recall the group sizes used in these analyses.  Even with two full 

years of data collection, the group sizes are relatively small.  For all plots investigating 

the data pool of the entire facility, groups sizes were about n=34.  Once this data pool was 

sorted by individual fermenter, the group sizes became incredibly small, about n=9.  Such 

small values means it is greatly difficult to find significant differences occurring with any 

statistical analyses used. 
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Figure 17: Food waste oDM (% of DM) impact on average CH4% generation.  A) The 

facility as a whole; B) Fermenter 1; C) Fermenter 2; D) Fermenter 3; E) Fermenter 4.  

Low methane yield group (1); Medium methane yield group (2); High methane yield 

group (3). 
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Table 16: Kruskal-Wallis ANOVA analyses on the impact of food waste oDM on average 

methane generated from each batch.   No significant relationships were detected based on 

a ≤0.05 cutoff. 

Impact of Food Waste 

oDM on 

Average Methane 

Degrees of Freedom p-value 

Whole Plant Data 2 0.961 

Fermenter 1 Data 2 0.548 

Fermenter 2 Data 2 0.737 

Fermenter 3 Data 2 0.222 

Fermenter 4 Data 2 0.421 

 

 

 Because yard waste varies so greatly in its availability throughout the year, using 

oDM from the yard waste feedstock in predicting fermenter performance impacts 

becomes useless.  This great variability is what creates tall, stretched boxes. This 

statement is seen strongly in Figure 18 which shows five box and whisker plots indicating 

the impact of yard waste oDM on average CH4% generation from each batch fed into the 

system.  On the Y-axis is the yard waste oDM (% of DM); on the X-axis is the average 

methane percent groups low to high.  The yard waste feedstock creates groups in the box 

and whisker plots that appear to have very strong significant differences between them 

for Fermenter 2 and 3 in Figure 18 C and D respectively, especially since the median 

values in the low CH4% generation group occur at 40% yard waste oDM, where as the 

median values for the medium and high CH4% generation group occur around 80%.   

However with these two box plots, each median value occurs within the data spread of 

another group, which will decrease the possibility of significance generated from 
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statistical analyses.  This is especially the case for Figure 18A, the entire facility,  and 

Figure B, Fermenter 1.  Therefore, the p-values generated by Kruskal-Wallis ANOVAs in 

Table 17 for Figure 18A-D are all weak p-values ranging from 0.14 for Fermenter 3 to 

0.50 for the whole plant.   

 Figure 18E representing data from Fermenter 4 is the only box plot where the 

median lines might show significance.  The median value for the medium CH4% 

generation group is near 90% oDM in the yard waste feedstock used in the recipe mix 

occurs nearly at the very top of the entire data spread for the low and high CH4% 

generation groups.  The p-value generated by the Kruskal-Wallis ANOVA in Table 17 for 

Fermenter 4 was therefore the only p-value that came close to the definition of 

significance with a value of 0.06. 



57 
 

 

 

Figure 18: Yard waste oDM (% of DM) impact on average CH4% generation.  A) The 

facility as a whole; B) Fermenter 1; C) Fermenter 2; D) Fermenter 3; E) Fermenter 4.  

Low methane yield group (1); Medium methane yield group (2); High methane yield 

group (3). 
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Table 17: Kruskal-Wallis ANOVA analyses on the impact of yard waste oDM on average 

methane generated from each batch.  No significant relationships were detected based on 

a ≤0.05 cutoff. 

Impact of Yard Waste 

oDM on 

Average Methane 

Degrees of Freedom p-value 

Whole Plant Data 2 0.505 

Fermenter 1 Data 2 0.486 

Fermenter 2 Data 2 0.490 

Fermenter 3 Data 2 0.142 

Fermenter 4 Data 2 0.064 

 

 

 Investigating the seasonal and feedstock oDM influence on actual biogas 

yield (m
3
/batch) generation.  The following Figures 19 – 25 and Tables 18 – 23 all 

investigate the influence seasons and the oDM fraction of the feedstock recipes have on 

actual biogas yield (m
3
/batch) generation (ABY) from each 28 day cycle, or each batch. 

 Figure 19 shows five stacked histogram graphs indicating the possible influence 

the seasons have on the actual biogas yield (m
3
/batch).  Recall that these again are images 

that show at-a-glance possibility of significance occurring.  Each colored area represents 

the percent of data points that occurred for that season.  Colors from light to dark indicate 

Winter, Summer, Spring, and Fall respectively.  On the Y-axis is the seasons; on the X-

axis is the actual biogas yield groups low to high.  The YY-axis is the percent value.  The 

entire facility is represented in Figure 19A, and the individual Fermenters in Figure 19B-

E.  There is strong indication of influence in actual biogas yield generation in Figure 19C 

and D, Fermenter 2 and 3 respectively, indicated by the great size difference for darkest 
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grey areas for Fall in the high actual biogas yield generation groups.  In these instances  

~50% of high actual biogas yield values occurred during the fall. In Figure 19B, no dark 

area occurs during the Fall for the low actual biogas yield generation group, meaning no 

low biogas yield generation occurred in the Fall at all.  In Figure 19E, there is a case 

where ~50% of low actual biogas yield generation instances occurred during the winter.  

Therefore, these grey scale plots indicate that the oDM content of the material fed into 

the system could be the influential factor on actual biogas yield (m
3
/batch) since seasons 

appear to exhibit possible influence on fermenter performance.  Further analyses 

investigate this. 
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Figure 19: Seasonal impact on actual biogas yield generation (m
3
/batch).  A) The facility 

as a whole; B) Fermenter 1; C) Fermenter 2; D) Fermenter 3; E) Fermenter 4.  Low ABY 

yield group (1); Medium ABY yield group (2); High ABY yield group (3). 

 

 Figure 20 shows five box and whisker plots representing the impact of average 

ambient temperature has on actual biogas yield (m
3
/batch) from each batch.  Y-axis is the 

average ambient temperature (
o
C); X-axis is the actual biogas yield groups low to high 
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(m
3
/batch).  The entire facility is represented in Figure 20A, and the individual 

Fermenters in Figure 20B-E.   

 The black lines indicating the median values in Figure 20A, B, and D for the 

whole plant, Fermenter 1, and Fermenter 3 respectively are far too similar, and therefore 

this report would state that ambient temperature did not impact the actual biogas yield 

(m
3
/batch) generated.  Even though Figure 20C and E for Fermenter 2 and 4 begin to 

show possible significance occurring as each has two groups with median values nearly 

identical.  In Figure 20C for Fermenter 2, ~ 5
o
C is the median temperature occurring for 

both the low and the high actual biogas yield (m
3
/batch) groups.    In Figure 20E for 

Fermenter 4, ~ 10
o
C is the median temperature occurring for both the medium and high 

actual biogas yield (m
3
/batch) groups.  Such similarities between two of the three groups 

in a box and whisker plot decreases the chances for significance, and this is then proven 

with the Kruskal-Wallis ANOVAs in Table 18.  No significant p-values ≤ 0.05 were 

generated, instead the p-values range from 0.16 to 0.98.  Therefore, ambient temperature 

did not appear to influence overall biogas production, and perhaps that then indicates the 

oDM content of the recipe and individual feedstocks will not prove to influence 

fermenter performance.  This could be because once all feedstocks are mixed into the 

total batch about to be fed into the system during exchange, the individual components of 

the feedstock oDM become less impacting and more stable as a complete mix.  Further 

analyses will investigate this. 
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Figure 20: Average ambient temperature impact on actual biogas yield generation 

(m
3
/batch).  A) The facility as a whole; B) Fermenter 1; C) Fermenter 2; D) Fermenter 3; 

E) Fermenter 4.  Low ABY yield group (1); Medium ABY yield group (2); High ABY 

yield group (3). 
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Table 18: Kruskal-Wallis ANOVA analyses on the impact of average ambient 

temperature on actual biogas yield generated from each batch.  No significant 

relationships were detected based on a ≤0.05 cutoff. 

Impact of AVG Ambient 

Temp on 

Actual Biogas Yield 

Degrees of Freedom p-value 

Whole Plant Data (Fig. A) 2 0.580 

Fermenter 1 Data (Fig. B) 2 0.986 

Fermenter 2 Data (Fig. C) 2 0.333 

Fermenter 3 Data (Fig. D) 2 0.586 

Fermenter 4 Data (Fig. E) 2 0.160 

 

 

 Figure 21 shows five box and whisker plots representing the impact the total 

recipe oDM has on actual biogas yield (m
3
/batch) from each batch.  On the Y-axis is the 

total recipe oDM (% of DM); on the X-axis is the actual biogas yield (m
3
/batch) groups 

low to high.  The entire facility is represented in Figure 21A, and the individual 

fermenters in Figure 21B-E.   

 At a glance, Figure 21C for Fermenter 2 is the only box and whisker plot which 

shows potential significance in which the median lines in the boxes are different enough.  

Note the medium actual biogas yield (m
3
/batch) group which has a total recipe oDM 

median value of ~72%.  This value is completely outside the maximum value of total 

recipe oDM%, ~ 69% oDM, that potentially influenced actual biogas yield (m
3
/batch) in 

the low yield group.  It is also in the higher end of the upper quartile in the high actual 

biogas yield (m
3
/batch) group, and why there is a possibility of significance in this case. 
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 In fact, further analysis with Kruskal-Wallis ANOVAs generated only one 

significant p-value of 0.02 for Fermenter 2, Table 19.    All other p-values ranged between 

0.4 and 0.7 and are not significant.  Although the total recipe oDM content appears to 

influence actual biogas yield (m
3
/batch) generation in Fermenter 2, with no other 

occurrence of significance from any other fermenter, it is not certain if the oDM of the 

total recipe can be used in predicting fermenter performance.   
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Figure 21: Total recipe oDM (% of DM) impact on actual biogas yield generation 

(m
3
/batch).  A) The facility as a whole; B) Fermenter 1; C) Fermenter 2; D) Fermenter 3; 

E) Fermenter 4. Low ABY yield group (1); Medium ABY yield group (2); High ABY 

yield group (3). 
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Table 19: Kruskal-Wallis ANOVA analyses on the impact of total recipe oDM on actual 

biogas yield generated from each batch.  Shaded cells are any p-values less than 0.05, or 

how less likely the null hypothesis is true. 

Impact of Total Recipe 

oDM on 

Actual Biogas Yield 

Degrees of Freedom p-value 

Whole Plant Data (Fig. A) 2 0.776 

Fermenter 1 Data (Fig. B) 2 0.605 

Fermenter 2 Data (Fig. C) 2 0.021 

Fermenter 3 Data (Fig. D) 2 0.634 

Fermenter 4 Data (Fig. E) 2 0.427 

 

 

 Because the recycled digestate material used is also influenced by the recipe of 

the previous batch, the oDM content of recycled digestate warranted investigation.  

Figure 22 shows five box and whisker plots representing the possible impact of recycled 

digestate oDM on actual biogas yield (m
3
/batch) generation from each batch.  On the Y-

axis is the recycled digestate oDM (% of DM); on the X-axis is the actual biogas yield 

groups low to high (m
3
/batch).  The entire facility is represented in Figure 22A, and the 

individual Fermenters in Figure 22B-E.   

 Figure 22C for Fermenter 2 appears to show significance.  The median value in 

the middle group of actual biogas yield (m
3
/batch) values at ~68% oDM of the recycled 

digestate occurs nearly outside the upper quartile of the data spread for the low actual 

biogas yield (m
3
/batch) group.  Furthermore, the median value in the high actual biogas 

yield (m
3
/batch) group occurred at ~48% oDM of the recycled digestate, ≤ the lowest 

value of actual biogas yield (m
3
/batch) generated in the middle yield group.   
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 Figure 22E also appears that significance could occur based on the median values, 

however, with the median values being so similar in both the low and middle actual 

biogas yield (m
3
/batch) groups, this similarity will weaken significance in statistical 

analyses.   

 Although in Table 20, the Kruskal-Wallis ANOVAs generated no strong 

significance, as by definition a p-value of ≤ 0.05 was not generated.  However, the p-

value of 0.08 for Fermenter 2 (corresponding Figure 29C) comes closest to significance 

at the p ≤0.05 level.  Therefore, it appears that recycled digestate may influence biogas 

production but not as significant as these statistical tests were looking for.  
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Figure 22: Recycled digestate oDM (% of DM) impact on actual biogas yield generation 

(m
3
/batch).  A) The facility as a whole; B) Fermenter 1; C) Fermenter 2; D) Fermenter 3; 

E) Fermenter 4.  Low ABY yield group (1); Medium ABY yield group (2); High ABY 

yield group (3). 
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Table 20: Kruskal-Wallis ANOVA analyses on the impact of recycled digestate oDM on 

actual biogas yield generated from each batch.  No significant relationships were detected 

based on a ≤0.05 cutoff. 

Impact of Recycled 

Digestate oDM on Actual 

Biogas Yield 

Degrees of Freedom p-value 

Whole Plant Data (Fig. A) 2 0.457 

Fermenter 1 Data (Fig. B) 2 0.715 

Fermenter 2 Data (Fig. C) 2 0.081 

Fermenter 3 Data (Fig. D) 2 0.625 

Fermenter 4 Data (Fig. E) 2 0.376 

 

 

 Recall that farm bedding material consists of dry plant biomass used as bedding 

and is often mixed with bovine manure.  Therefore, it was thought that no significance 

would be found when investigating the impact farm bedding could have on actual biogas 

yield (m
3
/batch).  Figure 23 shows five box and whisker plots indicating the impact of 

farm bedding waste oDM has on actual biogas yield (m
3
/batch) from each batch.  On the 

Y-axis is the farm bedding waste oDM (% of DM); on the X-axis is the actual biogas 

yield groups low to high (m
3
/batch).  The entire facility is represented in Figure 23A, and 

the individual Fermenters in Figure 23B-E.   

 Note that in all box and whisker plots in Figure 23, all median lines are very 

similar, signifying that there is no significance influencing actual total biogas yield 

(m
3
/batch) by farm bedding oDM.  With further analyses using Kruskal-Wallis ANOVAs 

in Table 21, however, all are incredibly weak p-values ranging from 0.78 from data 

generated by Fermenter 4 to 0.97 from data generated by Fermenter 3.    
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Figure 23: Farm bedding waste oDM (% of DM) impact on actual biogas yield 

generation (m
3
/batch).  A) The facility as a whole; B) Fermenter 1; C) Fermenter 2; D) 

Fermenter 3; E) Fermenter 4.  Low ABY yield group (1); Medium ABY yield group (2); 

High ABY yield group (3). 
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Table 21: Kruskal-Wallis ANOVA analyses on the impact of farm bedding waste oDM on 

actual biogas yield generated from each batch.  No significant relationships were detected 

based on a ≤0.05 cutoff. 

Impact of Farm Bedding 

Waste oDM on 

Actual Biogas Yield 

Degrees of Freedom p-value 

Whole Plant Data (Fig. A) 2 0.813 

Fermenter 1 Data (Fig. B) 2 0.910 

Fermenter 2 Data (Fig. C) 2 0.899 

Fermenter 3 Data (Fig. D) 2 0.975 

Fermenter 4 Data (Fig. E) 2 0.784 

 

 

 Figure 24 shows five box and whisker plots investigating the impact food waste 

oDM has on actual biogas yield in each batch.  On the Y-axis is the food waste oDM (% 

of DM); on the X-axis is the actual biogas yield (m
3
/batch) groups low to high.  The 

entire facility is represented in Figure 24A, and the individual Fermenters in Figure 24B-

E.   

 All median values for food waste oDM in all plots occurs between 90 and 95, and 

therefore does not indicate any significant impact on actual biogas yield (m
3
/batch).  

Again this is surprising since the food waste feedstock is the richest in organic material 

and potential energy content, and also exhibits visually drastic changes with the changes 

in seasons throughout the year.   Further investigation into this with Kruskal-Wallis 

ANOVAs supports the lack of significance seen in the box and whisker plots since no 

significant p-values ≤ 0.05 were generated, Table 22.  P-values ranged from 0.21 to 0.92.  
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By definition, this indicates the null hypothesis is true, that there is no difference between 

the groups. 

 

 

Figure 24: Food waste oDM (% of DM) impact on actual biogas yield generation 

(m
3
/batch).  A) The facility as a whole; B) Fermenter 1; C) Fermenter 2; D) Fermenter 3; 

E) Fermenter 4. 
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Table 22: Kruskal-Wallis ANOVA analyses on the impact of the food waste oDM on 

actual biogas yield generated from each batch.   No significant relationships were 

detected based on a ≤0.05 cutoff. 

Impact of Food Waste 

oDM on 

Actual Biogas Yield 

Degrees of Freedom p-value 

Whole Plant Data 2 0.438 

Fermenter 1 Data 2 0.219 

Fermenter 2 Data 2 0.604 

Fermenter 3 Data 2 0.929 

Fermenter 4 Data 2 0.882 

  

 

 In Figure 25, five box and whisker plots indicating the impact yard waste oDM on 

actual biogas yield in each batch, yard waste once again is so variable in its availability 

throughout the year that appears yard waste is not reliable to use in predicting fermenter 

performance.  On the Y-axis is the yard waste oDM (% of DM); on the X-axis is the 

actual biogas yield (m
3
/batch) groups low to high.  The entire facility is represented in 

Figure 25A, and the individual Fermenters in Figure 25B-E.   

 Therefore due to the great variability in the yard waste oDM data, even the two 

significant p-values that were generated by Kruskal-Wallis ANOVAs in Table 23 for the 

whole plant data, 0.00, and for Fermenter 4, 0.04, is not something that can be 

confidently used to determine predictions for actual biogas yield (m
3
/batch).  Because it 

takes a full 28 days to generate a complete data set from each batch fed into the system at 

the UW Oshkosh digester, group sizes were relatively small with n=9.   Such small n 

values mean any statistical analysis is greatly difficult to find significant differences with. 
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Figure 25: Yard waste oDM (% of DM) impact on actual biogas yield generation 

(m
3
/batch).  A) The facility as a whole; B) Fermenter 1; C) Fermenter 2; D) Fermenter 3; 

E) Fermenter 4.  Low ABY yield group (1); Medium ABY yield group (2); High ABY 

yield group (3). 
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Table 23:  Kruskal-Wallis ANOVA analyses on the impact of yard waste oDM on actual 

biogas yield generated from each batch.  Shaded cells are any p-values ≤ 0.05 indicating 

significant difference between the groups, or how less likely the null hypothesis is true. 

Impact of Yard Waste 

oDM on 

Actual Biogas Yield 

Degrees of Freedom p-value 

Whole Plant Data 2 0.009 

Fermenter 1 Data 2 0.561 

Fermenter 2 Data 2 0.604 

Fermenter 3 Data 2 0.223 

Fermenter 4 Data 2 0.042 

 

 

 Investigating influence on specific biogas yield (L biogas/Kg oDM FM) 

generation.  Recall from the Statistical Analysis section of the Materials and Methods 

that the specific biogas yield is a value calculated from the actual biogas yield that 

removes the influence of the recycled digestate so that it reflect biogas generated only 

from the organic dry matter in the fresh material.  The following Figures 26 – 31 and 

Tables 24 – 28 all investigate the influence seasons, ambient temperature, and the oDM 

fraction of the feedstock recipes have on specific biogas yield generation from each 28 

day cycle, or each batch.  Specific biogas yield is a value derived from the actual biogas 

yield to represent value liters of biogas per kilogram of oDM in the fresh material used.  

This value has had any influence of recycled digestate has been removed, and serves as a 

secondary value to investigate.   

 Figure 26 shows five grey scale graphs indicating a possible influence the seasons 

winter, summer, spring, and fall have on the specific biogas yield.  Each colored area 
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represents the percent of data points that occurred for that season.   Colors from dark to 

light indicate fall, spring, summer, and winter respectfully.  On the Y-axis is the seasons; 

on the X-axis is the specific biogas yield (L biogas/kg oDM FM) groups low to high.   

 Stacked histogram graphs such as Figure 26 are great for getting an initial idea on 

possible significance occurring.  Each different grey area represents the percentage of 

data points occurring for each season.  Such examples are seen in Figure 26D and E for 

Fermenter 3 and 4 respectively, in which no values of low specific biogas yield (L 

biogas/kg oDM FM) occurred in spring at all.  More specifically, over 50% of the 

specific biogas yield (L biogas/kg oDM FM) values occurred during the Winter, seen in 

Figure 26E.  
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Figure 26: Seasonal impact on specific biogas yield generation (L biogas/Kg oDM FM).  

A) The facility as a whole; B) Fermenter 1; C) Fermenter 2; D) Fermenter 3; E) 

Fermenter 4.  Low SBY yield group (1); Medium SBY yield group (2); High SBY yield 

group (3). 
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 To further investigate the possibility that performance may be impacted by 

seasonal changes, Figure 27 shows five box and whisker plots indicating the average 

ambient temperature influence on specific biogas yield in each batch.  On the Y-axis is 

the average ambient temperature (
o
C); on the X-axis is the specific biogas yield (L 

biogas/Kg oDM FM) groups low to high.  The entire facility is represented in Figure 

27A, and the individual Fermenters in Figure 27B-E.   

 Note the median lines in each box and whisker plot.  No median value occurs 

outside the data spread of any of the other groups within the same plot.  Even in the data 

generated by Fermenter 4 in Figure 27E, the median values for the medium and high 

specific biogas yield (L biogas/Kg oDM FM) groups occur at ~ 10
o
C.  Two median lines 

so similar between two of the three groups increases the possibility of p-values closer to 

the value of 1.  The median value in the low yield group, however, although it appears to 

occur far below the other two median values, it still occurs within the data spread for box 

2 of the middle specific biogas yield (L biogas/Kg oDM FM) values.   This means there is 

a strong possibility of ambient temperature, or a seasonal impact, influencing biogas 

yield. 

 To further investigate these box and whisker plots, Kruskal-Wallis ANOVAs in 

Table 24 using the same data parameters in fact did not generate any significant p-values 

≤ 0.05.  The lowest p-value that was generated was for Fermenter 4, generating a p-value 

of 0.14.  The range of all p-values occurred between 0.14 for Fermenter 4 and 0.60 for 

Fermenter 3, and do not indicate that average ambient temperature influenced facility 

performance in terms of specific biogas yield (L biogas/Kg oDM FM). 
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Figure 27: Average ambient temperature (
o
C) impact on specific biogas yield generation 

(L biogas/Kg oDM FM).  A) The facility as a whole; B) Fermenter 1; C) Fermenter 2; D) 

Fermenter 3; E) Fermenter 4.  Low SBY yield group (1); Medium SBY yield group (2); 

High SBY yield group (3). 
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Table 24:  Kruskal-Wallis ANOVA on the impact of average ambient temperature on 

specific biogas yield generated from each batch.  No significant relationships were 

detected based on a ≤0.05 cutoff. 

Impact of AVG Ambient 

Temp on 

Specific Biogas Yield 

Degrees of Freedom p-value 

Whole Plant Data (Fig. A) 2 0.336 

Fermenter 1 Data (Fig. B) 2 0.312 

Fermenter 2 Data (Fig. C) 2 0.409 

Fermenter 3 Data (Fig. D) 2 0.607 

Fermenter 4 Data (Fig. E) 2 0.145 

 

 

 To further investigate whether seasonal influence on specific biogas yield (L 

biogas/Kg oDM FM) can be determined by feedstock oDM content, several box and 

whisker plots were created.   Figure 28 shows five box and whisker plots indicating the 

impact of total recipe oDM has on specific biogas yield in each batch.  On the Y-axis is 

the total recipe oDM (% of DM); on the X-axis is the specific biogas yield (L biogas/Kg 

oDM FM) groups low to high.  The entire facility is represented in Figure 28A, and the 

individual Fermenters in Figure 28B-E.   

 All median values for each group within the individual box and whisker plots do 

not show possible significance occurring.  In Figure 28A, which represents data from the 

entire facility, all median values for the three groups occur between ~65 and ~70 oDM of 

the total recipe.  For Fermenter 1, Figure 28B, the median values for all three groups 

occur between a range of ~68 and ~74 total recipe oDM.  Fermenter 2 in Figure 28C had 

an even tighter range for the median values in all three boxes, occurring between ~64 and 



81 
 

 

68 total recipe oDM.  Fermenter 3 in Figure 28D had median values that ranged between 

~68 and ~72 total recipe oDM.  Finally, Fermenter 4 in Figure 28E has a range of ~66 to 

~70 total recipe oDM for all median values of specific biogas yield (L biogas/Kg oDM 

FM) in the groups. 

 Results from the Kruskal-Wallis ANOVAs in Table 24 did not generate any 

significant p-values ≤ 0.05, indicating the total recipe oDM did not impact specific biogas 

yield (L biogas/Kg oDM FM) generation.  The p-values occurred between 0.13 for the 

whole plant data pool and 0.75 for data generated by Fermenter 2. 
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Figure 28:  Total recipe oDM (% of DM) impact on specific biogas yield generation (L 

biogas/Kg oDM FM).  A) The facility as a whole; B) Fermenter 1; C) Fermenter 2; D) 

Fermenter 3; E) Fermenter 4.  Low SBY yield group (1); Medium SBY yield group (2); 

High SBY yield group (3). 

 

 



83 
 

 

Table 25:  Kruskal-Wallis ANOVA analyses on the impact of total recipe oDM on 

specific biogas yield generated from each batch.  No significant relationships were 

detected based on a ≤0.05 cutoff. 

Seasonal Impact of Total 

Recipe oDM on 

Specific Biogas Yield 

Degrees of Freedom p-value 

Whole Plant Data (Fig. A) 2 0.134 

Fermenter 1 Data (Fig. B) 2 0.195 

Fermenter 2 Data (Fig. C) 2 0.756 

Fermenter 3 Data (Fig. D) 2 0.258 

Fermenter 4 Data (Fig. E) 2 0.710 

 

 

 Figure 29 shows five box and whisker plots indicating the impact of farm bedding 

waste oDM on specific biogas yield from each batch.  On the Y-axis is the farm bedding 

waste oDM (% of DM); on the X-axis is the specific biogas yield (L biogas/Kg oDM 

FM) groups low to high.  The entire facility is represented in Figure 29A, and the 

individual Fermenters in Figure 29B-E.   

 Median values for the groups in Figure 29A for data as the whole plant and in 

Figure 29C for data generated by Fermenter 2 occur between ~65 and ~75 farm bedding 

oDM.  In Figure 29B for data generated by Fermenter 1, the range for the median values 

is even tighter, occurring between ~72 and ~78 farm bedding oDM.  In Figure 29D for 

data from Fermenter 3, the median value for the group of low specific biogas yield (L 

biogas/Kg oDM FM) appears to occur at ~82 farm bedding waste oDM and completely 

outside the maximum value of specific biogas yield (L biogas/Kg oDM FM) indicated by 

the top of the whisker in the middle group.  However, this maximum value that occurred 
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indicated by the whisker above the upper quartile of the box is very consistent with the 

median value, indicating that there is not significant impact occurring.   Figure 29E for 

data generated from Fermenter 4 shows the least possibility of significance as all median 

values appear to occur between ~68 and ~70 farm bedding waste oDM.  

 These box and whisker plots were verified with Kruskal-Wallis ANOVAs, Table 

26, p-values generated ranged from ~0.12 for the whole plant data and 0.93 for data 

generated from Fermenter 4.  This supports the statement above that no significance was 

seen in the box and whisker plots in Figure 36. 
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Figure 29: Farm bedding waste oDM (% of DM) impact on specific biogas yield 

generation (L biogas/Kg oDM FM).  A) The facility as a whole; B) Fermenter 1; C) 

Fermenter 2; D) Fermenter 3; E) Fermenter 4.  Low SBY yield group (1); Medium SBY 

yield group (2); High SBY yield group (3). 
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Table 26: Kruskal-Wallis ANOVA analyses on the impact of farm bedding waste oDM on 

specific biogas yield generated from each batch.  No significant relationships were 

detected based on a ≤0.05 cutoff. 

Impact of Farm Bedding 

Waste oDM on 

Specific Biogas Yield 

Degrees of Freedom p-value 

Whole Plant Data (Fig. A) 2 0.124 

Fermenter 1 Data (Fig. B) 2 0.280 

Fermenter 2 Data (Fig. C) 2 0.388 

Fermenter 3 Data (Fig. D) 2 0.143 

Fermenter 4 Data (Fig. E) 2 0.935 

 

 

 Figure 30 shows five box and whisker plots indicating the impact of food waste 

oDM on specific biogas yield from each batch.  On the Y-axis is the food waste oDM (% 

of DM); on the X-axis is the specific biogas yield groups low to high (L biogas/Kg oDM 

FM).  The entire facility is represented in Figure 30A, and the individual Fermenters in 

Figure 30B-E.   

 Of all the plots generated, the median values in Figure 30B  for data generated 

from Fermenter 1 appear to indicate possible significance.  The reason for this is because 

the median value in the middle yield group occurring at ~96 food waste oDM is at or 

above the maximum value in the high yield group.  Furthermore, the median value for the 

high yield group at ~93 food waste oDM occurs at or below the minimum yield value in 

both the low and middle yield groups.  For all the other box and whisker plots in Figure 

30A, C, D, and E, there is very little variability between the group median values, 

indicating that no significance is occurring. 
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 Kruskal-Wallis ANOVAs in Table 27 then supports the analysis of the plots above 

by only generating one p-value of significance, occurring at 0.03 for Fermenter 1 data.   

With only one significance p-value ≤ 0.05 occurring, there is not enough evidence to 

indicate that the oDM (% of DM) in the food waste feedstock influences biogas 

performance.  This is surprising because the food waste material delivered to the facility 

exhibits the greatest visual changes throughout the year. 

 

 



88 
 

 

 

Figure 30: Food waste oDM (% of DM) impact on specific biogas yield generation (L 

biogas/Kg oDM FM).  A) The facility as a whole; B) Fermenter 1; C) Fermenter 2; D) 

Fermenter 3; E) Fermenter 4.  Low SBY yield group (1); Medium SBY yield group (2); 

High SBY yield group (3). 
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Table 27: Kruskal-Wallis ANOVA analyses on the impact of food waste oDM on specific 

biogas yield generated from each batch.  Shaded cells are any p-values less than 0.05, or 

how less likely the null hypothesis is true. 

Impact of Food Waste oDM 

on 

Specific Biogas Yield 

Degrees of Freedom p-value 

Whole Plant Data (Fig. A) 2 0.314 

Fermenter 1 Data (Fig. B) 2 0.036 

Fermenter 2 Data (Fig. C) 2 0.294 

Fermenter 3 Data (Fig. D) 2 0.756 

Fermenter 4 Data (Fig. E) 2 0.904 

 

 

 Figure 31 shows five box and whisker plots indicating the impact of yard waste 

oDM on specific biogas yield generated from each batch.  On the Y-axis is the yard waste 

oDM (% of DM); on the X-axis is the specific biogas yield (L biogas/Kg oDM FM) 

groups low to high.  The entire facility is represented in Figure 31A, and the individual 

Fermenters in Figure 31B-E.   

 Once again using yard waste generates box and whisker plots with so much 

variability that it is difficult to use it in statistical analyses.  This is seen clearly each plot 

where a the boxes represent such a large spread of data, which should mean that the data 

is inconsistent within that group.   

 Therefore, in the Kruskal-Wallis ANOVAs in Table 28, although the p-value for 

Fermenter 1 at 0.06 and for Fermenter 4 at 0.07 is close to indicating yard waste oDM 

significantly impacting specific biogas yield (L biogas/Kg oDM FM) generation, the 

extreme variability in yard waste oDM makes these results unreliable. 
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Figure 31: Yard waste oDM (% of DM) impact on specific biogas yield generation (L 

biogas/Kg oDM FM).  A) The facility as a whole; B) Fermenter 1; C) Fermenter 2; D) 

Fermenter 3; E) Fermenter 4.  Low SBY yield group (1); Medium SBY yield group (2); 

High SBY yield group (3). 
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Table 28: Kruskal-Wallis ANOVA analyses on the impact of yard waste oDM on specific 

biogas yield generated from each batch.  No significant relationships were detected based 

on a ≤0.05 cutoff. 

Impact of Yard Waste oDM 

on 

Specific Biogas Yield 

Degrees of Freedom p-value 

Whole Plant Data (Fig. A) 2 0.817 

Fermenter 1 Data (Fig. B) 2 0.068 

Fermenter 2 Data (Fig. C) 2 0.713 

Fermenter 3 Data (Fig. D) 2 0.425 

Fermenter 4 Data (Fig. E) 2 0.078 

 

 

Analyzing the Effect Seasons have on Feedstock oDM 

 To follow up with the analyses that investigated the influence feedstock oDM had 

on facility performance, another set of analyses were conducted to investigate if it could 

be determined whether seasons truly did influence the oDM content of the feedstock 

material.  The following Figures 32 – 36 and Tables 29 – 33 investigate the influence 

seasons have on the oDM (% of DM) fraction of the feedstock in the recipes fed into each 

batch and digested for 28 days.  For the following box and whisker plots, whole plant 

groups sizes are as follows: Fall n=26, Spring n=26, Summer n=25, Winter n=26.   

Figures B through E represent that same data set sorted by individual Fermenters to 

represent the performance of each individual.   Fermenter 1, Figure B, group size is as 

follows:  Fall n=6, Spring n = 8, Summer n=6, Winter n=6.  Fermenter 2, Figure C, 

groups are as follows: Fall n=7, Spring n = 6, Summer n=7, Winter n=6.  Fermenter 3, 

Figure D, groups are as follows: Fall n=7, Spring n = 6, Summer n=6, Winter n=7.  
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Fermenter 4, Figure E, groups are as follows: Fall n=6, Spring n = 6, Summer n=6, 

Winter n=7.    

 Figure 32 shows five box and whisker plots indicating how the seasons fall, 

spring, summer, and winter effect the total recipe oDM fed into each batch.  On the Y-

axis is the total recipe oDM (% of DM); on the X-axis is the individual seasons.  The 

entire facility is represented in Figure 32A, and the individual Fermenters in Figure 32B-

E.   

 At a glance the plot that shows the most significance occurring is Figure 32B 

representing Fermenter 1.  Both the median values of total recipe oDM occurring in the 

fall and summer at ~64 oDM occur either at or below the minimum values in the spring 

and winter boxes.  Inversely, the median values for the spring and winter occurred both at 

~72 total recipe oDM.   All other plots appear to have median values that all overlap, 

indicating a poor possibility of significance.   

 Table 29 lists Kruskal-Wallis ANOVAs results using the same data and parameters 

for generating the box and whisker plots.  A p-value of 0.01 was generated for Fermenter 

1, supporting the significance indicated by Figure 32B above.  Interestingly, another 

significant p-value was generated for the data representing the whole plant, occurring at 

0.03.   Since the result for the whole plant generated significance, this indicates that the 

oDM in the total recipe could be impacted by seasonal changes.   
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Figure 32: The seasons fall, spring, summer, and winter effect on the total recipe oDM 

fed into each batch.  A) The facility as a whole; B) Fermenter 1; C) Fermenter 2; D) 

Fermenter 3; E) Fermenter 4. 
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Table 29: Kruskal-Wallis ANOVA analyses on the impact seasons had on the total recipe 

oDM fed into each batch.  Shaded cells are any p-values ≤ 0.05, or how less likely the 

null hypothesis is true. 

Seasonal impact on Total 

Recipe oDM 
Degrees of Freedom p-value 

Whole Plant Data (Fig. A) 3 0.032 

Fermenter 1 Data (Fig. B) 3 0.012 

Fermenter 2 Data (Fig. C) 3 0.557 

Fermenter 3 Data (Fig. D) 3 0.831 

Fermenter 4 Data (Fig. E) 3 0.915 

 

 

 Figure 33 shows five box and whisker plots indicating how the seasons fall, 

spring, summer, and winter effect the recycled digestate oDM fed into each batch.  On the 

Y-axis is the recycled digestate oDM (% of DM); on X-axis is the individual seasons.  

The entire facility is represented in Figure 33A, and the individual Fermenters in Figure 

33B-E.   

 It appears median values exhibit significant variability in all plots, especially in 

Figure 33B showing data from Fermenter 1.  Not only are the median values for fall and 

summer completely below the minimum values occurring in the boxes for spring and 

winter, but the entire data spread occurring for fall occurs below the minimum value of 

~55% recycled digestate oDM for spring.  When these differences between groups occur, 

it indicates the possibility of strong significance occurring.    

 In Table 30, Kruskal-Wallis ANOVAs also support the above analyses generating 

strongly significant p-values of <0.0001for both data from the whole plant and for data 
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from Fermenter 1.  A p-value of 0.07 was generated for data from Fermenter 3, which is 

close to the definition of ≤ 0.05. 

 

 

Figure 33: The seasons fall, spring, summer, and winter effect on the recycled digestate 

oDM fed into each batch.  A) The facility as a whole; B) Fermenter 1; C) Fermenter 2; D) 

Fermenter 3; E) Fermenter 4. 
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Table 30: Kruskal-Wallis ANOVA Analyses on the impact seasons had on the recycled 

digestate oDM fed into each batch.  Shaded cells are any p-values ≤ 0.05, or how less 

likely the null hypothesis is true. 

Seasonal impact on 

Recycled Digestate oDM 
Degrees of Freedom p-value 

Whole Plant Data (Fig. A) 3 <0.0001 

Fermenter 1 Data (Fig. B) 3 <0.0001 

Fermenter 2 Data (Fig. C) 3 0.111 

Fermenter 3 Data (Fig. D) 3 0.077 

Fermenter 4 Data (Fig. E) 3 0.468 

 

 

 Figure 34 shows five box and whisker plots indicating how the seasons fall, 

spring, summer, and winter impact the farm bedding waste oDM fed into each batch.  On 

the Y-axis is the farm bedding waste oDM (% of DM); on the X-axis is the individual 

seasons.  The entire facility is represented in Figure 34A, and the individual Fermenters 

in Figure 34B-E.   

 Only one plot appears to indicate significance occurring on the farm bedding 

waste material.  Figure 34D representing data for Fermenter 3 is the only plot with at 

least one median value occurring almost outside the data distribution of at least one other 

group within the plot.  The median value for the data distribution collected during winter, 

~80 farm bedding waste oDM, is nearly equal to the maximum value of the farm bedding 

waste oDM for both spring and summer, and far outside the  box representing 50% of the 

data in the distribution.    
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 Kruskal-Wallis ANOVAs in Table 31 using the same data parameters interestingly 

generated a significant p-value ≤ 0.05 for the data pooled to represent the whole plant 

with a value of 0.01.  This is surprising since the corresponding box and whisker plot in 

Figure 34A had at least two median values strongly overlapping at ~72 farm bedding 

waste oDM for data from fall and spring.  Although the oDM median value ~75 that 

occurred during winter is greater than the upper quartile value ~70 occurring during 

summer, it still overlaps with the inter-quartile range for oDM occurring during fall and 

spring.  Furthermore, although the plot for Fermenter 3 data, Figure 34D appeared to 

indicate significant differences occurring in farm bedding waste oDM for at least the 

winter, the p-value generated of 0.09 does not meet the definition requirements of 

significance from ANOVAs. 
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Figure 34: The seasons fall, spring, summer, and winter effect on the farm bedding waste 

oDM fed into each batch.  A) The facility as a whole; B) Fermenter 1; C) Fermenter 2; D) 

Fermenter 3; E) Fermenter 4. 
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Table 31: Kruskal-Wallis ANOVA analyses on the impact seasons had on the farm 

bedding oDM fed into each batch.  Shaded cells are any p-values ≤ 0.05, or how less 

likely the null hypothesis is true. 

Seasonal impact on Farm 

Bedding Waste oDM 
Degrees of Freedom p-value 

Whole Plant Data (Fig. A) 3 0.014 

Fermenter 1 Data (Fig. B) 3 0.617 

Fermenter 2 Data (Fig. C) 3 0.244 

Fermenter 3 Data (Fig. D) 3 0.095 

Fermenter 4 Data (Fig. E) 3 0.837 

 

 

 Figure 35 shows five box and whisker plots indicating how the seasons fall, 

spring, summer, and winter impact the food waste oDM fed into each batch.  On the Y-

axis is the food waste oDM (% of DM); on the X-axis is the individual seasons.  The 

entire facility is represented in Figure 35A, and the individual Fermenters in Figure 35B-

E.   

 All plots exhibit very squished boxes with short whiskers.  This indicates the 

spread of the data points in each group is very consistent.  Although food waste oDM in 

the previous analyses did not appear to exhibit significant influence on biogas quality and 

quantity regardless of the drastic visual changes that occur with the deliveries that arrive 

at the facility throughout the year, median values in Figure 35B and D for data from 

Fermenter 1 and 3 respectfully do exhibit the possibility of significance.  Specifically in 

Figure 35B, the medium value of food waste oDM at ~97% is greater than the maximum 

oDM value for each of the other three seasons.  Significance in Figure 35D occurs the 
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same way.  The median value of food waste oDM of ~97% during summer is greater than 

any of the median values occurring in the other three seasons.  All median values for the 

rest of the box and whisker plots exhibit considerable overlap between the groups, 

therefore indicated a very low possibility of significance occurring.   

 P-values generated by Kruskal-Wallis ANOVAs listed in Table 32 do support the 

significance indicated by Figure 35 for data from Fermenter 1 with a p-value of 0.04, and 

for data from Fermenter 3 with a p-value of 0.02.  Differences between the groups appear 

to occur in Fermenter 1, 2, and 4 especially, Figure 35B, C, and E.  This would indicate 

that there is a strong influence on the oDM in the food waste portion of the total recipe 

used for each batch.  To further test these apparent differences, Kruskal-Wallis ANOVAs 

were conducted on the same parameters and group sizes, and the p-values generated are 

listed in Table 32.  Fermenters 1 and 3 generated significant p-values ≤ 0.05. 
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Figure 35: The seasons fall, spring, summer, and winter effect on the food waste oDM 

fed into each batch.  A) The facility as a whole; B) Fermenter 1; C) Fermenter 2; D) 

Fermenter 3; E) Fermenter 4. 
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Table 32: Kruskal-Wallis ANOVA analyses on the impact seasons had on the Food Waste 

oDM fed into each batch.  Shaded cells are any p-values less than 0.05, or how less likely 

the null hypothesis is true. 

Seasonal impact on Food 

Waste oDM 
Degrees of Freedom p-value 

Whole Plant Data (Fig. A) 3 0.102 

Fermenter 1 Data (Fig. B) 3 0.047 

Fermenter 2 Data (Fig. C) 3 0.685 

Fermenter 3 Data (Fig. D) 3 0.022 

Fermenter 4 Data (Fig. E) 3 0.709 

 

 

 

 Figure 36 shows five box and whisker plots indicating how the seasons fall, 

spring, summer, and winter impact the yard waste oDM fed into each batch.  On the Y-

axis is the yard waste oDM (% of DM); on the X-axis is the individual seasons.  The 

entire facility is represented in Figure 36A, and the individual Fermenters in Figure 36B-

E.   

 Once again, yard waste oDM has so much variability in the data distribution in 

certain box and whiskers that it becomes far too difficult to use in for this report.  For 

example, note the box and whiskers occurring in Figure 36 for Spring.  For Fermenter 1 

and 2, Figure 36B and C, the box and whiskers exhibit drastic variability indicated by 

largely stretched inter-quartile ranges.  The same case is exhibited for winter, with 

Fermenter 1, Figure 36B, being the only plot to have a box and whisker for winter with 

the largely stretched inter-quartile range.  Yet for all the other plots, all that is indicated 

for winter is a median value of 0% yard waste oDM (% of DM), with outliers occurring, 
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the singular dots, representing data that is a lot greater than normal within the respective 

data distribution in which they occur. 

 Therefore although the Kruskal-Wallis ANOVAs listed in Table 33 appear to have 

generated p-values ≤ 0.05 for all data sets except for data from Fermenter 4 although a p-

value of 0.07 does come close to the significance level chosen for this study, the 

variability in the distribution for the seasonal groups of data make the apparent 

significant p-values unreliable to use.  However, using a larger data pool collected over 

more years of operation than the two years of data collected at the time of this study may 

further elucidate whether yard waste oDM is a variable that facility operators could or 

could not use to predict seasonal changes to performance. 
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Figure 36: The seasons fall, spring, summer, and winter effect on the yard waste oDM 

fed into each batch.  A) The facility as a whole; B) Fermenter 1; C) Fermenter 2; D) 

Fermenter 3; E) Fermenter 4. 

 

 



105 
 

 

Table 33: Kruskal-Wallis ANOVA analyses on the impact seasons had on the yard waste 

oDM fed into each batch.  Shaded cells are any p-values ≤ 0.05, or how less likely the 

null hypothesis is true. 

Seasonal impact on Yard 

Waste oDM 
Degrees of Freedom p-value 

Whole Plant Data (Fig. A) 3 <0.0001 

Fermenter 1 Data (Fig. B) 3 0.051 

Fermenter 2 Data (Fig. C) 3 0.004 

Fermenter 3 Data (Fig. D) 3 0.011 

Fermenter 4 Data (Fig. E) 3 0.073 
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Conclusions 

 

 With the lack of published information on dry anaerobic digester operations and 

the need to better understand operations in the northern United States, it is important to 

better understand feedstock and seasonal influences on operations.  From this study, we 

can observe a strong impact as a result of the Wisconsin seasons.  Therefore, this project 

will aid in the understanding of these important factors and will increase the effective 

management of these industrial scale facilities that experience the same seasonality.  The 

results will provide avenues of simple tests that can be conducted onsite for performance 

improvement, predicting performance changes, and give a foundation for future studies to 

base their scientific design. 

 The eudiometer bench scale systems were successful in demonstrating that the 

type of feedstock mixture influences the biogas quantity produced.  However, the 

influence of the organic dry matter (oDM), percent of dry matter (DM), of the feedstock 

used in the recipe of each was inconsistent and was difficult to elucidate from other 

confounding variables such as addition of percolate, process heat from the engine sent to 

the floor to heat the pile, or temperature of the mixture within the fermenter. 

 The total occurrences of significant p-values occurring from all analyses are 

summarized in Figure 37.  Influences on the methane concentration of the biogas 

produced showed that two variables significantly influenced methane concentration.  

Ambient temperature and recycled oDM proved to be significant contributors to 

performance based on the facility as a whole and specific fermenters over time.  There 
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was only one factor found to significantly influence the biogas quantity produced from 

each batch, the total recipe oDM.  Food waste oDM, proved to be a major influence on 

the specific biogas yield (L biogas/kg oDM FM) specifically for a single fermenter.  

Recall FM is abbreviated for fresh material, and recycled digestate is not factored in to 

specific biogas yield calculations. 

 Interestingly, when investigating the seasonal effect on feedstock material, using 

feedstock oDM as the dependent variable generated the most occurrences of significance, 

as seen in Figure 37 and Table 34.  Due to the great variability in distribution of the yard 

waste oDM, all analyses using yard waste feedstock data were somewhat unreliable.  

However, significant influences were shown for each of the other feedstocks.   A seasonal 

impact appeared to occur with the total recipe oDM (% of DM) with significant p-values 

generated for the whole facility data and for data from Fermenter 1.  The seasonal impact 

on recycled digestate oDM (% of DM) also showed significant effects on the whole 

facility data and Fermenter 1 data.  Farm bedding waste oDM (% of DM) showed 

impacts on operations when looking at the whole facility data.  Interestingly, food waste 

oDM (% of DM) did not appear to generate significant impact on biogas quality and 

quantity regardless of the obvious visual changes that occur with the material delivered to 

the facility through the year.   Table 34 summarizes these occurrences of significant p-

values. 

 Furthermore, a seasonal influence does appear to act on facility production 

performance from each recipe batch in terms of quantity, biogas yield generation, and 

quality, methane generation.  Figure 38 shows three stacked histograms that represent 
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data of the entire facility as a summary of the seasonal affects on facility performance.  

Figure 38A is the seasonal affect on average methane generation.  Figure 38B and 38C is 

the seasonal influence of the facility on biogas yield, with B representing the seasonal 

impact on actual biogas yield (m
3
/batch) and C representing the seasonal impact on 

specific biogas yield (L biogas/kg oDM FM).  Each yield value was sorted into groups of 

low, medium, and high yields, represented on the X-axis.  In all three stacked histogram 

graphs, on the X-axis 1 represents a group of all low yield values, 2 represents a group of 

all medium yield values, and 3 represents a group of all high yield values.  The Y-axis 

lists the seasons, and the secondary YY-axis is percentage from 0 to 1.0.  For example, 

note the difference in box sizes for winter in all three graphs for Figure 38, especially 

Figure 38A for the seasonal influence on methane concentration.  In each case, the low 

yield group produced the largest area for winter, representing a larger percentage of data 

values of low methane yield occurred during winter, whereas very little values of high 

yield (3 on the X-axis) occurred. 
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Figure 37: Summary of total number of significant p-values generated for each analyses.  

From left to right on the X-axis; Left) the number of significant p-values that occurred 

from the analyses of oDM influence on biogas methane (CH4%); Middle) the combined 

number of significant p-values that occurred from the analyses of oDM influence on 

Actual Biogas Yield (m
3
/batch) and Specific Biogas Yield (L Biogas/Kg oDM FM); 

Right) the number of occurrences of significant p-values for the analyses investigating 

seasonal influence of the oDM material in feedstocks. 
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Table 34: Summary of the analyses that generated significant p-values.  Each line 

represents the factor that influenced biogas quality and quantity, the type of dataset, and 

the p-value that was calculated for that analysis. 

Analysis for Factors 

Impacting Average 

Methane 

Dataset p-value 

Average Temperature Whole Plant Data 0.015 

Average Temperature Fermenter 1 0.021 

Recycled Digestate oDM Fermenter 2 0.046 

Recycled Digestate oDM Fermenter 4 0.055 

Analysis for Factors 

Impacting Actual Biogas 

Yield 

Dataset p-value 

Total Recipe oDM Fermenter 2 0.021 

Yard Waste oDM Whole Plant Data 0.009 

Yard Waste oDM Fermenter 4 0.042 

Analysis for Factors 

Impacting Specific Biogas 

Yield 

Dataset p-value 

Food Waste oDM Fermenter 1 0.036 

Seasonal Impact on 

Feedstock oDM 
Dataset p-value 

Total Recipe oDM Whole Plant Data 0.032 

Total Recipe oDM Fermenter 1 0.012 

Recycled Digestate oDM Whole Plant Data <0.0001 

Recycled Digestate oDM Fermenter 1 <0.0001 

Farm Bedding oDM Whole Plant Data 0.014 

Food Waste oDM Fermenter 1 0.047 

Food Waste oDM Fermenter 3 0.022 

Yard Waste oDM Whole Plant Data <0.0001 

Yard Waste oDM Fermenter 1 0.051 

Yard Waste oDM Fermenter 2 0.004 

Yard Waste oDM Fermenter 3 0.011 
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Figure 38: Summary of seasonal impact of facility biogas production of performance for 

the facility as a whole.  Shaded bars darkest to lightest represent Fall, Spring, Summer, 

and Winter respectively.  A) Seasonal effect on average methane production from the 

entire facility; B) Seasonal effect on actual biogas yield (m
3
/batch) from the entire 

facility; C) Seasonal effect on specific biogas yield (L biogas/kg oDM FM) from the 

entire facility.   

 

 Finally, the oDM content of the feedstock material does differ throughout the year 

via seasonal changes, and a seasonal influence acts upon facility biogas performance.  

Therefore, it is likely with more data collected to create a larger data set, oDM content in 

feedstock may be able to be used to predict biogas quality and quantity performance from 
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dry AD systems.  The most likely reason for the inconsistent occurrences of significant 

from the statistical tests is that for any analyses with three total dependent variable 

groups, group sizes were small with an average of n=34 after sorting the data from the 

whole facility, and n=9 after sorting the data of each individual fermenter.  Furthermore, 

when the data pools were sorted into four seasonal groups as a categorical variables, 

groups sizes thus became even smaller, with an average of n=26 after sorting the data 

from the whole facility, and n=6 after sorting the data of each individual fermenter.  

 With such small n values means it is difficult to find significant differences 

between the groups being analyzed.  However, with multiple variables so comingled in 

complex and large quantities, as with the operations of a full-scale system, it is difficult to 

show statistical differences although operators know what will influence operations ‘on 

the ground’.  However, this study was able to generate several instances of significance 

and does allow us to better understand the influences of various factors on operations.  

Over time, operational data will complement the statistical data that can be generated in 

more detailed bench and pilot-scale studies.   
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Future Work 

 

 This study suggests several recommendations for future work based on the 

findings in this report that further utilize data the UW Oshkosh facility generates.  First, 

this study can be expanded upon by using a greater span of years of operational data to 

provide a larger dataset.  Data generated from a dry anaerobic digester is slow.  A single 

data set is first achieved after a batch is digested for a total of 28 days.  Even with the 2.5 

years of data collection for this study, a single fermenter only produces 29 complete data 

sets, which in turn creates small group sizes if individual fermenters are to be analyzed as 

this study did.  A larger data set may facilitate the elucidation of significant differences 

occurring between group means in ANOVAs.  

 Other elements of feedstock characterization could also be used in a similar study 

in to determine if those elements of characterization can be shown to affect biogas 

performance.  Other feedstock characterizations that could be used is C:N ratio, total 

phosphorous, total potassium, etc.    

 The eudiometer bench-scale design was the best equipment available at the time 

of this study, and although a high DM content was targeted, that type of system design is 

more indicative of liquid AD systems.   Percolate could not be circulated through the 

material and instead the material merely sat in the percolate for 28 days.  Using bench-

scale systems newly available that more accurately represent how the facility truly 

operates could be used to design a more in depth lab study.  Also designing a bench-scale 
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system that specifically uses feedstocks during each major visual change is a way that 

could expand on this study.  
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