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Executive Summary 

 

A large amount of organic wastes such as manure and food waste are generated annually in the Fraser 

Valley of British Columbia (BC). Anaerobic Digestion (AD) for biogas utilization is considered a 

potentially viable renewable energy technology option. The most probable scenario for the 

development of anaerobic digestion in BC has been found to be on-farm manure-based systems 

accepting off-farm food processing wastes as opposed to large centralized complexes.  

 

The main goal of this research project is to develop an Anaerobic Digestion Calculator that would assist 

farm and herd owners in the Fraser Valley in making decisions on choosing suitable anaerobic digestion 

technologies for their own farms. This goal can be separated into two connected objectives. The first 

objective is to inform potential users of the currently available technology options for both AD and 

biogas utilization. The second objective is to accurately model the selected AD and biogas utilization 

technology. The calculator software was constructed on Excel spreadsheets with simple user interfaces 

coded via Visual Basic applications. This makes it more flexible and more adaptable 

 

Components of the computer model include mass balance, energy balance, reaction kinetics, biogas 

utilization, capital cost estimate and profitability analysis. Focus was placed upon the two most 

common configurations of AD systems ï completely mixed (CSTR) and mixed plug flow (MPF). 

Kinetic parameters were estimated by calibrating the model with data from operating AD systems with 

manure as the feedstock. In order to test the stability, performance and accuracy of the calculator 

software, several case studies were conducted. Each case involves an operating digester for which 

sufficient information has been published in the literature. Predicted results are compared with the 

reported biogas production rate and digester volume. This report includes a more detailed guide of how 

to use the calculator to run a simulation. 
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A fictitious 450-cows dairy farm located in the Fraser Valley was used for performing overall technical 

and economic feasibility analyses, so as to assess project viability. Calculations were performed for 

CSTR and MPF, with different hydraulic retention times (HRTs). In scenario #1, off -farm food waste is 

not included in the influent (feedstock) to the AD system. Then, simulation is extended to scenario #2, 

with food waste added to the feedstock, resulting in a mixture of 80% dairy manure and 20% food 

waste. The computed results indicate that, among all configurations involved in the simulations (CSTR 

with HRT of 25, 28 and 30 days; MPF with HRT of 20, 22 and 25 days) a MPF system with HRT of 25 

days has the best system performance. With mixed waste (80% dairy manure and 20% food waste), the 

methane (CH4) production rate is 0.91 tonnes/day, leading to power production of 212 kW, which is 

equivalent to 0.47 kW/cow. The corresponding biogas yield is 58 m
3
/tonne feed (wet basis). Percent 

volatile solids reduction is also the highest, at 80%, When compared to the digestion of dairy manure 

alone, expected biogas yield would be doubled, whereas power production would be greater by 2.5 

times.   

 

Results derived from the economic analysis of the 450-cow predictive case study for mixed waste (80% 

dairy manure and 20% food waste) suggest that MPF systems are less expensive than CSTR systems. 

For co-generation purposes, if selling price of the electricity is at 9 cents per kWh, none of the 

configurations investigated are economically feasible based on after-tax cash flows, since for all cases, 

net present values are negative. However, if economic feasibility is based on before-tax cash flow, then 

the net present values associated with MPF systems having HRT of 20 to 25 days are positive, and the 

internal rates of return are greater than a 10% minimum acceptable rate of return. Under these 

circumstances, simple payback period of 5-6 years is also achievable. Therefore, MPF digester was 

found to be the most suitable and profitable AD system for on-farm digestion of animal wastes. If the 

selling price of the electricity can be increased to 14 cents per kWh, a CSTR digester with 30 days HRT 

would have a positive net present value and a simple payback period of 6 years, based on before-tax 

cash flow, but its net present value is still negative based on after-tax cash flow. A MPF digester is 

projected to perform even better economically, with internal rates of return around 15%, based on 

before-tax cash flow.  
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1. Introduction and Problem Definition 

Anaerobic digestion (AD) is the decomposition of organic matter in the absence of oxygen. During this 

decomposition which is due to microbial activity, a gaseous mixture of methane (CH4), carbon dioxide 

(CO2) and trace amounts of hydrogen sulfide (H2S) and hydrogen (H2) are produced. Some nitrogen 

gas may be found if we abate the H2S by biological oxidation (ventilation of 2-4% air into the biogas 

headspace in the digester). 

Hence, AD systems are often referred to as "biogas systems". It is a process found in many naturally 

occurring anoxic environments including watercourses, sediments, waterlogged soils and the 

mammalian gut. It can also be applied to a wide range of feedstocks including industrial and municipal 

wastewater, agricultural, municipal, food industry wastes and plant residues.  

In the 1940s, many municipal sewage treatment plants in the United States were already able to use 

anaerobic digestion while at the same time generating heat and electricity for the plant. This was the 

beginning of sustainable waste management and pollution control. After World War II, many nations 

developed biogas generation to enhance their economic recovery (Maramba 1978). Biogas from 

biomass has historically been used in Asia as a fuel for small farm operations or for household uses 

such as cooking. In the oil supply crisis of the 1970ôs and 1980ôs AD again become popular and in 

1986, gas from the decomposition of sewage was used to light a street in Exeter, England. There was a 

lull in interest in AD until the most recent world-wide concerns about energy availability, sustainability 

and pollution control, which means that modern AD technologies once again are becoming relevant. 

Installations increased remarkably in Europe since the strong Danish Government commitments toward 

the technology in the late 1980s (Mattocks and Wilson, 2005). In Europe, over 5,000 facilities are 

currently in operation, and this figure is predicted to exceed 20,000 by 2015. For instance, in Germany 

alone, biogas is estimated to account for 17% of Germanyôs electricity mix by 2020. Other countries in 

the EU that do not have abundant natural sources of energy are also putting increasing emphasis on 

biogas development. 
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The Fraser Valley of BC consists of two regions - the urban region of Metro Vancouver (MV) and the 

rural region of Fraser Valley Regional District (FVRD). A large amount of organic wastes are 

generated annually. At present, 600,000 tonnes of municipal solid waste (about 30% of total) are 

disposed at the Cache Creek Landfill in the BC interior; however, this landfill will be closed soon. 

Therefore, MV is actively seeking alternative solutions for waste management. In a report by Electrigaz 

Technologies Inc. (2007), it is estimated that activities in the FVRD generate 3.3 million tonnes of 

organic wastes annually, some 85% of which (2.9 million tonnes) are considered readily available for 

AD. These materials are comprised of 82% manure, 8% food wastes and 10% municipal wastes. The 

most probable scenario for the development of AD in BC was concluded to be on-farm manure-based 

systems accepting off-farm food processing wastes as opposed to large centralized complexes.  

 

Improved manure management practices would include the collection of manure as a liquid, slurry, or 

semi-solid, and the installation of anaerobic digesters. The environmental benefits of adapting AD 

include: odour control, pathogen reduction, improved water quality, reduced greenhouse gas (GHG) 

emissions and reduced volume of waste that needs disposal in landfills. Odor control was cited as the 

top priority for farmers who consider installing AD systems on farm (Tikalsky and Mullins, 2007). The 

economical benefits of adapting AD include heat production, cogeneration of heat and power (CHP), 

and biogas upgrading to renewable natural gas (RNG) as main products. It can also produce fertilizer, 

compost and bedding material from residues. For instance, after separating the effluent, the product 

solids may be used for bedding material on the farm (except for input manure with high sand content) 

or composted, and the liquid product may be sprayed crop fields as fertilizer (Kramer and Krom 

2008b).  

 

The overall potential for energy generation from biogas through AD in the Fraser Valley is estimated to 

be 30 MW. However, the electricity portion of the BC energy market is dominated by inexpensive and 

clean hydroelectric power. Although BC Hydro has developed programs to support energy conservation 

and the development of renewable energy production, such as the Net Metering Program, Standing 

Offer Program and Clean Power Call, the profits through these electricity sales programs for small 
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biogas plants are very limited, given the current costs of electricity at about 65¢/kWh. Upgrading 

biogas to RNG would be more cost effective and is becoming a more attractive feature for AD in BC 

(and other places), though the associated increase in capital and operation costs needs to be accounted 

for (Electrigaz, 2007). 

 

1.1 Project Objectives 

 

Before users decide to invest in AD many factors need to be taken into account such as the 

degradability and CH4 yield for different compositions of wastes, the choice of digester technology and 

the magnitude of environmental and economic benefits to the user and community. The main goal of 

this research project is to develop an Anaerobic Digestion Calculator that would assist farm and herd 

owners in the Fraser Valley in making decisions on choosing suitable AD technologies for their own 

farms. This goal can be separated into two connected objectives. The first objective is to inform 

potential users of the currently available technology options for both AD and biogas utilization. The 

second objective is to accurately model the selected AD and biogas utilization technology. The models 

used should be relatively simple yet providing fair estimation on vital biogas plant parameters, such as 

biogas yield, digester volume, capital cost, annual income, etc. 

 

In order to achieve these two objectives, the calculator developed must include the following features: 

 

a. The ability to input amounts of different types of wastes including animal, food, agricultural and 

municipal wastes. 

b. A user-friendly interface for choosing from a selection of digester types and for selecting whether to 

use cogeneration or biogas upgrading. 

c. A robust model parameter input interface, which should provide default values for average users, 

but also allow advanced users to input their own parameters to match their particular feed or design. 

d. A detailed output including all the input information, model parameters used and calculated results. 

Users should be able to export and save this output as another file, so that it can be viewed as a 

report. 

e. Help documentation for both basic and advanced users. 
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The first phase of this project was a literature review of the reactions involved in AD, the properties of 

organic wastes, kinetic models that have been developed for anaerobic degradation of these wastes and 

available reactor configurations for AD. Existing AD-related calculators also were compared and 

contrasted.  

 

During the second phase of this project, an Excel-based calculator with a windows-like interface was 

developed.  

 

Finally, this calculator was tested against several case studies collected during the literature review. It 

was then used to predict the techno-economic performance of a hypothetical case farm in the Fraser 

Valley of BC. The calculatorôs advantages, limitations and possible further improvements were 

reported after the tests. 
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2. Literature Review 

 

2.1 Reactions of Anaerobic Digestion 

 

AD is a collection of many biological reactions occurring in the absence of oxygen. In reality, the 

biological pathways of the process depend on the concentration and nature of the substrate, bacteria and 

surrounding conditions. As shown schematically in Figure 1, AD takes place in three stages: hydrolysis, 

acidogenesis/acetogenesis and methanogenesis (Wilkie 2005). During the hydrolysis stage, complex 

organic polymers are broken down into their monomer intermediates: sugars, amino acids and volatile 

fatty acids (VFA). During acetogenesis, these intermediates are converted into acetate (acetic acid) with 

CO2 and hydrogen as by-products. Finally in the methanogenesis stage, hydrogen and acetate are 

converted into CH4 and CO2. Table 1 is a brief summary of the main reactants and products during each 

phase. In general, the microorganisms involved in hydrolysis and acetogenesis grow more rapidly than 

the microorganisms involved in methanogenesis. As a result, methanogenesis tends to be the 

rate-limiting step. However, for some materials, such as grasses and newsprint, which contain more 

recalcitrant celluloses, hydrolysis may be very slow and become rate-limiting (Rittmann and McCarty 

2001). 
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Figure 1: A scheme of anaerobic digestion pathways 

 

 

Table 1: Reactants and products involved in the three phases of anaerobic digestion 

Phase Reactants Products 

Hydrolysis Organic materials Sugars, amino acids, volatile fatty acids (VFAs) 

Acetogenesis Sugars, amino acids, VFAs CH3COOH (acetic acid), alcohols, CO2, H2 

CO2, H2 CH3COOH 

Methanogenesis CH3COOH CH4, CO2 

CO2, H2 CH4 
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2.2 Biogas Yields and Power Generation 

 

The biogas yield primarily depends on the type of feed. Most commonly used feeds for AD are animal 

manures from cattle, hog and poultry, crop residues as well as corn and grass silage. Organic wastes 

from food processing, restaurants, fish processing, slaughterhouse, sewage sludge (biosolids) and the 

organic fraction of municipal waste may also be used as feeds for AD. Table 2 shows the biogas 

generation potential of substrates, as compiled from Preusser (2006) and Electrigaz (2007), which are 

similar to the information provided in the Wisconsin Agricultural Biogas Casebook (Kramer and Krom 

2008b). According to Birse (1999), these values should only be used as indicative values. Plaskett 

(1982) outlined the potential and scope of AD within the countries of the European Community back in 

1980, and presented the results of an overview study; dairy manure had a biogas generation potential of 

20-25 m
3
/tonne (wet basis), which is in line with many reported values since that time. The biogas 

yields of food and yard wastes can be considerably higher than the biogas yields of animal wastes. 

 

Table 2. Summary of biogas generation potential of substrates from three sources 

 Biogas generation potential, m
3
/tonne substrate (wet mass basis) 

Substrate Electrigaz Technologies 2007 Preusser, 2006 Kramer and Krom 2008b 

cow manure 25    (9% TS) 25 25 

pig manure 25    (7% TS) 35 30 

potato/vegetable waste 60   (10% TS) 70 39 

corn/grass silage 175  (25% TS) 200 185 

food waste 225  (20% TS) 175 265 

fats and grease 500  (50% TS) 980 961 

 

A large number of papers have been published in the past several decades dealing with the performance 

of different reactor configurations digesting and co-digesting organic solid wastes. According to Jerger 

and Tsao (1987), the theoretical CH4 yields (about 60% of biogas yields) due to the action of most 

microbial species are similar, with a value of about 0.5 m
3 
CH4/kg VS added. Biogas yield data based 

on actual observations or monitoring records have been compiled and shown in Table 3 for lab-scale 
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and pilot-scale studies and in Table 4 for full-scale systems. This information is not meant to be 

exhaustive, though these may be considered as representative values. Kelleher (2007) cited results 

obtained from studies by various researchers on the biodegradation of MSW components in lab-scale 

landfills; kitchen waste (TS 30%) and yard waste (TS 40%) have biogas yield of 113 m
3
/tonne and 34 

m
3
/tonne (w.b.), respectively. Ward et al. (2008) conducted a review of the AD of agricultural resources 

and compiled the CH4 producing potential of a wide range of substrates. Regardless of the scale of 

study, it is quite clear that animal manures provide lower yields while food processing wastes, 

especially fats oil and grease, provide higher yields.  

 

Gregerson et al. (1999) reported that at the time in Denmark, approximately 75% of the biomass 

resource was manure mostly in the form of slurry, whereas the remaining biomass was waste that 

mainly originated from food processing industries. In these biogas plants, manure and organic waste 

were mixed and digested in AD tanks for a hydraulic retention time (HRT) of 12 - 25 days. The biogas 

produced was cleaned and normally utili zed in CHP plants. The biogas yields from some of the 20 

systems installed between 1984 and 1998 are shown in Table 4. The biogas yield ranged from 23 to 92 

m
3
/tonne biomass (wet mass basis).  

 

DeBruyn (2008) reported recent changes to the Nutrient Management Act and Environmental 

Protection Act in Ontario to allow up to 25% low risk material to be brought to farms without 

designating the farm as a waste disposal site. He suggested that blending off-farm materials with 

manure would enhance biogas production 2 to 3 times versus manure alone. Manure-based anaerobic 

digesters built in Ontario in the 1980s failed due to poor economic returns or operational difficulties. 

However, new technologies and control systems have seen a new deployment of agri-food anaerobic 

digesters at present.  
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Table 3. Biogas yields (lab-scale and pilot-scale AD studies) 

Substrate Biogas Yield Units Reference 

cattle slurry 

pig slurry 

poultry slurry 

whey 

food waste  

grass silage 

0.25-0.30
1 

0.20-0.50 

0.35-0.60 

0.35-0.80 

0.25-0.60 

0.56 

m
3
/kg VS Seadi, 2001 

dairy cattle manure 

beef cattle manure 

pig manure 

mixed food waste 

fruit and vegetable wastes 

corn silage 

horse manure 

0.25 

0.55 

0.53 

0.80 

0.30-0.80 

0.65 

0.30
3
 

m
3
/kg VS

2
 Ward et al. 2008 

 

 

 

 

 

Kusch et al. 2008 

dairy manure/cheese whey (70/30) 

dairy manure/grease trap (70/30) 

dairy manure/corn silage (50/50) 

0.44 

0.51 

0.51 

m
3
/kg VS Sauve 2008 

soup processing waste 

cafeteria waste 

kitchen waste 

fish farm waste 

grease trap 

112  (21.5% TS) 

150  (23.5% TS) 

53   (9.7% TS) 

472  (55.8% TS) 

275  (29.4% TS) 

m
3
/tonne feed

4
 

(wet mass basis) 

Zhang et. 2007 

manure 

OFMSW
5 

slaughterhouse waste 

animal by-products 

21 

216 

270 

93
6 
ï 375

7
 

m
3
/tonne feed

2
 

 

WestStart-CALSTART, 

Inc. 2004  

1
 Based on average manure generation characteristics, this may be converted to 26 m

3
/tonne feed 

2
 The reported yields were originally for CH4; an average CH4 content of 60% is assumed for units  

 conversion. 
3 
In this lab study, horse manure has similar biogas yield [m

3
/kg VS] when compared to dairy manure.   

 However, due to its high solids content (38% of wet mass), the biogas yield is ~ 100 m
3
/tonne feed,  

 which is much greater than dairy manure. 
4
 The reported yields were originally in units of L/g VS; conversion was made knowing the  

 TS and VS contents of the substrates. 
5
 OFMSW: organic fraction of municipal solid waste 

6
 Non-pasteurized  

7
 Pasteurized via heating the waste to 70

o
C for one hour, for increased access to lipids  
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Table 4. Biogas yields (full scale AD systems) 

Substrate Facility/Location Biogas Yield,  

m
3
/tonne feed  

(wet mass basis) 

 

Reactor type
1
 

or  

AD process 

Reference 

Dairy manure Straus Creamery, CA 

Gordondale Farm, NY  

AA Dairy, WI 

Baldwin Farm, WI 

Sheland Farms, NY 

 

11.0 

40.0 

35.7 

28.0 

20.0 

Covered lagoon 

MPF  

HPF 

MMPF  

CM 

Anon, 2004 

Martin 2005 

Martin 2004 

USEPA, 2009 

Pronto and Gooch 2008 

Dairy manure and 

food waste 

Ridgeline Farm, NY 

Holsworthy, UK 

73.5 

40.4 

CM 

Wet, single-step 

Pronto and Gooch 2008 

Beck Inc., 2004 

 

OFMSW
2
 

 

Geneva, Switzerland 

Ameins, France 

Vagron, The Netherlands 

Wels, Austria 

Toronto, ON 

 

120 

150 

40.8 

89.5-140 

95-110 

Dry, single-step 

Wet, single-step 

 

Wet, two-steps 

 

Beck Inc., 2004 

 

 

 

Goldstein, 2005 and van 

Opstal, 2006 

 

Manure and 

organic wastes 
3
 

Various locations in 

Denmark 

 

23-98  

 

Not specified 

 

Gregerson et al., 1999 

 

1 
HPF: horizontal plug flow; MPF: mixed plug flow; MMPF: modified MPF; CM: Complete mixed 

2
 OFMSW: organic fraction (source separated) of municipal solid waste  

3
 The feedstock was made up of 55-70% of cattle manure, and 6-38% of organic wastes which include 

some or all of the followings: slaughterhouse waste (intestinal contents), fats, fish processing.  

 

2.3 Existing Anaerobic Digestion Technologies and Suppliers 

 

Due to the long history of AD, there are many types of anaerobic digesters around the world. The basic 

requirements of an anaerobic digester design are: to allow for a continuously high and sustainable 

organic load rate, a short hydraulic retention time (to minimize reactor volume) and to produce the 

maximum volume of CH4. There are several types of reactor in use today, and the design is related to 

the material to be digested. There are three main groups - batch reactors, one-stage continuously fed 

systems, and two-stage (or even multi-stage) continuously fed systems (Ward et al. 2008). Figure 3 

summarizes the six most common configurations of anaerobic digesters that are active today. There are 
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various pretreatment and downstream processing units, and digesters can be connected in series or 

parallel.  

 

Table 5 provides a condensed summary of power generation due to biogas from the digestion of cow 

manure, using different AD technologies. It is sub-divided into two periods: 1997-2002 and 2002-2008. 

There are many active suppliers of AD technology and biogas producers in North American and 

European markets. Statistics presented by Tikalsky and Mullins (2007) shows that the three vendors 

RCM Digesters Inc/ RCM International, GHD Inc and Microgy Inc. (a subsidiary of Environmental 

Power Corp.) have together provided 77% of the digesters installed in North America (primarily the US) 

over the past 10 years or so. Given the same technology, the greater values of power generation were 

generally associated with the co-digestion of manure and other organic wastes that have higher biogas 

generation potential or yield.  

 

Table 5 does not include data pertinent to Microgy AD systems (Tarrytown, NY. 

www.environmentalpower.com). Literature review of several cases indicated that their generators are 

over-sized, likely for future expansion purposes to include higher percentage of off-farm wastes, with 

power generation ranging from 0.75-0.90 kW/cow. Upflow anaerobic sludge blanket reactors (UASB, 

or vertical induced blanket reactors) could also have the potential of generating more power per cow. 

Gorrie (2009) reported the performance of a continuous-flow AD system currently installed at Stanton 

Farm near London, Ontario. Off-farm wastes (mainly fats, oil and grease) in the amount of 25% by 

weight are mixed with manure generated from 2000 dairy cows in multiple reactors. This system 

requires a shorter HRT of 5-7 days because of the intense interaction between the slurry and the highly 

concentrated bacteria in the blanket. In the near future, waste from neighboring farms and food 

processors will be acquired to meet the 1.3 MW (or 0.65 kW/cow) power generation target  

 

Table 6 contains more detailed information relevant to the dairy farms that have installed various types 

of AD systems in the US. Included in the summary are the following, wherever the information is 

available (AgStar website Feb 2009; Cornell University website accessed 2009; BioCycle various 
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issues): farm name and location, manure generation rate, reactor type and technology supplier, biogas 

production rate, biogas yield, power generation rate and year of installation.   

 

Table 5. Summary of power generation from anaerobic digestion of cow manure  

 Power Generation (kW/cow) 

1997-2002
a
 2002-2008

b, c
 

PF Digester 0.08-0.17 0.16-0.21
d
 

MPF Digester 0.15-0.23 0.16-0.28
e
 

CM Digester (CSTR) 0.08-0.23 0.24-0.32
f
 

Covered Lagoon n/a 0.12 

a
 USEPA - AgSTAR Handbook (http://www.epa.gov/agstar/resources/handbook.html) 

b
 AgSTAR Program - Guide to anaerobic digesters (http://www.epa.gov/agstar/operational.html) 

c 
Cornell University ï Manure Management Program (http://www.manuremanagement.cornell.edu) 

d
 mostly RCM Digesters Inc/RCM International Inc. 

e 
mostly GHD Inc. 

f 
various suppliers  

 

At present, more vendors are entering the AD market in North America. The following section will 

briefly compare active suppliers of AD technology and biogas producers in North American and 

European markets, in several key design concepts - digesters configuration (CSTR vs. MPF), dry 

digestion vs. wet digestion, mesophilic digestion vs. thermophilic digestion, co-generation vs. biogas 

upgrading and simple feed vs. mixed feed. A complete list of suppliers can be viewed in ñAppendix B: 

Current AD Technology Suppliersò.  

http://www.epa.gov/agstar/operational.html
http://www.manuremanagement.cornell.edu/
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1. Completely Mixed Digester (CSTR) 2. Upflow Anaerobic Sludge Blanket (UASB)   

 
 

3. Covered Lagoon 4. Fed Batch Digester (mechanical mixing optional) 

 

 

5. Plug Flow Digester (PF) 6a. Rotary Mixed Plug Flow Digester (MPF) 

 
 

6b. Dual Chamber MPF Digester (left) and its top view (right)  

Figure 2. Six common anaerobic digesters configuration  
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Table 6  Information relevant to a number of dairy farms in the US that have installed AD systems since 1999  

Farm and Location # 

cows 

Manure 

Generation 

m
3
/cow.d 

Co-digestion 

Feedstock 

Reactor  

type 

Supplier Biogas 

production  

m
3
/d 

Biogas 

yield 

m
3
/t 

Power Generation 

 

kW     kW/cow 

Year 

Blue Spruce VE 1200   MPF GHD   240 0.20 07 

Green Mountain  1050   MPF GHD 3270  300  07 

Montagne  1200     3740  300  07 

Pleasant Valley  1950     6230  600  06 

AA NY 600   HPF 
1 

RCM 1214 35.7 130 0.21  

Emerling  1200   HPF RCM   230 0.19  

Patterson  1000  Cheese whey CSTR RCM   250 0.25 05 

Ridgeline  525  Milk products waste CSTR RCM 9700 73.5 120 0.23 01 

Sunnyside  6100   MPF GHD   1600 0.27 08 

Cayuga regional 

enterprise 

 1255  Food waste, FOG, potato 

wastewater sludge 

CSTR EcoTech 

and GBU 

6110  625 0.50 08 

Baldwin WI 1050 0.14
3
  MPF 

2
 Komro 3680 28   06 

Clover Hill  1250   MPF GHD   300 0.24 07 

Double S  1100 0.13      200 0.18 04 

Gordondale  850 0.16     40 140 0.16 02 

Crave Brothers  800 0.14 Cheese whey 10% CSTR    230 0.29 07 

Five Star  850  Food waste (esp. 

FOG) 10% 

CSTR Microgy   750 0.89 05 

Green Valley  2100 0.20  CSTR Biogas 

Direct 

  600 0.29 07 

Lake Breeze  2550 0.21 Corn syrup waste     600 0.24 06 

Norwiss  1240  Food waste 10% CSTR Microgy   850 0.68 06 

Suring  950 0.12  CSTR Ambico   250 0.26 06 

Vir-Clar  1200 0.10 On-farm organic 

waste 

CSTR Biogas 

Direct 

  350 0.29 04 

Wild Rose  880 0.17 Food waste CSTR Microgy   750 0.85 05 
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Haubenschild MN 850   HPF RCM   135 0.16 99 

Scenic View MI 2200  Syrup stillage CSTR Phase 3/ 

Biogas 

Direct  

13460  700 0.32 05 

Van der Haak4 WA 1100a 

750b 

 20% food and fish 

processing waste 

MPF GHD   285a 

450b 

0.26 

0.60 

05 

Qualco Energy  2000  Food waste/whey   5750  450 0.23 08 

G DeRuyter  3500   Flush 

system 

PF 

GHD 12420  1200 0.34 08 

Tillamook #1 

         #2 

OR 2000 

2000 

  HPF RCM   250 

300 

 07 

Brabaker PA 900   CSTR RCM 2060  160 0.18  

Dovan  400   HPF RCM 1250  100 0.25  

Fair Winds  650   HPF RCM 1160  140 0.21  

Hill Crest  1150   HPF Team Ag 1390  130 0.11  

Mains  600   CSTR EMG   90 0.15  

Mason Dixon 5  2300   HPF Energy 

Cycle 

  600 0.25  

Penn Englad  800   CSTR RCM/ 

Team Ag 

1420  130 0.16  

Reingrid  800   CSTR RCM   130 0.16  

Wannerôs  400   CSTR RCM 1720  160 0.40  

1 HPF is same as PF 

2 modified with jet mixing 

3 based on units conversion 1 gal = 4.4 L 

4 Information about number of cows and power generation from two sources  

    a   BioCycle 2005 (number of cows indicate manure from ownerôs farm plus a neighboring farm when system was initially designed) 

    b   AgStar website 2009 (updated information) 

5 Operational since 1979 
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Digester Configurations (CSTR, PF and MPF) 

 

Although other configurations such as the covered lagoon, UASB reactor and fixed film reactor 

have been used for AD, the completely mixed (CSTR in Figure 2), plug flow (PF in Figure 2) 

and mixed plug flow (MPF in Figure 2) configurations are the most common. Completely 

mixed systems consist of a large tank where fresh material is mixed with partially digested 

material. Material with higher dry matter content (> 12%) will work in completely mixed 

systems by recirculating the liquid effluent. Plug flow systems typically consist of long 

channels in which the manure and other inputs move along as a plug. Although, theoretically, 

PF is the more efficient reactor configuration, ideal plug flow is difficult to attain and 

sometimes problems are encountered with sand and other solids accumulating inside the 

digester vessel (Dennis and Burke 2001).  

 

Since around 2002, development of mixed plug flow (MPF) digesters solved these problems to 

some extent. Advantages of MPF include the following. Biomass (microbes) is recirculated to 

the second tank to enhance digester performance, making it easier to separate the two groups of 

bacteria (acetogens and methanogens) involved. Since MPF is a partially mixed, plug flow 

digester, its HRT and volume will  be less than that for a CSTR, but not as low as for an ideal PF 

digester. Without recirculation, the solids retention time (SRT) is equal to the hydraulic 

retention time (HRT), but with recirculation, SRT is the actual period of digestion. This is 

harder for CSTR and PF to achieve due to the lack of bacteria culture separation. Therefore, 

MPF can be viewed as a compromise between the stability of a CSTR and the efficiency of a 

PF digester. Through literature review, it was noticed that both CSTR and MPF are very popular 

among farm-sized digesters (combined they account for 95% of the digesters reviewed). 

However, the completely mixed configuration still seems to be the only feasible choice for large 

centralized AD plants. 
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Table 7 is a brief summary of their characteristics. It should be noticed that within high solids 

range, it is more common to use mechanical mixing rather than passive gas mixing. 

 

Table 7. A summary of digester characteristics 

Digester 

Type 

Size Total 

Solids 

Retention 

Time 

Temperature Operation 

Mesophilic Thermophilic Continuous Fed-Batch 

CSTR All Range 8%-20%+ High Y Y Y Y 

MPF Farm <12% Medium Y Y Y N 

PF Farm <10% Low Y Y Y N 

 

 

CSTR digester suppliers: Many active suppliers of AD technology, such as BTA (Pfaffenhofen, 

Germany. www.bta-technologie.de), HAASE (Neumuenster, Germany) and RCM (Berkeley, 

CA, www.rcmdigesters.com) offer completely mixed digesters in various configurations with 

different mixing methods, digester shapes and gas capturing modes. Microgy Inc. also has a 

Danish style complete mix system (Matttocks and Wilson 2005). Performances of completely 

mixed digesters do not vary that much between the different configurations if they are operated 

under similar conditions.  

 

MPF/PF digester suppliers: RCM, Alliant Energy and OWS (Ghent, Belgium. www.owe.com) 

are suppliers of PF systems. Active suppliers of MPF systems include GHD (Chilton, WI), 

RCM (Berkeley, CA, www.rcmdigesters.com), Kompogas (Glattbrugg, Switzerland, 

http://www.kompogas.com) and BIOTHANE (Delft, The Netherlands. www.biothane.com). 

GHD digesters are the most popular PF/MPF digesters used by the sites studied in this project. 

 

Dry vs. Wet Digestion 

 

Feed to the digester consists of aqueous slurry. In some cases this results from the way in which 

waste is collected. For example, in the case of manure, material is washed out of the barn area 

http://www.rcmdigesters.com/
http://www.owe.com/
http://www.rcmdigesters.com/
http://www.biothane.com/
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with water into a holding tank resulting in slurry with low solids content. In other cases, where 

less watery material is collected, such as food waste, water may need to be added to achieve a 

desired percent solids or a dry digestion process may be favoured. In general, dry digestion 

refers to an AD process with TS over 20%, whereas wet digestion refers to an AD process with 

less than 20% TS. However, AD is generally not economically feasible if the total solids 

content is lower than 5% since the material will likely have low energy contents (Strategic 

Policy Unit 2005). When the TS content is too high, agitation and pumping could be an issue, 

especially for dry digestion systems (Millen 2008). Besides, HRT is proportional to TS contents 

for a dry digestion process. Smaller biogas plants, such as the ones located on farm sites, 

normally operate around 10% TS (Van Buren 1979). Dry digestion is targeted towards 

processing the organic fraction of municipal solid waste (OFMSW) rather than manure. In 

Europe, approximately 38% of the large scale AD plants for OFMSW were using the dry 

digestion process (Beck Inc. 2004); this figure increased to 54% according to Mattheeuws of 

Organic Waste Systems (2008), and is expected to further increase to 75% in the next 3 years.   

 

A representative wet digestion process (BTA) consists of three phases: acidification, hydrolysis 

and methanogenesis. Firstly, the solid organic waste is slurried with water and spontaneous 

acidification occurs during anaerobic storage of waste pulp. Next, dewatered waste pulp and 

effluent from the CH4 reactor are fed into the hydrolysis reactor so as to avoid the inhibition of 

hydrolysis due to some readily soluble substances (such as fructose). Good process control for 

pH and TS contents is required to achieve high efficiency in the hydrolysis step. CH4 reactor 

effluent is also recirculated to help improve the acidification rate of COD (chemical oxygen 

demand). Finally, liquor separated from the waste pulp and liquid obtained from solids/liquid 

separation of the hydrolysis reactor contents are fed to the CH4 reactor.  

 

Wet digestion process suppliers: GHD (Chilton, WI) is a major AD supplier in North America. 

It offers a specialized U-shaped, two-chamber MPF digester (as shown in Figures 2 and 3) that 
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operates at less than 15% TS. BIOTHANE (Delft, The Netherlands. www.biothane.com) makes 

several digester types including an upflow anaerobic sludge bed reactor, which is most suitable 

for low solids content feeds. Another main North American AD supplier, RCM (Berkeley, CA, 

www.rcmdigesters.com) produces both completely mixed and horizontal plug flow digesters for 

10-13% TS manure feed. Thus far, farm-sized digesters are dominated by wet digestion process, 

probably because most of them process manure. Dry digestion processes are more attractive for 

food and municipal solid wastes.  

 

 

 

 

 

 

 

Figure 3: U-shaped two-chamber MPF digester from GHD (adapted from GHD, 2009) 

 

Dry digestion process suppliers: There are several suppliers of dry digestion technology.  For 

example, PlanET Biogastechnik (Germany) offers an anaerobic digester with a paddle inside for 

mechanical mixing. It has over 110 ADs (power generation from 35 kW to 6 MW) in operation 

in Germany and the Netherlands, with some more under construction. Initially, their system 

only treated low TS streams, typically operating at maximum TS of 6%, and a hydraulic 

retention time (HRT) of 25-27 days for wastewater treatment plant and manure. The Canadian 

operation is based in St. Catharines, Ontario (http://www.planet-biogas.ca) and started operating 

in 2006. The AD digester has a volume of 1200 m
3
. Their Genset biogas cogeneration system 

has a size of 250 kWe and 250 kWt. Now it can operate at TS content of 12% and up to 30%. 

The operation receives a variety of organic inputs that include dairy manure, corn silage, 

grain-based feed and supplemented by off-farm organic wastes (glycerine, potato culls, 

http://www.biothane.com/
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greenhouse clippings and grape pomace). The organic loading rate had a maximum value of 4.5 

kg VS (organic fraction of TS)/m
3
.day.    

 

Kompogas (Glattbrugg, Switzerland, http://www.kompogas.com) supplies a horizontal plug flow 

digester that also operates at around 30% TS. Organic Waste Systemsô (OWS, Ghent, Belgium. 

www.owe.com) Dranco process is a vertical plug flow reactor with no mixing that handles 

25-40% TS.   

 

Mesophilic vs. Thermophilic Digestion 

 

Like most chemical reactions, the rate of AD increases with temperature. In practice, there are 

two temperature ranges for AD: mesophilic (around 35
o
C) and thermophilic (from 55 to 60

o
C). 

Psychrophilic AD systems running in Quebec and Manitoba have been designed to operate in 

the temperature range of 15-25°C. These systems are stable and easy to manage, however, 

much longer retention times are required to achieve equivalent gas production and pathogen 

removal (DeBruyn 2007).  

 

Due to the faster kinetics, a thermophilic digester requires shorter HRT and hence smaller 

volume (Wilkie 2005). Other advantages of thermophilic digestion include possibly increased 

pathogen destruction and better dewatering characteristics of the digestate. In contrast, RCM 

International undertook a study to determine the effectiveness of pathogen reduction during 

mesophilic digestion of dairy manure in CSTRs that have already been operating anywhere 

from 1 to 4 years (Teigen and Moser, 2009). They observed a reduction in fecal coliform levels 

in the digested solids from over 50000 CFU/g to 10 CFU/g. However, they noted that values 

well over 500000 CFU/g in raw manure are common (for instance, Cornell University 

researchers had measured over 3.5 million CFU/g).   
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Disadvantages of thermophilic digestion include reduced stability  and the need for greater 

process heating when compared to operating in the mesophilic temperature regime. 

Furthermore, unbalanced fermentation could occur due to prolonged exposure to high 

temperatures, thus favouring the sulphur-reducing bacteria, resulting in the formation of more 

hydrogen sulfide. 

 

Thermophilic digesters did not necessarily generate more biogas than mesophilic ones among 

the Danish centralized AD plants installed during the 1980ôs and 1990ôs (Gregerson et al. 1999). 

Zhang et al. (2007) studied the effects of temperature on AD of five food wastes in the 

laboratory. They observed that the biogas yields under thermophilic conditions were not 

significantly different from those for mesophilic temperatures except for the grease trap waste 

(Table 8). Biogas yield from grease trap waste under thermophilic conditions was much lower, 

though the authors did not report the reason.   

 

Table 8. Effects of temperature on anaerobic digestion (Zhang et al. 2007) 

 

 

 

 

 

 

 

 

  

 

Some studies have shown that biogas yields are higher during thermophilic digestion (Svoboda 

2003), and that dry rather than wet digestion is more favourable for thermophilic systems (Beck 

Inc. 2004). In North America, most AD technology suppliers of on-farm systems offer digesters 

that operate in the mesophilic range. However, some dry digestion processes operate at 
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thermophilic temperatures. For example, Kompogas builds horizontal PF digesters that run at 

30% TS and 55-60
o
C. Microgy is the only supplier encountered in this study that specializes in 

thermophilic digestion. Unlike the other thermophilic digester suppliers, Microgy builds 

completely mixed digesters operating at less than 10% TS. 

 

Generally speaking, because of the additional heating requirements (Demuynck et al 1984), 

thermophilic digestion is only economically viable at high organic loading rates (Mackie and 

Bryant 1995). Incentives for thermophilic digestion might not be compelling. Nevertheless, 

according to the statistics presented by Mattheeuws (2008), 71% of digesters in Europe 

operated with mesophilic temperature regime in 2008 and this percentage is expected to 

decrease to 45% in the next 3 years.  

 

Examples of operating plants   

 

In 1987, the French company Valorga (Montpellier. www.valorgainternational.fr) designed and 

built three vertical MPF-type 2,400 m
3
 digesters at Ameins to treat 55000 tonnes/yr of 

municipal solid waste (MSW) with a TS content of 25-35%. The treatment capacity was 

extended to 85000 tonnes/yr in 1996 with an additional 3500 m
3
 digester. The estimated 

hydraulic retention time (HRT) is between 18 to 22 days. The biogas yield was about 150 

m
3
/tonne, and it was used to produce high pressure steam for industrial purposes (Valorga 

2009).  

 

In 2001, Deere Ridge Dairy installed a farm-scale MPF digester designed by GHD. This 

digester treats about 113 m
3
/day of manure at 8-9% TS with 22 days HRT under mesophilic 

conditions. The biogas produced generates between 60000-90000 kWh of electricity per month 

(0.19 kW/cow), which is sold to Alliant Energy. The heat produced is used for heating the 

digester, milking parlor and facility water. The solid product is removed and dewatered with a 

fan screw press and used entirely for bedding on the farm (Kramer and Krom 2008a). 
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Norswiss Farms in Rice Lake has a thermophilic completely mixed system installed by Microgy. 

A mixture of manure from 1240 Holsteins and Swiss cows and food waste is pumped into the 

digester every half hour at about 10% TS. The HRT is about 20 days. The biogas produced is 

used to power an 848 kW engine generator (Kramer and Krom 2008b). Approximately 

55000 kWh of electricity is produced each month, which is enough to power some 600 homes. 

 

In Denmark, Wisconsin, the 1000 cow Stencil Farm has a below grade, concrete, straight plug 

flow system installed by RCM in 2002. This system operates with 9% to 12% TS at mesophilic 

temperatures. The biogas is captured by a flexible cover and used to generate electricity and 

heat with a 123 kW engine generator. The electricity is used on the farm and the recovered heat 

maintains the digester temperature (Agstar website:  

ttp://www.epa.gov/agstar/profiles/stencilfarm.html). 

 

In 2005, a GHD MPF digester became operational at Quantum Dairy in Weyauwega treating 

208 m
3
/day of manure at 11% TS. The biogas produced is sent through a 300 kW turbocharged 

engine generator to produce heat and electricity. Under a sell-all contract, the electricity is sold 

entirely to We Energies. The recovered heat is used to maintain digester temperature, two 

milking parlors and other facilities on the farm (Kramer and Krom 2008b). 

 

Single Phase vs. Two Phase Digestion 

 

Verma (2002) examined in depth AD technologies in order to determine their economic and 

environmental competitiveness, as one of the options for processing the biodegradable organic 

materials in MSW. The study showed that multi-stage processes provide biological stability by 

keeping the acidogenesis and methanogenesis separately and allowing higher organic loading 

rates without shocking the methanogenic bacteria. However, multi-stage systems are complex 

and the benefits do not necessarily justify high investment costs. Single stage AD processes might 

dominate the market because of the simpler reactor design and lower investment and operational 
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costs. Mattheeuws (2008) showed some up-to-date statistics from Europe, suggesting that 8% of 

the AD systems are two-phase in 2008 and within the next 3 years, this is expected to further 

decrease to less than 1% of the installed systems. 

 

Co-Generation vs. Biogas Upgrading 

 

Most of the operating on-farm AD facilities that we surveyed use biogas for heat and electricity 

production through combined heat and power (CHP) generators. Two primary types of power 

generation equipment are microturbines and reciprocating gas engines. Microturbines are small 

gas engines that burn CH4 mixed with compressed air. Reciprocating gas engines are essentially 

natural gas engines that have been transformed to handle the larger volumes of biogas because 

of its higher CO2 content (Goldstein, 2006).   

 

Many engine vendors, such as Capstone, Ingersoll Rand, Caterpillar, General Electric (GE)ôs 

Jenbacher, Entec and Linde-KCA supply co-generation engines for farm-sized biogas utilization. 

For farm-sized co-generation with biogas, about 30% of the total heat of combustion is 

converted to electricity and about 50% is captured as usable heat.  

 

Biogas upgrading systems are not yet popular in North America market, but some suppliers, 

such as QuestAir Technologies (Vancouver, BC), have patented technologies for farm-sized 

biogas upgrading systems. Bioenergy Solutions (Bakerfield, CA) is one other such supplier 

(Greer, 2009). According the recent report by Electigaz (2007) upgrading biogas to natural gas 

grade CH4 increases the economic feasibility of AD in BC. 
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Examples of biogas upgrading  

 

In 2007, Scenic View Dairyôs (Holland, Michigan) biogas production system started operating 

in full capacity. Their AD system consists of three 3300 m
3
 mesophilic CSTRs treating manure 

and syrup stillage from a nearby ethanol plant with 5% to 20% TS. In addition to the two 350 

kW reciprocating gas engines, the farm also installed a biogas upgrading system that 

incorporates a QuesetAir Technologies pressure swing absorption (PSA) unit to convert the 

additional biogas to pipeline-grade natural gas. As a result, after the power demand on the farm 

site is met, the dairy can make an economic decision between selling excess electricity to grid 

and selling upgraded biogas to Michigan Gas Utilities (Hauska, 2007). 

 

In 2005, Emerald Dairy replaced an old covered lagoon system with a MPF digester designed 

by GHD. This digester treats about 170 m
3
/day of manure at 8% TS under mesophilic 

conditions. A moisture trap and iron sponge removes water and hydrogen sulfide from the 

biogas. The remaining biogas is upgraded into compressed natural gas (CNG) using water 

column technology. 

 

Simple Feed vs. Mixed Feed 

 

Many different types of organic material can be digested anaerobically. As shown in Tables 2 and 

3 the biogas yield can be very different depending on the nature of the substrate, with fatty 

materials yielding more CH4 than recalcitrant carbohydrates, for example. In many cases 

combining food or another agricultural waste with manure results in increased biogas production 

(SPU, 2005). Often the additional substrate helps to optimize the nutrient ratio. As shown in 

Table 9, the optimal C:N:P ratio for farm-sized AD process (low organic loading) is between 

150:5:1 and 330:5:1. Since manure has a high fibre content and is low in N, more readily 

digestible food wastes with more N increase nutrient availability and therefore the kinetics and 

yields of AD. Sauve (2008) performed lab batch tests for biochemical CH4 potential BMP) to 
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verify the interaction between different mixes of co-substrate volatile solids (VS), and suggested 

that manure is considered an important ñbufferò; it is necessary to have a good ratio of manure to 

other co-digested organic wastes. 

 

  Table 9: Recommended nutrient ratio 

Ratio Value Organic Loading Reference 

COD:N:P 400:7:1 High Malina and Pohland, 1992 

1000:7:1 Low 

1000:5:1 Low Buvet et al. 1982 

250:5:1 High 

C:N:P 330:5:1 Low 

130:5:1 High 

100:6:1 n/a Cheremisinoff, 1994 

C:N 10:1 High Timbers and Marshall, 1981 

30:1 Low 

 

Monou et al. (2009) conducted small-scale (400 mL rectors) experimental investigations on the 

co-digestion of livestock waste and industrial biowastes. They cautioned that anaerobic 

co-digestion of wastes with low pH and/or high fat or sugar contents (such as solid fruits, 

ice-cream, yoghurt and abattoir wastewater) is potentially problematic and, whilst anaerobic 

degradation of these waste types proceeds rapidly, methanogenesis could be inhibited, possibly 

by the low pH value and long-chain fatty acids. They suggested approaches to overcome CH4 

inhibition, for instance, reducing the loading rate to provide a longer acclimatization period and 

limiting the fats content.  

 

Examples 

 

In 2003, the Klaesi brothers, owners of Fepro Farms in Cobden, Ottawa, Ontario, followed 

Swiss design literature and built an elliptical-shaped 500 m
3
 mesophilic digester covered with a 

fixed membrane. This digester initially treated manure from 300 animals at 8-9% TS. The 

overall capital investment was about $250,000 with an estimated 10-year payback. Two years 
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later, the Klaesi brothers received the first ever issued Ontario Ministry of the Environment 

Provisional Certificate of Approval for a Waste Disposal Site permitting them to process 5000 

tonnes per year of off-farm organic waste originating in Ontario and Quebec. Allowable 

materials include a variety of agricultural residues, ethanol and biodiesel by-products, food 

processing wastes, leaf and yard wastes, fishery waste as well as flocculation and scum wastes 

from dissolved air floatation (DAF) systems at large food and meat processors. With these 

additional complex organic wastes, Fepro Farms expect to upgrade the 50 kW diesel engine 

running approximately 14 hours per day to a 100 kW engine running 24 hours per day 7 days a 

week, which will more than double the original energy output. The Klaesi brothers believe that 

with higher power prices and more government assistance, many Ontario farmers will consider 

installing AD systems to treat energy crops (Goldstein, 2007). As this example demonstrated, 

having additional off-farm organic wastes (especially food wastes and FOG) can improve the 

biogas yield, thus, generate more revenue. 

 

2.4 Existing Kinetic Models of Anaerobic Digestion 

 

In order to accurately design and optimize an anaerobic digester, a mathematical model 

describing substrate uptake rate, bacteria growth rate, and ultimately CH4 production rate, must 

be constructed. Many theories and kinetic models were developed in the past 50 years, and new 

studies on this topic are published every year. All of these models may be categorized into two 

types: step-wise model and one-step model. In these sections, both types will be discussed and 

compared. 

 

Step-wise Models 

 

A more detailed model of AD would include all the main steps (as shown in Figure 1) in 

decomposition of organic matter and methanogenesis, each of which can be described by an 

overall stoichiometric equation and its own rate expression. The overall rate of substrate uptake 
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and methane production can be calculated by combining all these rates. Garcia-Ochoa et al. 

(1999) developed a model taking this approach by considering six subprocesses: hydrolysis of 

particulate organic materials, growth of acetogenic bacteria, production of organic acids, 

consumption of substrate for acetogenic bacteria maintenance, growth of methanogenic bacteria 

and organic acids consumption for methanogenic bacteria maintenance.  

 

With the exception of the hydrolysis step, all other subprocesses of anaerobic treatment have 

been successfully modeled by following Monod kinetics. Even in cases where acidogenesis or 

methanogenesis are considered to be limiting steps, hydrolysis may affect the overall process 

kinetics. The process failure point at which washout of methanogens occurs is influenced by 

preceding steps such as hydrolysis (Pavlostathis and Giraldo-Gomez 1991). Nevertheless, due to 

the complexity of these step-wise models, they are primarily used for laboratory scale studies. 

 

One-step Models 

 

Although AD is carried out by many groups of microorganisms in several stages, it is more 

common to model the kinetics with an overall growth-dependent reaction rate. As shown in 

Table 10, in these overall growth models, the cell specific bacterial growth rate, µ, is 

proportional to the substrate concentration, S, in Monod-like expressions. In some cases the 

growth rate is inhibited by the feed substrate concentration, So. The maintenance activity of the 

bacteria is modeled by the decay factor, b, in most of these models.  



 35 

Table 10: A brief summary of one-step models 

Model (equation for bacteria growth rate) Reference 
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Grau et al. 1975 
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Chen and Hashimoto 1979 
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=m
 

Lawrence and McCarty 1967 

1
0

-

=

S

S

k
m

 

Linke 2006 

ɛ: growth rate of microorganisms (1/day); ɛmax: maximum growth rate of microorganisms (1/day) 

S: concentration of substrate (mg/L); S0: initial concentration of substrate in digester (mg/L) 

X: microorganisms concentration (mg/L) 

a: growth yield constant (mg/mg) 

k: maximum rate of substrate utilization (mg/mg day), 

Ks: half-growth velocity (mg/L) 

b: decay rate (1/day)  

B, K, Y: constant parameters developed for their corresponding model 

  

 

Barthakur et al. (1991) suggested that when substrate hydrolysis is poor and rate limiting, as 

would be the case for fibrous materials, the Contois-type equation is more applicable, whereas a 

Monod-type relationship better represents the kinetics for soluble substrates. Based on our 

literature review, the Chen and Hashimoto model and the Lawrence and McCarty model have 

been found to be more accurate and widely used than the others; both models are modifications 

of Monod kinetics. The Lawrence and McCarty model (1967) is essentially Monod kinetics and 

it emphasizes the effect of current substrate concentration, whereas the Chen and Hashimoto 

model (1979) takes both initial (or feed) substrate concentration and current substrate 
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concentration into consideration. To compare the two models, the Chen and Hashimoto model 

may be re-written as: 

 

 

m=
mmaxS

K(S0-S)+S
-b

               (1)
 

where 

 

 

K(S0-S)¹Km 
 

Km represents the ease with which the substrate is digested. For example, easily digested 

substrates have a low Km value, whereas more complex or recalcitrant substrates have a higher 

Km value. According to the Chen and Hashimoto model the feed substrate concentration (or 

organic loading rate to the digester) also influences the ease of substrate degradation in that 

high feed loading rates inhibit the growth kinetics. 

 

In this sense, the inhibition for Chen and Hashimoto model is from the initial or feed substrate 

concentration, whereas for Lawrence and McCarty model, the inhibition is from the nature of 

the substrate. Currently, both assumptions about inhibition are accepted by scientific community. 

In practice, kinetic modelsô accuracy may vary depending on the configuration of digesters. 

Lawrence and McCartyôs model has been used in studies of anaerobic CH4 production (Sanchez 

et al 2004) and it can predict kinetics of anaerobic bacterial growth accurately (Kumar et al 

2007). Therefore, the Lawrence and McCarty model was chosen for this study.  

 

Like most microbial bioreactors, so-called wash-out can occur in anaerobic digesters operating 

in the CSTR configuration. This is predicted by Monod-like expressions such as the Lawrence 

and McCarty model as the minimum allowable HRT. For a CSTR operating under steady-state 

conditions the final substrate concentration can be calculated with Equation 1, which uses the 

Lawrence and McCarty model for the kinetic expression. If 1)( ¢-bakHRT , then according 
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to Equation 1 the value of S is negative, which is not possible. This is because HRT is too small 

leading to wash out. 

  

1)(

)1(

--

+
=

bakHRT

bHRTKs
S                 (2) 

 

In order to prevent wash out, the range of HRT must be limited for a set of fixed kinetic 

parameters: 

 

bak
HRT

-
>

1
                 (3) 

 

2.5 Capital Cost Estimation 

 

Capital cost estimation is perhaps the most important item within economic analysis of AD 

systems. The cost of AD of manure for biogas production and utilization will vary with system 

type and size, type of livestock operation and siteπspecific conditions.  

 

Verma (2002) cited comments by De Baere (1999) that the economic differences between the 

low-solids CSTR systems with complete mixing and the high-solids PF systems without 

mechanical devices within the reactor are small.  

 

At the University of Alberta, Ghafoori and Flynn (2006) have summarized capital cost data in 

terms of biogas production rate. Different curves were generated using cost indexing to 2005 US 

dollars, and plotted for centralized plants in Denmark (1999-2002), another Danish study by 

Nielsen (2002) and farm AD systems (Hashimoto et al 1979). Although the types of reactor are 

not cited in their study, in general, the capital costs exhibit economy of scale, and the exponent 

0.60 usually adopted for processing plants was found to be valid for AD systems. Calculations 

from FarmWare 3.0 (USEPA, 2003) were also included in their analysis; however, the capital cost 
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values are substantially lower and the authors have cast doubt about the accuracy and consistency 

of the AgStar estimating basis. 

 

Enahoro and Gloy (2008) at the Department of Applied Economics and Management, Cornell 

University conducted a financial analysis of AD systems on dairy farms and described a financial 

model developed for this purpose. The model is illustrated with two sources of data. The ñbaseò 

case is a more flexible model that can be utilized with farm-specific data to assist in the 

evaluation of an AD system, and its parameters were developed from a wide range of resources. 

The second model is meant to be used in conjunction with FarmWare 3.1 which is the updated 

version of FarmWare 3.0, developed and distributed by the USEPAôs AgStar Program. Their 

analysis explicitly incorporates the financial incentives offered under the New York State Energy 

Research and Development Authorityôs Customer-Sited Tier Anaerobic Digester 

Gas-to-Electricity Program. A variety of parameters was considered very important in 

determining the economic viability of anaerobic digester projects. These key variables include the 

biogas energy yield, current on-farm energy use, prices paid for electricity, the price received for 

excess electricity generation, the ability to co-digest other waste streams and capital and 

operating costs. 

 

Lazarus (2009) at the University of Minnesota performed an economic analysis and confirmed 

the economy-of-scale via cost-capacity relationship for dairy farm digesters. With manure alone 

as feedstock, a digester for a 500-cow operation in 2006 would have cost $805/cow while at 

2,000 cows the cost would decline to $371/cow. A plug-flow digester installed on a Washington 

state 500-cow dairy farm in 2005 cost approximately $1.1 million or $1,515/cow. The digester 

also received manure trucked in from an additional 250 cows, as well as addition of food 

processing wastes and fiber separation. A complete mix digester with separator installed on a 

160-cow Minnesota dairy farm in 2008 cost $460,000, or $2,875/cow. Another analysis found 

that the electrical generation equipment made up on average 36 percent of total investment for a 
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group of 36 digesters, suggesting that substantial cost savings may be possible in situations 

where the biogas can be used for heating rather than to produce electricity.  

 

In the AD system feasibility study reports (Electrigaz Technologies Inc., 2007, 2008), a rule of 

thumb was cited as $5,000/kW power generated, but regardless of the type of digester. Moreover, 

this shall be considered valid for smaller-size dairy farms (like, fewer than 500 cows). Carruthers 

of Organic Resources Management Inc., Ontario (2009) also cited a figure of ~ $4,500/kW. For 

an average power production of 0.20 kW/cow (Enahoro and Gloy 2008), this would then work 

out to be $1,000/cow.  

 

According to USEPA AgSTAR program, as-built costs generally are not available. Nevertheless, 

based on vendor quotes between 2005-2008, they analyzed AD system capital cost data for 28 

dairy farms for which itemized cost estimates for the digester, the engine-generator set, 

engineering design and installation were available. The AD systems included 10 complete mix 

digesters, 16 plug flow digesters and 2 covered lagoons. Systems designed for co-digestion with 

other wastes were excluded from their analyses. They are also aware of the fact that not all 

reported costs include the same equipment, thus introducing variability in the reported costs of 

digesters. To analyze costs on a common basis, they excluded costs of system components that 

were not included in all of the available cost estimates. These components were post-digestion 

solids separation, hydrogen sulfide reduction systems, and utility charges including line 

upgrades and interconnection equipment costs and fees. With the aforementioned items 

excluded, the remaining capital costs were then scaled to August 2008 dollars using the 

Chemical Engineering Plant Cost Index (CEPCI). The CEPCI index has been used for cost 

indexing purposes for more than half a century. The resulting linear regression equations were 

as follows: 
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Complete Mix digester (700 - 2300 cows):  

 

Capital cost = 615 (Number of dairy cows) + 354,866        (4) 

 

Plug Flow digester (650 - 4000 head): 

 

Capital Cost = 563 (Number of dairy cows) + 678,064        (5) 

 

The above relations clearly show that plug flow (PF/MPF) digesters are more expensive than 

complete mix digesters (CSTR). Expressing capital investment per cow basis, PF digester costs 

$1,450/cow and $1,000/cow respectively when the number of cows increases from 750 to 2,000. 

These values are some 25% greater than the corresponding costs for CSTR digester, being 

$1,150/cow and $800/cow, respectively. This trend appears to have a discrepancy with that 

derived from estimates made by Lazarus (2009), which suggested CSTR digesters are more 

costly.  

 

For preliminary capital cost estimates, the total capital cost may be assumed to be proportional 

to the number of animals (dairy cows) on farm site. Alternatively, the total capital cost may be 

assumed to be proportional to the maximum power output of the plant. 

 

Before we proceed with our capital cost estimate, we checked the factsheets published by 

Cornell Universityôs Manure Management Program (CUMMP 2008,  

www.manuremanagement.cornell.edu), which are based on surveys of individual dairy farms. 

We realize cross references are often made by the CUMMP to information provided by USEPA 

on their website (USEPA AgSTAR Program: Guide to anaerobic digesters 2009; 

http://www.epa.gov/agstar/operational.html). However, the data compiled and analyzed by 

USEPA AgStar program about capital costs of CSTR versus MPF/PF systems (Eqns 4 and 5) 

appear to be contradictory to what are reported in these factsheets. Table 11 contains our 

findings about the capital cost data reported in these factsheets, illustrating that the capital cost 

for CSTR digesters can be much higher than PF/MPF digesters. 

http://www.manuremanagement.cornell.edu/
http://www.epa.gov/agstar/operational.html
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We applied regression analysis and summarize the data in two graphs - capital cost versus 

number of cows (Figure 4) and capital cost versus maximum power output (Figure 5). As 

shown in Figure 4, the economy-of-scale factor for completely mixed digesters (CSTR) and 

mixed plug-flow (MPF/PF) digesters are 0.77 and 1.16 respectively. When the 

economy-of-scale factor is greater than 1.0, the cost per unit capacity actually increases with 

capacity. In Figure 5, the economy-of-scale factor for CSTR and MPF/PF digesters are 0.74 and 

0.87 respectively. Hence, with the limited data that we have analyzed, economy-of-scale is only 

valid for MPF/PF digesters when capital cost is plotted against maximum power output. These 

curve fitting results imply that the economy-of-scale factor for completely mixed digesters is 

closer to the general adopted value of 0.60.  

 

Consequently, the capital costs of AD systems are estimated as a function of maximum power 

output in this study. 

 

CSTR Digesters:  7388.026920 erOutputMaximumPowCapital ³=      (6) 

  

 MPF/PF Digesters:   
8722.07570 erOutputMaximumPowCapital ³=      (7) 

 

The regression equation (Eqn. 6) for CSTR digesters is based on few data points. Yet, if we 

remove Green Valley Farm from the data set because it induces an unnecessarily broad range of 

data, the resulting correlation thus obtained is essentially the same as Eqn. 6. 
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Table 11. A summary of case studies for capital cost estimation  

Name and location of facility #cows Power,  

kW 

Digester  

type 

Capital  

cost, $
1
 

Reference
2
 

AA  NY 1000 130 PF 292000 Martin 2004 

Gordondale WI 860 135 MPF 550000 Martin 2005 

Haubenschild 

 

MN 850 135 PF 423000 Lazarus 2006 

Noblehurst  

 

NY 1300 130 PF 747700 Wright and Ma 2003 

Spring Valley  

 

NY 236 25 PF 143650 Wright and Ma 2003 

Sunny Knoll  

 

NY 1400 230 PF 1084500 Pronto and Gooch 2008 

Van der Haak  

 

WA 1200 285 MPF 1200000 Goldstein 2004 

Crave Brothers  WI 1000 200 CSTR 1500000 Ballenger 2008 

Green Valley  WI 2500 600 CSTR 2550000 Jacobs 2007 

Patterson  

 

NY 1000 250 CSTR 1508630 Gooch and Inglis 2008 

Ridgeline  

 

NY 525 130 CSTR 740800 Pronto and Gooch 2008 

Sheland  

 

NY 560 125 CSTR 1199717 Pronto and Gooch 2008 

1
 All capital costs are indexed to 2005 values, using the Chemical Engineering Plant Cost 

Index (CEPCI)  
2
 From Cornell University website, AgStar website or BioCycle, with authors specified in the 

table. 
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                Figure 4. Capital cost as a function of the number of cows 
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   Figure 5. Capital cost as a function of maximum power output 
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3. Existing Anaerobic Digestion (AD) Calculators 

 

3.1 Coefficient-based Software 

 

Many AD calculators are already available on the Internet. Most are simple web-based 

calculators.  

 

MacDougall (2007) presented a predictive model for co-digestion in dairy manure digester. As an 

example, the feed is made up of 80% dairy manure (85 tons/d at 13% TS) and 20% food waste 

(23 tons/d at 27% TS) diluted by 161 tons of water to achieve the targeted 7% TS in the digester. 

For an influent biomass of 255 tons/d, and operating conditions of 20 days HRT and mesophilic 

temperature of 35
o
C, the predicted biogas yield is 26.6 m

3
/ton feed (wet mass basis). This biogas 

yield is much closer to the typical yield for dairy manure as compared to food waste. 

 

Other examples are two web-based calculators as shown in Figures 8a and 8b. These are easy to 

use and require only a few inputs about the quantities of organic wastes. However, the results 

obtained from these calculators are limited. The Renewable Energy Concepts 

(http://www.renewable-energy-concepts.com) software only provides the electricity and thermal 

energy generation through a co-generation system. The AD Community 

(http://www.anaerobic-digestion.com/index.php) software provides a bit more information 

including CH4 production and total gross income.  

http://www.renewable-energy-concepts.com/
http://www.anaerobic-digestion.com/index.php
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a. AD Community software (Last 2009) b. Renewable Energy Concept software (2009) 

 

Figure 6: Two examples of simple web-based calculators 

 

As a trial use of these two calculators, the number of dairy cattle was set at 1000 and input into 

each one. The electricity production predictions were very different, assuming 360 operating 

days per year: 314040 kWh/yr (AD Community software) and 76320 kWh/yr (Renewable 

Energy Concepts software). Since the algorithm behind the Renewable Energy Concepts 

calculator is hidden from users, it is not possible to determine the reliability of its calculations.  

 

The AD Community website provided a spreadsheet file to illustrate its calculatorôs algorithm. 

As shown in Figure 9, different coefficients are assigned to each type of livestock. For instance, 

in order to obtain the digester volume for a dairy farm, the algorithm is to multiply the number 

of dairy cattle by the size of digester per animal. Similarly, to calculate CH4 generation, we can 

multiply the total amount of VS in the feed by the CH4 yield/kg VS. For mixed feed from dairy 

cattle, other cattle, pig and poultry manure, it calculates the digester volume and CH4 yield for 

each type of livestock individually, and sums up the individual results to obtain the overall 

output. The fundamental concept of this algorithm is that the digester volume and CH4 yield are 

proportional to the number of livestock. Their additional assumption of 100% conversion (all of 
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the VS are digested to completion) may not be accurate for all types of feeds and HRTs. For 

example, in practice, the ultimate biodegradable fraction of dairy manure is only approximately 

40% (Wilkie, 2005). Conversion depends on the rate of digestion and the HRT. For the same 

HRT, the conversion of recalcitrant materials will be less than the conversion of more readily 

available substrates. Another disadvantage of these simple calculators is they consider only one 

type of digester and co-generation is the only option for biogas use. The overall performance of 

AD depends on the type of digester used, which impacts conversion as well as capital cost, and 

whether the biogas is used for co-generation or upgrading to pipeline grade CH4. Thus, the 

simplicity of a coefficient-based approach leads to highly variable predictions and these 

calculators do not provide the user with enough specific information for them to make an 

informed choice of what technology to use.   

 

 

 

Figure 7: Spreadsheet of the AD Community software 
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3.2 Kinetic-based Calculators 

Kinetic-based calculators are developed using microbial growth models, such as the Lawrence 

and McCarthy model described earlier. Due to the complexity of AD, kinetic models also have 

their limitations, but they are useful in that conversion and biogas yield can be calculated for a 

particular feed, reactor type and HRT. Figure 10 is a web-based kinetic-based calculator from 

Biorealis Systems, Inc. (http://biorealis.com). It can handle different types of waste, and allows 

users to manipulate some operating conditions such as water content and temperature. In the 

output section it provides information about the digester volume, digester cost, CH4 yield and 

energy production. However, this software assumes that biogas is utilized only to produce 

thermal energy. The biggest limitation of this calculator is that the kinetic model used in this 

calculator is completely hidden from users and therefore it cannot be calibrated for specific 

types of feed. 

 

 

Figure 8: Calculator from Biorealis Systems, Inc. 
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A far more advanced AD calculator is FarmWare 3.1 (Figure 11) which was developed only for 

livestock manure feeds by the U.S. Environmental Protection Agency (USEPA) under its 

AgStar Program (http://www.epa.gov/agstar/). AgSTAR is an outreach program jointly 

sponsored by the USEPA, the U.S. Department of Agriculture and the U.S. Department of 

Energy. The program encourages the use of CH4 recovery (biogas) technologies at confined 

animal feeding operations that manage manure as liquids or slurries. 

 

The main advantage of the Farmware is that users can select a wide range of designs for 

equipment used in the entire process, from pretreatment through post-digestion effluent 

treatment. This enables users to visualize the detailed layout of the overall process including all 

the equipment needed. However, Farmware is limited to animal manure as the only feedstock. 

Since future practice will include addition of off-farm organic wastes so as to improve the 

biogas yield and economic incentives for AD, FarmWare 3.1 is of limited application for this 

project. It is projected that typical AD feedstock on BC farms could contain up to 20% (w/wt) 

of off-farm organic wastes together with animal manure. A minor disadvantage of this software 

is that it requires local installation, thus compatibility becomes an issue. At the moment, the 

newest version of FarmWare is compatible with Windows XP, 2000 and 98, but not compatible 

with Windows VISTA and Apple Macintosh systems. In order to solve this issue, this software 

requires constant updates with common operating systems. 
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Figure 9: FarmWare 3.1 from USEPA 

 

Although the kinetic model and calculations are hidden within the calculator, USEPA provides a 

user manual with this software (http://www.epa.gov/agstar/resources/handbook.html), in which 

it states that the kinetic model used by FarmWare is the Chen and Hashimoto Model. The 

Lawrence & McCarty model used in this study and the Chen & Hashimoto Model are fairly 

compatible, as explained previously, but the Lawrence & McCarty model has been applied and 

verified in more case studies. 
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4. Development of the New AD Calculator 

 

4.1 Design Rationale 

 

There are several key principles that guided development of the new AD calculator. The 

calculator software had to be open-source to allow users to view and modify the code. A simple 

user interface was required for the typical user, such as a farmer, who may not be familiar with 

computers or AD technologies. Because the calculator must be flexible and extensible to new 

feedstocks, more advanced users must be able to calibrate or modify model parameters. 

 

In order to achieve these goals, the software was developed using Microsoft Excel 2003. 

However, for complicated calculations it is not easy for users to find the connections between 

and the meaning of individual cells. In order to overcome this problem, VBA (visual basic for 

application) coding was used to create simple graphical user interfaces that guide users through 

the calculation steps.  

 

As shown in Figure 10, typical users will only see these graphical user interfaces (GUI) 

constructed with VBA codes. Code running in the background assigns usersô inputs to the 

corresponding cells in the Excel spreadsheets. Once the current spreadsheet calculations are 

complete, these results are passed back the GUI, which presents the output figures in a more 

clear and informative way to the user. A major advantage of this approach is that the GUI can 

check the appropriateness of user inputs for acceptance or rejection. It will inform users of any 

errors and block its passage onto the spreadsheets, which would otherwise lead to crashing of 

the program or calculations of misleading results. However, if expert users want to bypass the 

GUI, they can perform manipulations by accessing the spreadsheet directly. Another advantage 

of having an Excel-based calculator is that spreadsheets can be viewed in most operating 

systems. The common operating systems, such as Windows 98, 2000, XP, VISTA and Mac OS 

X will  need to upgrade their Excel program with their systemsô updates to ensure that Excel 
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files edited in early version are compatible with the newest version. As a result, compatibility 

will not be a problem. 

 

Figure 10: VBA interface between users and Excel spreadsheets 

 

4.2 Digester Models 

 

The bacteria growth kinetic model chosen for this project is the Lawrence and McCarty model 

(Lawrence and McCarty, 1967): 
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                 (8) 

 

For digesters without solid recirculation, the values of hydraulic retention time HRT and solids 

retention time SRT are the same, and the volume of a digester can be calculated by: 

 

 vHRTV ³=                  (9) 

 

where V is digester volume, and v  is the volumetric flow rate of the feed. In order to apply 

this kinetic model to the CSTR, PF and MPF digesters, the three configurations included in this 

model, mass balances were performed with the following assumptions: 

 

 

1. The volumetric flow rate of influent and effluent are considered equal to each other 

since the density does not change due to the fact that typically 85%~90% of the feed is 
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water. Also, the mass flow rate of gas produced is much smaller than the total mass of 

liquid feed and effluent and hence the influent and effluent volumetric flow rates can 

be considered equal to each other.  

2. The inert portion, solids such as sand, of the influent remains unchanged through the 

process. 

3. The biogas produced contains only CH4 and CO2. We assume that any water vapour 

lost with the gases is returned to the digester. Trace amounts of H2S and other gases are 

neglected.  

4. Aside from biogas, the only products of AD are digestate and ammonium. 

5. Phosphorus, potassium and other macro and micro nutrients are not taken into account 

in the mass balance. 

 

Completely mixed digesters are modelled as a CSTR with volumetric flow, n, substrate and 

digestate concentrations, S and X, respectively and reactor volume, V, labeled as shown in 

Figure 13. At steady state, the mass balance is: 
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Figure 11. Diagram of CSTR model  

 

 


