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ABSTRACT 

 

Dairy and potato are two important agricultural commodities in Idaho. Both the dairy and 

potato processing industries produce a huge amount of waste which could cause 

environmental pollution. To minimize the impact of potential pollution associated with dairy 

manure (DM) and potato waste (PW), anaerobic co-digestion has been considered as one of 

the best treatment process. The purpose of this research is to evaluate the anaerobic co-

digestion of dairy manure and potato waste in terms of process stability, biogas generation, 

construction and operating costs, and potential revenue. For this purpose, I conducted 1) a 

literature review, 2) a lab study on anaerobic co-digestion of dairy manure and potato waste at 

three different temperature ranges (ambient (20-25˚C), mesophilic (35-37˚C) and 

thermophilic (55-57˚C) with five mixing ratios (DM:PW-100:0, 90:10, 80:20, 60:40, 40:60), 

and 3) a financial analysis for anaerobic digesters based on assumed different capital costs 

and the results from the lab co-digestion study.  The literature review indicates that several 

types of organic waste were co-digested with DM. Dairy manure is a suitable base matter for 

the co-digestion process in terms of digestion process stability and methane (CH4) production 

(Chapter 2). The lab tests showed that co-digestion of DM with PW was better than digestion 

of DM alone in terms of biogas and CH4 productions (Chapter 3). The financial analysis 

reveals DM and PW can be used as substrate for full size anaerobic digesters to generate 

positive cash flow within a ten year time period. Based on this research, the following 

conclusions and recommendations were made:  

► The ratio of DM:PW-80:20 is recommended at thermophilic temperatures and the ratio of 

DM:PW-90:10 was recommended at mesophilic temperatures for optimum biogas and CH4 

productions.  
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► In cases of anaerobic digesters operated with electricity generation equipment (generators), 

low cost plug flow digesters (capital cost of $600/cow) operating at thermophilic temperatures 

are recommended.  

 The ratio of DM:PW-90:10 or 80:20 is recommended while operating low cost plug 

flow digesters at thermophilic temperatures.  

► In cases of anaerobic digesters operated without electricity generation equipment (generators), 

completely mixed or high or low cost plug flow digesters can be used.  

 The ratio of DM:PW-80:20 is recommended for completely mixed digesters operated 

at thermophilic temperatures;  

 The ratio of DM:PW-90:10 or 80:20 is recommended for high cost plug flow digesters 

(capital cost of $1,000/cow) operated at thermophilic temperatures;  

 All of the four co-digested mixing ratios (i.e. DM:PW-90:10 or 80:20 or 60:40 or 

40:60) are good for low cost plug flow digesters (capital cost of $600/cow) operated at 

thermophilic temperatures. The ratio of DM:PW-90:10 is recommended for positive 

cash flow within the ten year period if the low cost plug flow digesters are operated at 

mesophilic  temperatures. 
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CHAPTER 1 - INTRODUCTION 

 

1.1 Background  

 
Dairy manure (DM) is a common waste on dairy farms. Handling, storage and 

disposal of DM is a challenging task. United States Department of Agriculture (USDA) has 

estimated that a total of about 120 billion dry kilograms of dairy manure is produced annually 

from 67,000 dairy farms in the United States (USDA-Economic Research Service, 1997 and 

USDA-National Statistics Service, 2009). At present, most of the manure is applied on 

cropland to supply crop nutrients and to improve the physical condition of the soil. As the size 

and regional concentrations of confined dairy operations increase, there is a growing concern 

about environmental problems (odors, ammonia and greenhouse gases) relating to the 

handling of DM. In efforts to minimize the pollution problems associated with dairy activities, 

anaerobic digestion (AD) of DM has been recognized as one of the best solution to handle 

DM. Anaerobic digestion is the biological treatment process that can minimize dairy manure 

associated environmental concerns such as odor and greenhouse gas (GHG) emissions, and is 

capable of simultaneously generating renewable energy, and biogas, from dairy wastes. 

Anaerobic digestion is a series of biological processes in which microorganisms break down 

biodegradable materials in the absence of free oxygen. One of the end products is biogas 

which is a mixture of methane (CH4) and carbon dioxide (CO2) with traces of hydrogen 

sulphide (H2S), ammonia (NH3) and water vapor (Sterling et al., 2001). The generated biogas 

(CH4) can be used for generating electricity (used for cooking and heating), direct vehicle fuel 

and producing chemicals (Cantrell et al., 2008).  
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The CH4 content of biogas ranges between 55% and 70% (Deublein & Steinhauser, 

2008). Methane can be used in dairy farms as a replacement fuel for either natural gas or 

electricity. Besides odor control or generating biogas, minimizing GHG emissions has been 

identified as a major reason to build and optimize existing AD systems on dairy farms 

(Cuéllar & Webber, 2008). Methane is a major GHG, which is 20 times more efficient than 

CO2 at trapping heat in the atmosphere (National Greenhouse Gas Inventories Programme, 

1996). In the United States, manure management is estimated to contribute two million tons 

of CH4, equivalent to 8% of the US emissions of anthropogenic activities (US-EPA, Inventory 

of U.S. Greenhouse Gas Emissions and Sinks: 1990–2010, 2010). Currently, most dairy farms 

in the United States stay away from adopting AD systems on dairy farms because of low 

biogas production rates (Lazarus, 2008) and high initial costs. Anaerobic digesters operate 

based on dairy manure as the only feedstock have a bad reputation due to low biogas 

production per unit mass of manure resulting in a long-term return on investment (Tafdrup, 

1995). Additional negative factors are high capital investment, low benefits and high 

operational costs. However, co-digestion of DM with other types of waste such as agricultural 

waste or municipal solid waste have been considered as one of the potential strategies to 

enhance biogas production and make AD more economically competitive (Li et al., 2009a; Li 

et al., 2009b; Zhang et al., 2013; Yue et al, 2013).  

Dairy manure remains the primary substrate for co-digestion due to its abundance and 

its unique properties such as high water content, good buffering capacity and the presence of 

almost all the essential nutrients and trace elements required for digestion (Li et al., 2009c). 

Co-digestion of manure with other waste offers a number of advantages for managing manure 

and other agricultural wastes. For example, co-digestion of manure mitigates GHG emissions, 
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produces energy, saves costs related to waste treatment, improves the fertilizer value of the 

digestate and increases the biogas production of the co-substrate wastes (Li et al., 2009a; Li et 

al., 2009b; Zhang et al., 2013; Yue et al, 2013). However, there are limitations on the quantity 

and quality of co-substrate that can be used because the variation in the mixing ratio of co-

substrate leads to decrease or increase in biogas production (Li et al., 2010).  The variation in 

the ratio of mix to co-substrate can also cause excessive scum from flotation, process 

inhibition and operational instability (Carucci et al., 2005; Lehtomäki et al., 2007). The 

amount of co-substrate that optimizes the biogas production without any process inhibition 

due to increase in volatile fatty acid (VFA) concentrations differs for different types of co-

substrate used. For this purpose a literature review on anaerobic co-digestion of DM with 

different types of organic wastes has been carried out (Chapter 2). Based on this literature 

review, the optimum mixing ratio and C/N ratio of co-substrates used with DM are the 

important parameters which influences the co-digestion process. Additionally the parameters 

such as the type of reactor, the type of process (batch or continuous), the temperature of 

digestion process, and the characteristics of substrate used for the co-digestion process 

influence the digestion process in terms of biogas production (Chapter 2). This literature 

review also revealed that different types of organic matter can be co-digested with DM to 

improve the efficiency of the digestion process and to improve the biogas production. For my 

experiments, potato waste has been co-digested with DM to determine the efficiency of the 

digestion process in terms of biogas production at three different temperature ranges (ambient, 

mesophilic and thermophilic) (Chapter3).    

Potato waste includes, for instance, skins and tubers with defects and mechanical 

damages that are rejected in the process of potato chip production.  Since PW has a high 
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moisture content, it is an eligible feedstock for AD. Nevertheless, because of its high soluble 

organic compounds, the AD of potato by-products as a single substrate is considered unstable. 

The literature contains some studies on AD of potato tuber and its industrial by-products 

(Kaparaju et al., 2005; Parawira et al., 2004, 2005).  Many authors have reported unstable 

process conditions when treating potato by-products in mesophilic conditions. In fact, potato 

by-products contain high amounts of soluble substances that can be easily degraded to volatile 

fatty acids which can inhibit the methanogenic microorganisms in single stage anaerobic 

digesters. To overcome this problem, some studies used pig manure as a co-substrate 

(Kaparaju et al., 2005).  

Another study reports the results of the batch AD of potato waste alone and in 

combination with sugar beet leaves (Parawira et al., 2004). In this case, the authors obtained 

an improved CH4 yield when applying the co-digestion compared to the digestion of the 

single substrate.  The authors studied the AD of solid PW in two double-stage mesophilic AD 

systems. The first consisted of a solid-bed reactor connected to an upflow anaerobic sludge 

blanket reactor (UASB), while the second was a solid-bed reactor connected to a 

methanogenic reactor packed with a wheat straw biofilm. The configuration with the packed 

straw bed had a greater speed of degradation compared to an UASB system. The CH4 yield 

was the same for both systems (Parawira et al., 2005).   

The anaerobic treatment of potato processing solid waste was also studied in 

laboratory scale completely stirred tank digesters (CSTR) under thermophilic conditions 

(55˚C). A kinetic study to find simple model equations for the design of completely stirred 

tank digesters (CSTR) was carried out (Linke, 2006).  It showed that an increase in the 

organic loading rate (OLR) caused a decrease in both biogas yield and CH4 content. 
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Anaerobic digestion of potato by-products as a single substrate is a challenging process due to 

the high biodegradability of PW which can lead to rapid and strong acidification inside the 

reactor with consequent inhibition of the methanogenic bacteria activity. Until now, no 

studies have been performed to determine the digestion efficiency of mixing PW with DM. 

This study opens the doors for dairy farmers in the Pacific Northwest who are eagerly looking 

for disposing PW and treating DM to minimize the impact of pollution caused by PW and 

DM.  

The economic feasibility for dairy farms to convert cow manure mixed with other 

types of organic waste into electricity has gained more attention in recent years due to higher 

biogas production which apparently leads to a quicker payback period.  Anaerobic digesters 

are quite capital intensive and require a thorough economic analysis to assess economic 

feasibility prior to construction. The economic analysis can be carried out using a discounted 

cash flow analysis and pro-forma financial statements. The U.S. EPA AgStar program has 

produced an AD system evaluation tool called FarmWare 3.1. The tool is available as a free 

download at: http://www.epa.gov/agstar/tools/project-dev/farmware.html. The FarmWare 3.1 

tool requires that the user input information regarding the dairy farm and biogas system. It 

then estimates capital costs, electricity generation potential, and profitability, among other 

things. A similar tool (spreadsheet-based tool) was designed by Enahoro and Gloy, 2008. It 

has a slightly different set of inputs and gives the user more flexibility to alter a wider variety 

of parameters than FarmWare 3.1. The spreadsheet-based tool designed by Enahoro and Gloy 

is available as a free download at: http://www.agfinance.aem.cornell.edu/ad-systems.html.  

To evaluate the results obtained from the co-digestion of DM and PW study (Chapter 

3), an economic analysis was performed (Chapter 4). The results obtained in co-digestion 

http://www.epa.gov/agstar/tools/project-dev/farmware.html
http://www.agfinance.aem.cornell.edu/ad-systems.html
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were incorporated into the spreadsheet-based tool to estimate the profitability of using PW as 

a co-substrate with DM. A wide range of herd sizes (1,000 to 10,000) were used for analysis 

to estimate the payback period. This spreadsheet-based tool is limited to checking for 

profitability within a ten year time period.      

 

1.2 Objectives  

 

The overall goal of this research was to investigate the effect of temperature and 

mixing ratios on anaerobic co-digestion of DM and PW in terms of biogas and CH4 

production. 

 

The specific objectives of this research were to: 

1. Conduct a literature review of studies on the anaerobic co-digestion of dairy 

manure with different types of organic waste.  

2. Investigate the effects of mixing potato waste with dairy manure at three different 

temperature ranges (ambient, mesophilic and thermophilic).  

3. Evaluate (using economic analysis) the obtained results from the laboratory co-

digestion study and to determine the feasibility of mixing potato waste with dairy 

manure on farm based anaerobic digesters.  

 

1.3 Dissertation Organization 

 

This dissertation is divided into five chapters.  
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1. Chapter 1, a general introduction on dairy manure, potato waste and economic 

analysis. 

2. Chapter 2, a literature review of anaerobic co-digestion of dairy manure with 

different types of organic wastes.  

3. Chapter 3, a lab-scale study on anaerobic co-digestion of dairy manure (DM) and 

potato waste (PW) which was studied under a batch digestion process.  

4. Chapter 4, an economic analysis of dairy based anaerobic digestion systems. The 

analysis was performed using the data obtained in laboratory experiments for 

anaerobic co-digestion of DM and PW. 

5. Chapter 5, Overall conclusions and recommendations for future research. 
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CHAPTER 2 - ANAEROBIC CO-DIGESTION OF DAIRY MANURE 

WITH DIFFERENT TYPES OF ORGANIC WASTE – A REVIEW 

 

2.1 Abstract 

 

Dairy manure (DM) is a common waste in dairy farming, and poses handling, storage and 

disposal challenges. With poor management, dairy manure produces odour, ammonia and 

releases greenhouse gases that contribute to global warming. Anaerobic digestion (AD) is a 

means to produce renewable energy and to reduce environmental impacts resulting from 

improper management of DM. To improve biogas production per unit volume, anaerobic co-

digestion of DM is one of the methods used to enhance biogas production. The present work 

reviews the potential of AD for biogas production from DM and compares the operating and 

performance data for various anaerobic process configurations. It examines co-digestion 

effects of manure with different types of organic waste and the influences of several 

parameters on biogas and CH4 yield. The comparison indicates that a variety of different 

operational conditions, various reactor configurations such as batch digesters, and 

continuously stirred tank reactor (CSTR) are suitable for the AD of DM.  

These studies have demonstrated that combining different organic waste products 

results in a substrate that is better balanced and assorted in terms of nutrients. Pretreatment 

makes organic solids more accessible and degradable to microorganisms. Mathematical 

models are also useful to predict the co-digestion process performance and therefore can be 

used to choose the best substrate to mix. 
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2.2 Introduction 

 

In the USA, DM is a common organic waste from dairy industry with an estimated 

production of 22 tons of DM/cow-year (USEPA, 2013). At present, most of the manure is 

applied on agricultural fields to supply crop nutrients and to improve the physical condition of 

the soil. As dairy size and density of cow numbers increase, there is a growing concern about 

environmental problems associated with the increased volume of DM per unit area. Anaerobic 

digestion of manure has been promoted in the last two decades as one method to mitigate 

GHGs emissions, odor nuisance and manure disposal challenges. Anaerobic digestion is a 

series of biological processes in which microorganisms break down biodegradable material in 

the absence of oxygen. The AD process has several benefits including (1) reducing odor 

emissions; (2) reducing GHGs emissions; (3) killing  pathogens; (4) reducing wastewater 

strength (oxygen demand); (5) converting organic nitrogen into plant available ammonia 

nitrogen; (6) preserving plant nutrients (e.g., N, P, K); and (7) producing biogas (Beddoes et 

al., 2007; Kashyap et al., 2003; Wilkie et al., 2004). 

Between 1990 and 2010, the CH4 emissions in the USA increased by 64.0 percent 

from 31.7 teragrams of CO2 equivalents (Tg CO2 Eq.) to 52.0 Tg CO2 Eq. mainly from dairy 

and swine manure (USEPA, 2012). Most dairy farmers in the United States are reluctant to 

adopt AD, citing low biogas production rates (Lazarus, 2008) and high costs associated with 

an AD plant. Biogas plants based on only DM have a bad reputation due to low biogas 

production per unit mass of manure and therefore a low return on investment (Tafdrup, 1995; 

Zhang, et al., 2007). Additional problems include high capital investment and operational 
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costs (Yiridoe et al., 2009; Bekkering et al., 2010; Schievano et al., 2008). In the US, costs of 

generating electricity from AD processes ranged from 0.03 to 0.50$/kWh (Beddoes et al., 

2007), which is less competitive when compared with commercial electricity rate of $0.09 per 

kilowatt (Department of Energy, 2007). The use of some existing AD systems has been 

discontinued because the associated costs exceed the retail price of electricity. However, 

environmental benefits are paramount and AD offers a solution to some dairy farmers. 

In order to obtain higher biogas output from dairy operated AD systems, the 

simultaneous addition of a co-substrate, such as agricultural waste or organic municipal solid 

waste with DM, has been recognized as an alternative solution. This process (mixing two or 

more wastes and digesting) is known as anaerobic co-digestion (Li et al., 2009b; Brown & Li, 

2013; Zhang et al., 2013). Substrates that produce more biogas per unit mass are co-digested 

with DM to maximize biogas production per unit volume of the reactor. In general, substrate 

that contains high concentrations of fats and lipids have higher CH4 potential than those with 

high sugar or protein content (Gumisiriza et al., 2009; Labatut, 2012). Lipids are composed of 

a mixture of fats, oil and grease (FOG). Although fats, oil and grease normally account for 

about 10-30% of the volatile solids in most wastes, over 50% of the COD reduction and 

biomethane production during AD comes from FOG degradation (Novak and Carlson, 1970). 

In some cases, longer residence times along with the mixing and pre-treatment of the substrate 

are required to exploit the benefits of co-digestion. Co-digestion of manure with other waste 

offers a number of advantages including dilution of potential toxic compounds, improved 

balance of nutrients, synergistic effects of microorganisms, increased load of biodegradable 

organic matter, and better biogas yield (Sosnowski et al., 2003).  
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Optimum mixing ratio is a necessary and important parameter to maintain a stable 

process and to obtain the optimum biogas production. Incorrect mixing ratios (DM:Other 

organic waste) may lead to process inhibition, operational instability, and low biogas 

production (Carucci et al., 2005; Lehtomäki et al., 2007). Process inhibition results in 

decreased biogas production and a parallel effect of an increase in volatile fatty acids (VFA) 

concentration. Many studies have been undertaken to examine the factors that affect the co-

digestion process of DM with other types of organic wastes interms of inhibition resulting 

from biological and chemical constituents in the co-substrate (Chen et al., 2008). Research is 

being continued to determine the best operating parameters for the co-digestion process. 

This review only addresses DM as main substrate. The objective of this review is to 1) 

summarize the types of substrate that were co-digested with DM, 2) to describe the several 

factors that influence co-digestion of DM with other types of organic substrate and 3) to 

briefly emphasize the mathematical models  useful for the co-digestion process.  

 

2.3 Dairy manure as an important base substrate 

 

Increased manure production needs to be managed in an environmentally friendly way 

without creating soil, water and air pollution. The economic research service reports that there 

were 75,000 dairy farms in the US (USDA, 2007). These dairy farms generate a huge amount 

of DM. Untreated or poorly managed manure causes odors, water pollution and nutrient 

leaching (Yiridoe et al., 2009; Cantrell et al., 2008). When AD technology was unavailable, a 

large part of the manure was stored in anaerobic lagoons or left outside for a period of 6–9 

months to decompose naturally (Lazarus, 2008). There is huge potential to use DM as the 

base substrate for AD and generate renewable energy, while reducing GHG emissions. 
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Dairy manure generally has moisture content around 75-80% and contains all the 

essential nutrients such as nitrogen (N), phosphorous (P), potassium (K), calcium (Ca), 

magnesium (Mg), sulfur (S), manganese (Mn), copper (Cu), zinc (Zn), chlorine (Cl), boron 

(B), iron (Fe), and molybdenum (Mo) that are required for AD process (Seppala et al., 2013). 

Dairy manure is rich in protein content but low in carbon content. The C/N ratio is generally 

low which, results in high concentration of ammonia when DM is digested as a sole substrate. 

Due to its high buffering capacity, DM can be mixed with other organic wastes (swine 

manure, poultry manure, food wastes and energy crops) to maintain a stable AD process and 

to obtain higher biogas production. The buffering capacity is determined by the amount of 

alkalinity present in the AD system. The bicarbonate ion ( ) is the main source of 

buffering capacity to maintain the AD system’s pH in the range of 6.5 – 7.6. In a typical 

manure-only digester with a pH 7.4, the bicarbonate alkalinity is about 5,500 mg/L as CaCO3 

(Labatut and Gooch, 2012). Such alkalinity usually provides enough buffering capacity to 

withstand moderate shock loads of volatile fatty acids. In fact, cow manure can play an 

important role in co-digestion operations by increasing the pH and buffering capacity of the 

influent mixture when high-strength, easily degradable agricultural waste or industrial wastes 

are used as co-substrate. Most of the biodegradable carbon in DM is already digested in the 

rumen and in the gut. Thus, DM has a lower potential to produce biogas than pig or poultry 

manure. Also, DM has a lower biodegradability due to the high amount of inorganic 

compounds and fibers not digested in the cow digestion system and hence CH4 concentration 

in the biogas is lower (Zhang et al., 2013). 

The properties of DM depend on the digestibility, protein and fiber contents of feed, 

animal age and seasons in which the animals are fed (Hubbard et al., 1998; Amon et al., 
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2001). One of the most important manure properties for AD systems is volatile solids. In dairy 

manure AD systems, methane productivity is mainly measured in terms of volatile solids (VS) 

destroyed, which, as residence time approaches infinity, is called the ultimate CH4 yield 

(Moller et al., 2004). This is lower than the theoretical CH4 potential (based on chemical 

oxygen demand (COD) or VS. 

 

2.4 Factors that influence the co-digestion with dairy manure 

 

Co-digesting DM with other types of organic wastes enriches the substrate 

characteristics. The most cited advantages of co-digestion are the increased CH4 yield 

attributed to additional nutrients (carbon, nitrogen and phosphorous) from the co-substrate 

and other benefits arising from processing co-substrate (tipping fees, carbon credits etc.). The 

carbon to nitrogen (C/N) ratio for DM is considered to be 5.8:1 compared to the optimum C/N 

ratios of 13:1 to 30:1 required for AD (Li et al., 2009b). In order to increase the C/N ratio to 

30:1, different types of organic wastes have been co-digested with DM (Li et al., 2009c; 

Carucci et al., 2005; Lehtomäki et al., 2007). In addition to the C/N ratio, balance is sought 

between the co-substrate in terms of macro- and micro- nutrients, formation of inhibitors, 

alkalinity and formation of toxic compounds (Chen et al., 2008; Seppala et al., 2013; 

Kayhanian, 1995). Substrates that are rich in lipids and/or carbohydrates with high volatile 

solids content are good candidates for co-digestion with DM (Li et al., 2002; Labatut et al., 

2011). 

Lipids are characterized as fats, liquid (oils) and solid (greases). They are commonly 

present in food wastes and in some industrial wastewaters, such as those produced by 
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slaughterhouses, dairies or fat refineries (Li et al., 2002). Lipids are attractive for biogas 

production due to the high number of C and H atoms in their molecules, which implies high 

theoretical CH4 potential. However, they can also present several problems such as inhibition 

of methanogenic bacteria and absorption into biomass that can cause sludge flotation and loss 

of potential digestible material due to washout from the digester (Neves et al., 2009a). 

Carbohydrates are the main components of organic wastes from agriculture-related 

factories, food waste and collected organic fractions of municipal solid waste (OFMSW) from 

households and markets. The anaerobic degradation of such wastes is strongly dependent on 

the ratio between the acidification process rate and the methanogenic process rate. In 

particular, if the acidification process is faster than the methanogenic process, volatile fatty 

acids (VFAs) tend to accumulate in the reactor causing progressive drops in pH that stress and 

inhibit the activity of methanogenic bacteria (Siegert and Banks, 2005). Sometimes cellulose 

wastes are also used for co-digestion process, these cellulose wastes are produced by paper 

and cardboard factories or from textile factories. Cellulose wastes have a high C/N ratio 

ranging from 173/1 to higher than 1,000/1 (Zhang et al., 2008). 

In a co-digestion process, waste rich in proteins can provide the buffering capacity and 

a wide range of nutrients, while waste with a high carbon content can balance the C/N ratio 

for all substrate characterized by a low C/N ratio, decreasing the risk of ammonia inhibition 

(Hashimoto, 1983). The optimal C/N ratio seems to be the most interesting factor when 

different substrates are co-digested; therefore, the C/N ratio has been widely studied. A study 

on co-digestion of manure with sugar beet tops and grass demonstrated a higher CH4 potential 

with co-digestion of manure and grass, due to the higher carbon content of grass (46%) 

compared to that of sugar beet tops (40%) (Lehtomäki et al., 2007). The C/N ratio of 5.8/1 
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was improved to 20.0/1 when kitchen waste (KW) was co-digested with cattle manure (CM). 

It was noticed that the CH4 production increased due to improved nutrient balance (C/N ratio) 

and the synergetic effect between KW and CM (Li et al., 2009a). Synergism of the DM co-

digestion has been identified as an increase in the CH4 yield as compared to the individual’s 

substrate weighted in total (Labatut et al., 2011). In contrast, antagonistic behavior leads to 

diminished specific CH4 yield, e.g. some food wastes and slaughterhouse wastes can cause 

excessive foaming, scum formation and ammonia inhibition (Alvarez and Lidén, 2008; Murto 

et al., 2004). Optimizing feed composition and C/N ratio for enhancement in CH4 production 

during co-digestion of DM and chicken manure (50:50) showed that a C/N ratio of 25:1 and 

30:1 had better digestion with stable pH and low concentrations of total ammonium nitrogen 

and free ammonia (NH3) (Wang et al., 2012c). Co-digestion of DM and corn stalks indicated 

that at an optimal C/N ratio of 28 to 30 obtained higher fermentabilities (Wang et al., 2012b). 

Therefore, the optimum C/N ratio for co-digestion of DM with other wastes is commonly 

believed in the range of 20-30. 

The quantity of co-substrate in a co-digestion system is limited by the antagonistic 

behavior especially scum formation and inhibition (due to ammonia, accumulation of VFA, 

pH changes etc.). Proper mixing and an optimization of organic loading can reduce scum 

formation (Murto et al., 2004; Lindorfer et al., 2008). A recent co-digestion study of canola 

meal and DM indicated that high organic loading resulted in increased VFA accumulation and 

thus reduced biogas production; however, reduced organic loading and high oil content 

triggered high biogas production due to less accumulation of VFA and increased volatile 

matter, respectively (Atandi and Rahman, 2012).  

Control of ammonia inhibition is difficult in co-digestion. Ammonia inhibition caused 
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by either ammonium ions ( ) or NH3 is detrimental to the methanogens, reducing their 

activity as concentration increases beyond 4,000 mg NH3-N
−1 (Chen et al., 2008). Co-

digestion introduces organic matter that sometimes has higher nitrogen content, which poses a 

threat of ammonia inhibition. 

Furthermore, elevated temperatures aggravate ammonia inhibition and VFA. Ahring et 

al. (2001) conducted a study to investigate the influence of temperature increase from 55˚C to 

65˚C on the performance of two continuous stirred tank digesters (CSTRs) treating cattle 

manure at 15 days HRT. The stable biogas of 0.2 m3 kg−1 VS day−1 was obtained for 10 days 

after the start-up at 55˚C with a CH4 content of 65–71%. However, they observed a fast drop 

in the biogas production and the CH4 content (less than 45%) with an increase in temperature 

in the test reactor to 65˚C. The study concluded that a temperature shift from 55˚C to 65˚C led 

to a lower CH4 yield and an increased amount of volatile fatty acid (VFA) in the effluent. In a 

similar study, the influence of temperature (50˚C and 60˚C) on the performance of CSTRs 

digesting the cow manure was investigated by El-Mashad et al. (2004) at HRT levels of 10 

and 20 days. The result showed that the hydrolysis stage is the most seriously affected process 

stage in the AD of CM in the temperature range of 50–60˚C, and the CH4 production rate at 

60˚C was found to be lower than that at 50˚C, at all the HRT levels employed. In addition, the 

authors reported that the concentration of free ammonia affected the performance methanogen 

bacteria. 

The presences of other ions, e.g. Na+, Mg2+ and Ca2+, can play a role in suppression, 

even though those ions themselves are inhibitors. Process inhibition is indicated by a decrease 

in biogas production rate and CH4 content reduction as well as a shift in pH that is 

accompanied by the accumulation of VFA (Alvarez and Lidén, 2008).   The addition of other 
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organic wastes in co-digestion may drop the manure–organic waste mixture pH. The amount 

of carbon dioxide and VFA produced during the AD process may affect the pH. There are 

many options to adjust the pH to the optimum range (6.5–8.0); options studied include, 1N 

HCL (Liu et al., 2009), 0.1 mol/L phosphate buffer (Wan et al., 2012), NaOH (Lin et al., 

2012) and 10N KOH (Wang et al., 2012a) is widely used. Otherwise, a suitable co-digestion 

ratio should be predetermined so that pH is well maintained during the AD process. 

 

2.5 Review on substrates (feedstock) co-digested with dairy manure 

 

A diverse number of biological wastes are co-digested with DM. Large numbers of co-

digestion studies are conducted with food wastes, energy crops and crop residues compared to 

other types of waste (Table 2.1). Quite a few selected results are presented in Table 2.1 to 

show the possible candidates for co-digestion and associated substrate characteristics and 

operational conditions. Other livestock wastes, like poultry and swine manure, can also be 

used as either the main substrate or as a co-substrate. It should be noted that the quantity of 

liquid biofuels, namely bioethanol and biodiesel, has increased quite rapidly in the last decade 

generating increased amounts of co-products and wastes that can be used in co-digestion 

(Siles et al., 2009). 
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Table 2.1. Summary of co-substrates digested with dairy manure. 
Co-digested 

Substrates    

(Dairy manure 

was used as base 

substrate and the 

following listed 

substrates used as 

co-substrates) 

Reactor 

type/ 

Process 

type 

Temperature 

(˚C) 

Size of 

reactors 

(L) 

Ratios  
Optimum 

C/N ratio 

Characteristics 

of substrate 

Methane 

yield/ 

OLR 

Pretreatment Reference 

Acidified dairy cow 

manure (ADCM) 
Batch 50 0.5 

ADCM:DM (%) 

10:90, 20:80, 30:70 
- 

Very high 

sulphate content 

138 (L kg-

1 VS) 
96% H2SO4 

(Sutaryo et al., 

2012) 

Agricultural 

residue (clover, 

grass and wheat 

straw) 

Batch 10, 20, 35±1 1 

 Agriculture 

residue + manure 

at three given 

temperature ranges  

27:1 - 
182 (mL 

CH4 g-1) 
- 

(Alkaya, et al., 

2010) 

Agro waste and 

energy crops 
CSTR 

55 reduced to 

47 
380 - - 

High carbon 

content 
- - 

(Cavinato,  et 

al., 2010) 

Banana stalks - 35±1 - - - - 23.9 (L) - 
(Meng et al., 

2013) 

Biowaste 

(household source-

sorted biowaste) 

Batch 35 and 55 - - - - 

420-460 

(mL CH4 

g-1 VS) 

Spiked with 

salmonella 

bacteria 

(Paavola & 

Rintala, 2008) 

By-products from 

sugar production 

(sugar beet leaves 

(SBL), sugar beet 

top (SBT), sugar 

beet pulp (SBP)) 

and desugared 

molasses 

Batch 37 and 55 4.5 

 

SBP:desugared 

molasses:DM:wate

r (%) 

15:35:0:50, 

0:0:100:0, 

8:19:3:70, 

0:0:100:0, 

5:0:95:0, 

15:0:85:0, 

50:0:50:0  

 

- - 

500 (mL 

CH4 g-1 

VS) 

-  
(Fang et al., 

2011a) 
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Co-digested 

Substrates    

(Dairy manure 

was used as base 

substrate and the 

following listed 

substrates used as 

co-substrates) 

Reactor 

type/ 

Process 

type 

Temperature 

(˚C) 

Size of 

reactors 

(L) 

Ratios  
Optimum 

C/N ratio 

Characteristics 

of substrate 

Methane 

yield/ 

OLR 

Pretreatment Reference 

Canola meal oil 

(CO) 
Batch 35±2 0.5 

CO:DM 

10:90, 20:80, 

40:60, 

100:0, 

0:100 

10 

High levels of 

lipids and 

proteins. Crude 

protein, soluble, 

cellulose, 

hemicelluloses, 

and lignin 

682 (L 

CH4 kg-1 

VS) 

- 

(Atandia & 

Rahmana, 

2012) 

Cheese whey (CW) 

Batch 35 128 

DM:CW 

80:20 

65:35 

50:50 

35:65 

- 
Protein and 

lactose rich 

with high 

organic matter 

content 

382 (L kg-

1 VS) 
- 

(Comino et al., 

2012) 

Batch 35±0.5 0.1 
CW:DM 

1:1 
- 

320 (mL 

CH4 g-1 

VS) 

- 
(Bertin et al., 

2013) 

Cheese whey and 

poultry waste 
- - - - - - - - 

(Patel and 

Madamwar, 

1994) 

Chicken feathers - 25 42 - - 

>90% keratin, 

mainly as b-

keratin. 

241 (L) 

Dried for 8 

weeks and 4 

mm sieved 

(Xia et al., 

2012) 

Chicken manure 

and wheat straw 
Batch 35 1 

1:0, 0:1, 1:1 

(DM:chicken 

manure) 

25:1, 

27.2:1 and 

30:1 

- 
234 (mL 

g-1 VS) 

Air dried, Cut 

into 2-3 cm 

pieces 

(Wang et al., 

2012c) 

Corn stover Batch 35±1 2 
1:1, 1:2, 1:3, 1:4 

(cattle manure: 
- 

High 

percentage of 

194 (mL 

CH4 g-1 
NaOH treated 

(Li et al., 

2009c) 
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Co-digested 

Substrates    

(Dairy manure 

was used as base 

substrate and the 

following listed 

substrates used as 

co-substrates) 

Reactor 

type/ 

Process 

type 

Temperature 

(˚C) 

Size of 

reactors 

(L) 

Ratios  
Optimum 

C/N ratio 

Characteristics 

of substrate 

Methane 

yield/ 

OLR 

Pretreatment Reference 

corn stover) lignocelluloses 

(cellulose, 

hemicelluloses 

and lignin, 

VS) 

Ferment

ers 
35 10 

4:1 (DM: corn 

stover) 
- - 

Grinded and 2 

mm sieved 

(Yue et al., 

2013) 

Corn stalks - 15, 35 and 55 3 
1:1, 2:1, 3:1 

(DM:corn stalks) 
25 to 30 - 

25 (L kg-1 

VS) 

Air dried, Cut 

into 2-3 cm 

pieces and 

0.422 mm 

sieved 

(Wang et al., 

2012b) 

Complex organic 

substrates (cheese 

whey (CW), plain 

pasta (PP), meat 

pasta (MP), used 

vegetable oil 

(UVO), dog 

food:ice cream 

(DFI), cola 

beverage (CB), 

potatoes (P), 

switchgrass (SG), 

mouthwash (MW), 

cola:mouthwash 

(CMW)) 

CSTR 35±1 0.250 

DM:CW (VS 

basis) 

90:10, 75:25 

DM:PP - 90:10, 

75:25 

DM:MP - 90:10, 

75:25 

DM:UVO- 75:25 

DM:DFI - 50:25:25 

DM:CB - 75:25 

DM:P - 75:25 

DM:SW - 75:25 

DM:MW - 75:25 

DM:CMW - 

75:12.5:12.5 

- 

High 

heterogeneous 

characteristics 

360 (mL 

CH4 g-1 

VS) 

- 
(Labatut et al., 

2011) 

Corn waste, spent 

tea waste and 
Batch - - 1:1 - - - - 

(Munda et al., 

2012) 



 

 
 

2
5
 

Co-digested 

Substrates    

(Dairy manure 

was used as base 

substrate and the 

following listed 

substrates used as 

co-substrates) 

Reactor 

type/ 

Process 

type 

Temperature 

(˚C) 

Size of 

reactors 

(L) 

Ratios  
Optimum 

C/N ratio 

Characteristics 

of substrate 

Methane 

yield/ 

OLR 

Pretreatment Reference 

kitchen waste 

Crops (grass 

silage, oat straw 

and sugar beet 

tops) 

CSTR 35±1 - - - - - 
Chopped to a 3 

cm 

(Wang et al., 

2009) 

Crude glycerin 

CSTR 

and 

Induced 

bed 

55±1 5 6% glycerin - 

Carbon source. 

Glycerin 

(C3H5OH), 

propane-1,2, 

triol, and 

impurities 

including esters, 

water, soap 

stock, alcohol, 

and catalyst, 

depending on 

the vegetable 

oil quality and 

chemical 

process used 

0.60 (m3 

CH4 kg-1 

VS) 

Sonicated 
(Castrillón et 

al., 2013a) 

CSTR 
35 increased 

to 55 
2 

4% glycerin -meso 

6% glycerin – 

thermo 

- 

348 (L 

CH4 kg-1 

COD) 

Ultrasonic 
(Castrillón et 

al., 2011) 

CSTR 35 to 37 3 
5% and 10% 

glycerin 
- - - 

(Robra et al., 

2010) 

Duck manure Batch 35±1 2.5 
(DM:duck manure) 

14%:11% 
- - - 

Screened out 

the straw and 

grounded 

(Wan et al., 

2012) 

Desugared 

molasses 
CSTR 35 and 55 4.5 

Desugared 

molasses:DM:wate

r 

- 

Less sugar, high 

ions such as 

sodium and 

260 (mL-

CH4 g-1 

VS) 

- 
(Fang et al., 

2011b) 
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Co-digested 

Substrates    

(Dairy manure 

was used as base 

substrate and the 

following listed 

substrates used as 

co-substrates) 

Reactor 

type/ 

Process 

type 

Temperature 

(˚C) 

Size of 

reactors 

(L) 

Ratios  
Optimum 

C/N ratio 

Characteristics 

of substrate 

Methane 

yield/ 

OLR 

Pretreatment Reference 

0:100:0, 5:95:0, 

15:85:0, 50:50:0 

potassium and 

organic loading 

and protein. 

Fruit and vegetable 

wastes (FVW) 
CSTR 35 18 

DM:FVW 

100:0, 

80:20, 

70:30, 

60:40, 

50:50 

- 
Nitrogen and 

phosphorus 

0.45 (m3 

CH4 kg-1 

VS) 

Macerated 
(Callaghan, et 

al., 2002) 

Fish offal (FO) CSTR 35 21.2 

DM:FO 

100:0, 

96:4, 

94:6, 

100:0, 

96:0 

- 

High fat/oil 

(High VFAs > 

6% FO) 

0.3 (m3 

CH4 kg-1 

VS) 

Macerated 
(Callaghan, et 

al., 1998) 

Food waste 

Batch 35±1 1 

FW/DM 

8/4, 8/2.7, 

8/2 (g VS-1 L-1) 

15.8 

Significant 

quantities of 

lipids (fats and 

oils) and 

proteins 

388 (mL 

g-1 VS) 

Grounded into 

smaller 

particles 

<3mm 

(Zhang et al., 

2013) 

CSTR 37  
FW:DM 

4:1, 3:2, 2:3 (w/w) 
- - - - 

(Banks et al., 

2011) 

- 37±2 2 

Beer; fat, oil, and 

grease (FOG); 

slaughterhouse 

waste; creamer 

- 

Creamer 

contains 

glucose syrup, 

hydrogenated 

280 (mL 

g-1 VS) 
- 

(Zhu et al., 

2011) 
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Co-digested 

Substrates    

(Dairy manure 

was used as base 

substrate and the 

following listed 

substrates used as 

co-substrates) 

Reactor 

type/ 

Process 

type 

Temperature 

(˚C) 

Size of 

reactors 

(L) 

Ratios  
Optimum 

C/N ratio 

Characteristics 

of substrate 

Methane 

yield/ 

OLR 

Pretreatment Reference 

with different 

ratios of DM. 

Ratios of 1:1, 1:1 

for Beer:DM and 

FOG:DM obtained 

highest CH4 yield. 

vegetable oil 

and casein. 

Food waste (FW) 

Batch 35 1 

FW:DM 

32%:68%, 

48%:52% 

- - 
311 (L kg-

1 VS) 

Unscreened 

and screened 

DM 

(El-Mashad et 

al., 2010) 

CSTR 36 2 - - - 

0.63 (L 

CH4 g-1 

VS) 

Grounded to 

2.5 mm, 4 mm, 

8 mm 

(Agyeman and 

Tao,  2014) 

Induced 

bed 

reactor 

(IBR) 

55 - 

DM/FW/glycerin 

94/2/4 

87/10/3 

83/15/2 

82/15/3 

90/10/0 

15.7 - 

640 (L 

CH4 kg-1 

VS) 

Sonication 

pre-treatment 

(Castrillón et 

al., 2013b) 

CSTR 36 and 55 5 

DM:FW:sewage 

sludge 

7:2:1, 7:1:2 

Varied 

between 

16 and 18 

Complex 

ploymers for 

sewage sludge 

603 (L 

CH4 kg-1 

VS) 

- 
(Marañón et 

al., 2012) 

CSTR 37 5 

Oil concentrations 

rose 9, 12, 15, 18 

gCOD L-1 

- - 

0.90 

(gCOD-

CH4/gVS) 

FW crushed to 

1-3 mm 

(Neves et al., 

2009a) 

CSTR 37 5 - - 
Lipids rich 

waste 

3.09 (L 

CH4 day-1) 

Crushed to 1-3 

mm particle 

(Neves et al., 

2009b) 
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Co-digested 

Substrates    

(Dairy manure 

was used as base 

substrate and the 

following listed 

substrates used as 

co-substrates) 

Reactor 

type/ 

Process 

type 

Temperature 

(˚C) 

Size of 

reactors 

(L) 

Ratios  
Optimum 

C/N ratio 

Characteristics 

of substrate 

Methane 

yield/ 

OLR 

Pretreatment Reference 

size 

Batch 35 and 55 10 

DM:FW 

1:0, 

7:3 

- 

Significant 

quantities of 

lipids (fats and 

oils) and 

proteins 

0.17 CH4 

L/g 

VS/day 

- 
(Yamashiro et 

al., 2013) 

Food waste (FW) CSTR 35±2 3.5 

FW:DM 

0:1, 

1:1, 

3:1, 

6:1 

- 
High organic 

content of VS 

3.97 L L-1 

day-1 

Shredded into 

5-10mm 

pieces 

(Li et al., 

2010) 

Garbage and 

screened swine 

manure 

Upflow 

anaerob

ic filter 

reactor 

(UAFR) 

53 4 

Garbage:swine 

manure:DM 

1:16:27 

1:19:12 

- - 
270 (mL 

g-1 VTS) 
- 

(Liu et al., 

2009) 

Grass silage (GS) CSTR 35±1 5 

GS:DM % 

0:100, 10:90, 

20:80, 30:70, 

40:60 

- - 

0.27 (m3 

CH4 kg-1 

VS) 

Chopped to > 

3 cm 

(Wang et al., 

2010) 

Guinea pig manure 

Full 

scale 

digester

s 

- - - - - - - 
(Garfí et al., 

2011) 

Kitchen waste 

(KW) 
Batch 35 - 

KW:DM 

0:1, 1:1, 2:1, 3:1, 
- 

Organic matter 

37-55% 

233 (mL 

g-1) 
- 

(Li et al., 

2009a) 
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Co-digested 

Substrates    

(Dairy manure 

was used as base 

substrate and the 

following listed 

substrates used as 

co-substrates) 

Reactor 

type/ 

Process 

type 

Temperature 

(˚C) 

Size of 

reactors 

(L) 

Ratios  
Optimum 

C/N ratio 

Characteristics 

of substrate 

Methane 

yield/ 

OLR 

Pretreatment Reference 

1:0 

Kitchen residue Batch 35 - 1:1 - - - - 
(Li et al., 

2008) 

Olive mill waste 

(OMW) 

CSTR 37 and 55 75 3:1 - 

Fats and 

recalcitrant 

phenolic 

compounds 

179 (L 

CH4 kg-1 

VS) 

- 
(Goberna et 

al., 2010) 

CSTR 35 0.750 
OMW:DM 

2:8, 8:2 
- - 

0.91 (L 

CH4 L-1 d-

1) 

- 
(Dareioti et al., 

2010) 

Maize CSTR 35±1 5 
Maize (%)-30, 40, 

60, 67. 
- - 

259 Nl 

CH4 kg-1 

VS 

Chopped to 

particle size of 

3 cm 

(Seppala et al., 

2013) 

Maize Silage (MS) 

- 35±2 - 

DM:MS:chicken 

manure 

1:1:1 

- - - - 

(Yangi̇n-

Gomec & 

Ozturk, 2013) 

- - - 
DM:MS 

3:1 
- - - - 

(Ayhan et al., 

2013) 

Full 

scale 

biogas 

plant 

- - - - - - - 
(Linke et al., 

2013) 

- - 5 

MS:DM (g) 

59.5:850.5, 

119:791 

- Crude protein - - 
(Lomborg et 

al., 2009) 

Milk (waste milk) Batch 35 20 1:1 - Cefazolin, and a - - (Callaghan et 
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Co-digested 

Substrates    

(Dairy manure 

was used as base 

substrate and the 

following listed 

substrates used as 

co-substrates) 

Reactor 

type/ 

Process 

type 

Temperature 

(˚C) 

Size of 

reactors 

(L) 

Ratios  
Optimum 

C/N ratio 

Characteristics 

of substrate 

Methane 

yield/ 

OLR 

Pretreatment Reference 

β-lactam 

antibiotic. 

Butyric acid. 

al., 1997) 

Batch 35±0.5 0.5 
Milk (%)-1, 3, 5, 7, 

9, 14, 19 
10.7 - - 

(Wu et al., 

2011) 

Municipal solid 

waste (MSW) 

Batch 55 4.5 1:1 - 
Higher 

concentrations 

of protein, 

heavy metals 

and xenobiotic 

compounds 

0.40 L g-1 

VS 
- 

(Hartmann & 

Ahring, 2005) 

Up-flow 

anaerob

ic filters 

(UAF) 

- 222 
MSW:DM (%) 

81:9 
20 

0.19 (m3 

CH4 kg-1 

VS) 

- 
(Macias-Corral 

et al., 2008) 

Mulched 

switchgrass (MuS) 
Batch 35 6 MuS (%) 20 - 

12–19% lignin, 

31–37% 

hemicellulose 

and 29–45% 

cellulose. 

45.7 (L 

kg-1) 

Finely 

chooped 

(Frigon et al., 

2012) 

Palm oil mill 

effluent (POME) 
Batch 28 and 34 1.5 

POME:DM (%) 

60:40, 70:30, 80:20 
- - 1875 mL - 

(Sidik et al., 

2013) 

Poultry wastes - 35 3.6 - - 
Organic/nitroge

n rich waste 
- - 

(Zhang et al., 

2011b) 

Rice straw - 35 - 1:1 - - 
440  

(L kg-1) 
- 

(Dong et al., 

2013) 

Rice chaff, rice 

straw, and rice husk 
Batch 25-35 900 - - - - - 

(Vivekanandan 

& Kamaraj, 

2011) 

Sugar beets (top-T; 

whole-W; root-R) 
Batch 55 0.8 

DM:T:W:R 

500:0:0:0 

300:200:0:0 

- - - 

Blended to 

pass through 3 

mm sieve 

(Umetsu et al., 

2006) 
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Co-digested 

Substrates    

(Dairy manure 

was used as base 

substrate and the 

following listed 

substrates used as 

co-substrates) 

Reactor 

type/ 

Process 

type 

Temperature 

(˚C) 

Size of 

reactors 

(L) 

Ratios  
Optimum 

C/N ratio 

Characteristics 

of substrate 

Methane 

yield/ 

OLR 

Pretreatment Reference 

400:0:100:0 

450:0:0:50 

Llama manure 

(LM), Sheep 

manure  (SM) 

Batch 18-25 2 

 

LM:DM:SM:Water 

(%) – 

17.2:0:0:0:82.8, 

8.6:0:6.3:85.1, 

5.7:13.4:4.2:76.6 

- - 

0.14 (m3 

CH4 kg-1 

VS) 

- 
(Alvarez & 

Liden, 2009) 

Table olive 

debittering and 

washing effluent 

(DWE), pig manure 

(PM) 

Batch 

and 

continu

ous 

35 and 55 50 

DM:PM:DWE (%) 

50:25:25, 40:30:30, 

35:35:30, 30:30:40, 

25:35:40 

16.6 Polyphenols - - 
(Zarkadas & 

Pilidis, 2011) 

Tomato waste 

(TW) 

- 35±1 15 

Greenhouse TW 

(%) 85:15, 70:30, 

55:45, 40:60, 25:75 

and 10:90 

- 
Agricultural 

organic waste 

0.665  

(L L-1 d-1) 
Dried TW 

(Sözer & 

Yaldi̇z, 2012) 

- 34±0.5 2000 

DM:TW 

90:10, 80:20, 

60:40, 40:60, 20:80 

15 - 

0.22  

(m3 CH4 

kg-1 VS) 

Blended 
(Saev et al., 

2009) 

Turkey processing 

wastewater (TPW) 
- 37 15 

DM:TPW (%) 

100:0, 67:33, 

50:50, 33:67, 

0:100. 

- Nutrients - - 
(Ogejo & Li, 

2010) 

Vegetable 

processing wastes 
Batch 35±2 0.5 - - - 

329 (mL 

CH4 g 

Grounded to 1 

mm particle 

(Molinuevo-

Salces et al., 
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Co-digested 

Substrates    

(Dairy manure 

was used as base 

substrate and the 

following listed 

substrates used as 

co-substrates) 

Reactor 

type/ 

Process 

type 

Temperature 

(˚C) 

Size of 

reactors 

(L) 

Ratios  
Optimum 

C/N ratio 

Characteristics 

of substrate 

Methane 

yield/ 

OLR 

Pretreatment Reference 

VS) size 2010) 

Waste water sludge 

(WWS) 
Batch 35 2.5 

DM:WWS 

1:0, 4:1, 3:2, 2:3, 

1:4, 0:1 

- - 
36.91 (L 

kg-1) 
- 

(Li et al., 

2011) 

Water hyacinth 

(WH) 
Batch 26 - 

Waste 

paper:DM:WH 

4:5:5, 8:5:5, 12:5:5, 

20:5:5 

- - 
0.34 (L g-

1) 
- 

(Yusuf & Ify, 

2011) 

Wheat straw (WS) CSTR 
37, 44, and 

52 
5 

DM:WS 

75:25, 26:74, 

78:22, 100:0 

32 
High content of 

lignocellulosic 

0.18-0.21 

(L kg-1 VS 

day=1) 

Stream 

exploded 

(Risberg et al., 

2013)] 

Whey mix (WM) Batch 35 128 
DM:WM (L) 

32:32 
- 

Easy 

degradable 

carbohydrates 

211.4 (L 

CH4 kg-1 

VS) 

- 
(Comino et al., 

2009) 

Whole stillage 

(WS) 
CSTR 37 5 

WS:DM 

85:15 
21 

High levels of 

proteins 

0.31 (N L 

CH4 g-1 

VS) 

- 
(Westerholm 

et al., 2012) 

Wine distillery 

wastewater 

(WDW) 

- - - 

WDW:DM:inoculu

m 

16:64:20 

 

 

- 

 

 

 

Phenolic 

compounds: 

catechol, 

tannins and p-

Coumaric acid 

172 (mL 

g-1 VS) 
- 

(Akassou et 

al., 2010) 

cm=centimeters; mm=millimeters; w/w=wet weight basis; VTS=volatile total solids; DM=dairy manure.
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Ratios underlined in Table 2.1 are the optimum mixing ratios under which the biogas and CH4 

production were highest for that specific study. 

 

2.5.1 Food Waste 

 

Food wastes are promising co-substrate due to their availability from increased food 

processing and the ban on landfilling of organic wastes in some countries (Li et al., 2009c; 

Murto et al., 2004). Wastes from food processing are high in organic matter and are therefore 

ideal for AD. However, AD of food waste alone may be hindered by the presence of various 

inhibitors. Co-digesting food waste with DM increases biogas production and CH4 yield 

(Zhang et al., 2013; Banks et al., 2011). Furthermore, it improves the nutrient balance, adjusts 

buffering capacity by mixing the substrate and promotes activities of the microbial 

population. Co-digestion of manure and food wastes has an effect of reducing the 

accumulation of VFA and other AD intermediates, consequently resulting in higher CH4 

content from the beginning as compared to the digestion of food wastes alone (Murto et al., 

2004; El-Mashad et al., 2010). 

Fruit and vegetable wastes tend to have low total solids and high volatile solids, and 

are easily degraded in an AD process. However, the rapid hydrolysis of these feedstocks may 

lead to acidification of a digester and the consequent inhibition of methanogenesis (Ward et 

al., 2008).  

Several co-digestion studies on food waste with DM showed positive results. For 

example, during mesophilic anaerobic co-digestion of cattle manure and fruit and vegetable 

wastes (FVW) in a CSTR at 35˚C, Callaghan et al. (2002) found that increasing the 
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percentage of FVW from 20% to 50% increased the CH4 yield from 230 to 450 L/kgVS 

added. Co-digestion of food waste with DM enhanced gas production by 0.8–5.5 times as 

compared to the digestion with DM alone (Li et al., 2010). The suitability of food as a co-

digestion substrate is subject to seasonal and composition variation, as well as high 

heterogeneity associated with the nutrient content and the particle sizes (Neves et al., 2009a; 

Agyeman & Tao, 2014). Nevertheless, food that is rich in lipids and easily biodegradable 

carbohydrates, such as confectionary wastes, used oil, pasta, ice cream, whey, etc., has been 

identified as a prime co-substrate (Labatut et al., 2011). However, co-digestion of manure 

with one or more food wastes needs to be investigated because composition of food wastes 

varies widely and biodegradation of organic matter may not be the same. Also, micronutrient 

concentrations in food wastes may influence metabolic activities of microorganisms and the 

resulting biogas production (Zhang et al., 2011a). Other challenges with food wastes are that, 

like food composition, the supply of food wastes might not be constant to meet the waste need 

for co-digestion. 

 

2.5.2 Energy crops and agricultural residues 

 

Use of energy crops for co-digestion is very challenging due to the lignocellulosic 

composition of the material (Li et al., 2009c; Yue et al., 2013). The most common type of 

energy crops include cereals (e.g. barley, wheat, oats, maize and rye) starch and sugar crops 

(e.g. potato, sugar beet, Jerusalem artichoke and sugarcane), cellulose crops (e.g. straw, wood, 

short rotation coppice (SRC), and solid energy crops (e.g. cardoon, sorghum, kenaf, prickly 

pear, whole crop maize, reed canary grass, miscanthus and SRC willow, poplar and 

eucalyptus) (Sims et al., 2006). Most energy crops have a high carbon content that balances 
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the low C/N ratio in DM, effectively decreasing the risk of ammonia inhibition (Lehtomäki et 

al., 2007), but lignocellulosic materials are difficult to degrade (Li et al., 2009c; Yue et al., 

2013). Co-digestion of DM with 40% sugar beet tops improved CH4 production by 150% 

(Umetsu et al., 2006), while the co-digestion of switch grass with DM did not show any 

increase in the biogas yield (Ahn et al., 2010). Similarly, the co-digestion of DM with rice 

husks did not improve the overall biogas production. In some cases, it may be profitable to 

pre-treat energy crops to ease the hydrolysis step and consequently reduce the retention times 

(Lehtomäki et al., 2007; Ward et al., 2008). 

 

2.5.2.1 Pretreatment improves biogas yields 

 

Pretreatment can be defined as treating the waste matter before anaerobically treating 

the waste to achieve quick and easy biodegradability of waste matter.  There are various pre-

treatment techniques such as size reduction, steam explosion, lime pretreatment, 

ammonification and chemical treatment (acid and alkaline treatment). Each pretreatment has 

its own effect(s) on the cellulose, hemicellulose and lignin—the three main components of 

lignocellulosic biomass (Hendriks & Zeeman, 2009). Pretreatment has proven to be a simple 

and effective method to improve biodegradability of lignocellulose materials (Li et al., 2009c) 

Angelidaki & Ahring (2000) studied the effects of pretreatment on fiber degradation 

of manure using several treatment methods such as mechanical maceration, chemical 

treatment (NaOH, NH4OH), hemicellulolytic or cellulolytic enzymes treatment and biological 

treatment (hemicellulose degrading bacterium B4). They found that mechanical maceration 

resulted in an average increase of the biogas potential of approximately 17%. Chemical 
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treatment of the fibers with bases such as NaOH, NH4OH or a combination of bases resulted 

in an increased of CH4 potential. But treatment of the fibers with hemicellulolytic or 

cellulolytic enzymes showed that there was no significant increase of the CH4 potential. 

Biological treatment of manure fibers with the hemicellulose degrading bacterium B4 resulted 

in a significant increase of the biogas potential of manure. Pretreatment of substrate prior to 

AD process to accelerate the hydrolysis of substrate has shown improved biogas productions 

(Hendriks & Zeeman, 2009; Vavilin et al., 2008). Of several pretreatment methods, acid and 

alkaline pre-treatment is widely used due to cost, effectiveness and ease of controlling pH 

following AD of lignocellulosic material. 

Methane yield is affected by particle sizes, lignin quantity and pre-treatment used. 

Siddique et al. (2014) stated that the oxidation of H2O2 pretreatment of petrochemical 

wastewater co-digested with beef and dairy cattle manure converted the recalcitrant materials 

into biodegradable ones and achieved the best performance at mesophilic conditions in terms 

of reactor stability and wastewater stabilization. Li et al. (2009c) investigated the performance 

and synergistic effect of co-digestion of cattle manure (CM) with NaOH-pretreated corn 

stover (CS) to determine the optimal CM/CS ratio and found that co-digestion of CM with 

NaOH-treated corn stover could be one of the options for efficient biogas production and 

waste treatment. The study on NaOH pretreated kitchen waste and sulfuric acid pretreated 

cattle manure showed that the total lignin, cellulose, and hemicelluloses were reduced by 

13.1, 9.4, and 28% on dry basis and the CH4 yield and VS reduction for acid-pretreated CM 

were 116 and 74% higher than raw CM (Li et al., 2009b). However, by-products such as 

potassium ions resulting from caustic pre-treatment and resins generated in breaking the 

lignin are likely to add inhibition (Chen et al., 2008). Studies have shown that pre-treatment 
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such as size reduction of residues permits faster and better hydrolysis (Agyeman & Tao, 2014; 

Angelidaki & Ahring, 2000). In addition, energy crops that are lignocellulosic have low 

digestibility, require prolonged HRT (Ward et al., 2008), and they are also slow in adapting to 

the microbial population in the reactor (Lindorfer et al., 2008).  

When using the energy crops and other high strength organic wastes for co-digestion, 

size reduction might be very important because microbial hydrolysis of lignocellulose is a 

slow and difficult process. Co-digestion studies showed that pretreating the co-digested 

substrate by reducing the particle size (by chopping, grounding or blending) or chemical 

treatment such as NaOH, etc, benefits co-digestion process (Table 2.1). Research has shown 

that CH4 yield is inversely proportional to particle size (Agyeman & Tao, 2014). Angelidaki 

& Ahring (2000) described that the best results showed an approximately 20% increase of the 

biogas potential with fibers smaller than 0.35 mm, whereas the increase was approximately 

16% with fibers of size 2 mm. There was no significant difference in biogas potential from 

fibers in the 5-20 mm range. Large particle size provides a small surface area, whereas small 

particle size provides a large surface area for the microorganism, thus greater microbial 

degradation of organic waste and increased biogas production. Therefore, by reducing particle 

size, methane production may be increased, and thus also the energy output. 

 

2.5.3 Biofuel industry waste 

 

Increase of biodiesel production has led to increased production of crude glycerin 

(Siles et al., 2009), which cannot be digested alone because it contains higher amounts of 

carbon and lower nitrogen (Thompson & He, 2006). To overcome the nitrogen deficiency, 
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Robra et al. (2010) digested cattle slurry with crude glycerin in CSTR reactors at mesophilic 

range, and found that the optimal proportion of glycerin that should be mixed with cattle 

slurry ranged between 5% and 10% (w/w) to obtained optimum biogas production. Castrillón 

et al. (2011) described that under mesophilic conditions, the addition of 4% glycerin to 

screened manure increased biogas production by up to 400%. Application of sonication (20 

kHz, 0.1 kW, and 4 min) to a mixture of manure + 4% glycerin increased production of 

biogas by up to 800% compared to untreated manure. This study also showed that best results 

were obtained under thermophilic conditions using sonicated mixtures of ground cattle 

manure with 6% added glycerin. Similarly, study by Castrillón et al. (2011) showed that 6% 

crude glycerin with cattle manure achieved the best results. 

 

2.6 Development of mathematical models for co-digestion 

 

The complicated and unpredictable nature of potential co-substrate creates difficulty in 

predicting and anticipating the whole impact of co-digestion (Angelidaki and Ellegaard, 

2003), including the possibility of inhibitory behavior (Chen et al., 2008). The optimum 

mixing ratio, composition of substrate, physical characteristics (e.g. particle size) and any pre-

treatment of the possible co-substrate may affect the biogas production (Umetsu et al., 2006). 

Some co-substrates, irrespective of temperature, are known to cause inhibition and/or toxicity 

to the digestion process (Alvarez and Lidén, 2008). Intermittent addition of small quantities of 

tallow oil has the potential to interrupt a stable digestion process (Robra et al., 2010) due to 

the accumulation of ammonia and the presence of long chain fatty acids (LCFA) from blood 

and tallow oil, respectively. Theoretical CH4 yield based on the COD has a discrepancy when 
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compared to the actual CH4 yield (Labatut et al., 2011). Methane yield using prediction 

model(s) are always higher than the observed. Therefore, knowing the individual substrate 

composition is not enough to determine CH4 yields. In theory, based on the stoichiometry 

(bioenergetics), carbon content, COD or volatile solids, the CH4 yield can be approximated. 

This value is normally higher than the actual value because the theoretical approach doesn’t 

account for biodegradability. Substrate biodegradability is defined as the ease of biological 

break down, which is dependent on both the physical and chemical properties (Labatut et al., 

2011). 

Mathematical models can be used to account for biodegradability in co-digestion. To 

know the correct combination of different substrates, many experiments are needed (i.e. Bio-

chemical CH4 potential - BMP tests). Accurate modeling can help to define a correct ratio 

between different organic substrate to be digested. However, for this purpose, typical mono 

substrate models are not suitable as they are not capable to simulate the biodegradation 

behaviors of different substrates in terms of kinetics, particle size, nutrient balance, etc. The 

first co-digestion model was proposed by Bozinis et al. (1996). In this model the main 

component groups (i.e. lipids, carbohydrates and proteins) are simulated and it is a steady 

state mathematical model. A mathematical model for co-digesting piggery waste, olive-mill 

and dairy waste based on batch kinetic experiments was developed by Gavala et al. (1996). 

This model considers a four-step process (hydrolysis, acidogenesis, acetogenesis, and 

methanogenesis). The model cannot predict the CH4 concentration, and does not consider the 

inhibitory effect by high ammonia concentration, volatile fat acids (VFAs), long chain fat 

acids (LCFAs) and hydrogen.  Kiely et al. (1997) developed and validated a two-stage 

mathematical model of acidogenesis and methanogenesis, including ammonia inhibition and 
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pH prediction. 

The 2002 International Water Association (IWA) Task Group for Mathematical 

Modelling of AD Processes developed a comprehensive mathematical model known as 

ADM1-Anaerobic Digestion Model no. 1 (Batstone et al., 2002), which was based on the 

knowledge of modelling and simulation of AD systems developed over the previous years. 

However, this model neglects some processes involved in the AD such as sulphate reduction, 

acetate oxidation, homo-acetogenesis, solids precipitation and inhibition due to sulphide, 

nitrate, LCFAs, weak acid and base (Fujita et al., 1980). 

 

2.7 Significance of dairy manure co-digestion studies  

 

Most of the studies have been done in a laboratory as either batch or continuous stirred 

tank reactors (CSTR) of volumes less than 5 L operating in the mesophilic temperature range 

(35–40˚C) (Table 2.1). Co-digestion in the thermophilic range (55–65˚C) with an optimum 

temperature of 55–60˚C, although more expensive to operate, has been shown to be an 

excellent option in terms of better performance and achieving high sanitation compared to the 

mesophilic operations (Atandi and Rahman, 2012). The overall reporting of the biogas 

production and CH4 yield are inconsistent. Some are based on the COD while others are based 

on VS or dry matter content, and others are based on either per unit time or volume. This 

inevitably brings about discrepancies in comparing various co-substrates. In contrast, there is 

an agreement on the need to optimize composition, organic loading, hydraulic retention times 

and proper monitoring of the processes. In a conventional anaerobic liquid digestion (or wet 

digestion), <10% total solids (TS) is used but the use of food wastes and other agricultural 
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wastes may increase TS content. Dairy manure with <10% TS are less acidic and more likely 

to produce high volumes of biogas (Itodo and Awulu, 1999). When solid content of manure is 

between 25% and 40%, the AD process is described as dry digestion, whereas when the solids 

content is below 15% it is referred to as wet digestion. Instead of wet AD, dry AD might be 

beneficial due to the relatively stable process and lower energy input. 

 

2.8 Conclusions 

 

1) To a large extent, waste from agro industry (food waste and energy crops) has been 

co-digested with dairy manure, but waste from biofuels industry and alga waste has 

not been explored. 

2) Co-digestion improves the nutrient balance, thus improving the biogas yield. The 

important process parameters affecting the co-digestion process are optimum mixing 

ratio, C/N ratio, temperature, OLR, and HRT. Sometimes particle size reduction might 

be very important because microbial hydrolysis of lignocellulose is a slow and 

difficult process. Smaller particle size provides large surface areas for the 

microorganism, thus greater microbial degradation of organic waste, which increases 

biogas production. Therefore, by reducing particle size, methane production and 

energy output may be increased. 

3) Most of the co-substrate digested with dairy manure have had successful correlation of 

biogas production and methane yield using empirical data based on laboratory studies. 

Nevertheless, there is need for generalized models that can simulate co-digestion and a 

systematic approach is required in defining the direction for the exploitation of co-
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digestion and selection of co-substrate. 
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3.1 Abstract 

 

In this study, anaerobic co-digestion of dairy manure (DM) and potato waste (PW) was 

evaluated to determine the best mixing ratio in terms of biogas and methane (CH4)  

productions. Batch lab-scale anaerobic co-digestion of DM with PW was conducted at three 

different temperature ranges (thermophilic (55-57˚C), mesophilic (35-37˚C), and ambient (20-

25˚C) temperatures). The tests were conducted at five DM:PW mixing ratios (100:0, 90:10, 

80:20, 60:40, and 40:60) on a volatile solids (VS) basis. During the 30 days of batch 

digestion, the highest cumulative biogas and CH4 production (CBP) of 182 liters (L) and 93 L 

was achieved for the thermophilic co-digestion at the mixing ratio of 80:20; 76 L and 43 L for 

the mesophilic co-digestion at the mixing ratio of 90:10; and 33 L and 8 L for the digestion of 

DM alone (the mixing ratio of 100:0) at ambient temperature, respectively. Based on test 

results the optimum mixing ratio depends on temperature. The concentrations of VFA and 

NH3-N and pH were not concerns for either co-digestion of DM and PW or digestion of DM 
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alone in terms of process stability. Thermophilic temperature proved to be the best 

temperatures in terms of biogas and CH4 productions.  

 

Keywords: anaerobic digestion; dairy manure; potato waste; biogas; methane. 

 

3.2 Introduction 

 

Dairy production is one of the single largest agricultural activities in the state of Idaho, 

USA. All cattle and calves in the state of Idaho as of January 1, 2014 totaled 2,190,000 head 

(USDA, 2014). Dairy manure (DM) is a common organic waste from the dairy industry with 

an estimated annual production of 22 tons of DM/cow/year (USEPA, 2013b). Major air 

pollution problems are associated with DM as carbon dioxide (CO2), methane (CH4), nitrous 

oxide (N2O) and ammonia (NH3) gases are released into the atmosphere. The main 

greenhouse gas is CH4, which is 20 times more efficient as CO2 at trapping heat in the 

atmosphere (National Greenhouse Gas Inventories Programme, 1996). The CH4 emissions 

increased by 64.0 percent from 31.7 teragrams of CO2 equivalents (Tg CO2 Eq.) in 1990 to 

52.0 Tg CO2 Eq. in 2010 due to the growth in animal production (mainly from dairy and 

swine manure) (USEPA, 2012). Appropriate treatment of DM is necessary to minimize 

pollution.  

In addition to the dairy industry, Idaho is the largest potato producing state in the USA 

(USDA, 2011). According to National Agricultural Statistics of the United States Department 

of Agriculture (USDA, 2011), approximately 42.9 billion pounds of potatoes were produced 

in USA where Idaho alone produced 12.8 billion pounds. Among Idaho’s total potato 
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production, 800 million pounds, which was approximately 6% of Idaho’s total potato 

production, were considered as waste due to shrinkage and losses (USDA, 2011). Waste 

produced from potato processing is a disposal problem for the processor. Some potatoes are 

unusable for fresh market or dehydration because they do not meet quality standards of size or 

grade. These potatoes are considered as potato waste (PW). There are a number of ways that 

can be used to dispose of PW, which include landfills, application to cropland, and 

composting (Nelson, 2010). The volume of PW is too large to be disposed of economically 

through the above methods. The accumulation or disposal of PW leads to serious 

consequences such as sprouting and re-growth of potatoes, nematodes, infestations, pathogen 

exposure to surrounding crops, source of late blight inoculums, leaf roll virus, and other 

diseases (Olsen et al., 2001). Additionally, decomposing of PW leads to nutrient leaching to 

ground and surface waters (Olsen et al., 2001). Finding a treatment method to properly 

dispose of PW is a challenging task.  

Anaerobic digestion (AD) has been regarded as a promising technology to treat 

organic waste (USEPA, 2013a). The microorganisms in the AD process transform organic 

constituents and nitrogen-containing compounds into biogases in the absence of oxygen. The 

main components of biogas are CH4 and CO2. Methane can be recovered and diverted to 

generate heat and electricity. Research has shown that AD of DM brings many benefits 

including pathogen destruction, odor reduction, reduced lagoon loading, and biogas 

generation (Rico et al., 2011). Digestion of DM alone proves less efficient than co-digesting 

DM with other organic waste, which provides additional nutrients (carbon to nitrogen ratio - 

C/N ratio) and acts as a buffering agent (Macias-Corral et al., 2008; Umetsu et al., 2006). Co-

digestion is a process in which additional organic materials are added for higher digestion 
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efficiency. Co-digestion of two or more waste sources enhances biogas and CH4 production. 

Several studies have been performed to determine the efficiency of the co-digestion process 

(Li et al., 2009a, 2009b). However, co-digestion is efficient only at certain mixing ratios 

under suitable pH and temperature conditions.  

The stability of the AD process can be determined by pH value. The pH influences the 

bacterial activity of the AD process since each type of bacteria (acidogenesis, acetogenesis 

and methanogenesis) survives and reproduces within a specific and narrow pH range. 

Methanogenesis is more susceptible to change in pH than acidogenesis or acetogenesis. 

Methanogenic bacteria survive best at an optimal pH of 7.0-7.2. If a pH value decreases 

below 6.1 or increases above 8.5, due to accumulation of volatile fatty acids (VFAs) or due to 

increase in concentrations of ammonia nitrogen (NH3-N), the rate of CH4 production declines 

(Lay et al., 1997). The existence of each type of bacteria at different stages of the AD process 

requires the pH value to vary from acidic (5.2) to neutral (7.5) throughout the AD process.  

Temperature is one of the main factors influencing the process of AD. According to 

the literature, changes in temperature result in destruction of solids, biogas production, and 

CH4 content. Several studies have reported on AD of waste materials at the ambient 

temperatures (AT) (WU et al., 2006; Hills and Roberts, 1981), mesophilic temperatures (MT), 

and thermophilic temperatures (TT) (Kim et al., 2006; Choorit & Wisarnwan, 2007). Most of 

the pilot scale or conventional AD processes were carried out at the MT (Sakar et al., 2009). 

At the TT, faster reaction rate occurred with a higher destruction of pathogens and a higher 

biogas production (Kim et al., 2006), and the reduction in volatile solids (VS) content will be 

greater at the TT than at the MT (Choorit & Wisarnwan, 2007).  
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For the co-digestion studies, mixing ratio is one of the important parameters to 

determine the efficiency of the digestion process. A study on anaerobic co-digestion of DM 

and food waste (FW) indicated that co-digesting 60% FW with 40% DM enhanced biogas 

production with a HRT of 20 days (El-Mashad and Zhang, 2010). When a batch anaerobic co-

digestion test of DM and sugar beets (SB) was performed, it was determined that a mix of 

60% DM and 40% SB produced 1.49 times more CH4 than digestion of DM alone (Umetsu et 

al., 2006). Previous studies showed differences in appropriate mixing ratios for co-digestion 

of different waste products. There is a limited amount of information on anaerobic co-

digestion of DM and PW.  

In this study, DM was co-digested with PW in a batch digestion system to determine 

the best mixing ratio at three temperature ranges (thermophilic (55-57˚C)), mesophilic (35-

37˚C), and ambient (20-25˚C)). The main objective of this study was to investigate the effect 

of temperature and mixing ratios on anaerobic co-digestion of DM and PW in terms of biogas 

and CH4 production. 

 

3.3 Materials and Methods 

 

3.3.1 Materials  

 

3.3.1.1 Anaerobic batch digester setup  

 

The AD tests were carried out using digesters constructed with PVC pipes having 

dimensions of 39.5 cm x 27.8 cm (height x diameter) as shown in Figs. 3.1A-B. The total 
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volume of each digester was 24 L with a working volume of 16 liters. One end of the PVC 

pipe was completely sealed with a cap (bottom portion of anaerobic digester) and the other 

end was covered with a flat plastic transferable cap attached with wing type screws to make it 

an openable top (top portion of anaerobic digester) as shown in Fig. 3.1A. Temperature and 

pH probes (submersible Automatic Temperature Compensation (ATC) probe - Model # 

3983701-010BTV12, Cole-Parmer, Chicago, IL), connected to a display monitor (Model # pH 

550 pH/orp, Eutech instruments, Nijkerk, Netherlands) were inserted into the digester through 

a hole that was properly sealed to make the system gas tight.  

A 1.27 centimeters (cms) internal diameter pipe was installed at the middle portion of 

the openable cap to collect gas samples (septa provided at the open end for gas sampling). The 

middle portion of the 1.27 cms pipe was joined with “T” shaped fitting to collect the gases 

emitted through the AD process using a wet tip gas meter (Wet-tip gas meter Co., Nashville, 

Tennessee, USA). The wet-tip gas meter was used to monitor biogas generated in each 

digester. A high heat resistant (> 100 ˚C) 0.635 cms internal diameter flexible pipe was used 

as a heating coil to circulate hot water and to keep the substrate at the desired temperature. 

The heating coil was connected to the water heater as shown in Fig. 3.1A. The water heater 

(Model # M11OU6SS-INAL, Bradford White Corporation, Pennsylvania, USA) was used to 

supply hot water through the heating coil to maintain the inside temperature at pre-set levels. 

Two grundfos pumps (Model # UP15-100F and UPS15-58FC, Grundfos Pumps Corporation, 

Kansas, USA) were used to circulate hot water and to mix the waste within each digester. The 

hot water circulating pump, which was controlled by a timer, operated for 30 minutes every 

two hours. The waste mixing pump, which was also controlled by a timer, ran for 30 minutes 

every two hours. 
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3.3.1.2 Collection and preparation of waste 

 

Dairy manure was collected from a commercial dairy located in Jerome, Idaho, USA. 

The collected manure was transported to the Waste Management Laboratory at the University 

of Idaho Twin Falls Research and Extension Center, located in Twin Falls, Idaho. The manure 

was screened with a 3 millimeter (mm) sieve to remove fibers and other large particles. Total 

solids (TS) and volatile solids (VS) were determined for the sieved manure. Fresh manure was 

collected for each experiment and was screened and analyzed for TS, VS, chemical oxygen 

demand (COD), volatile fatty acids (VFA), ammonia nitrogen (NH3-N), total Kjeldhal 

nitrogen (TKN), C/N ratio, and pH. The biological characteristics of DM (TS, VS, COD, 

VFA, NH3-N, TKN, C/N ratio and pH values) are represented in Table 3.1.  

 

 

Table 3.1 - Biological Characteristics of Dairy Manure and Potato Waste.  

Parameters1  Dairy Manure Potato Waste 

TS (g/L) 15±1 388 

VS (g/L) 10±1 376 

COD (mg/L) 25,840±2000 36,176 

NH3-N (mg/L) 316±100 477 

VFA’s (mg/L) 3081±100 5,676 

TKN (mg/L) 560±150 1,378 

pH 7.0 to 8.3 5.1 at 16 ºC 

C/N Ratio 6 16 

1TS: total solids; VS: volatile solids; COD: chemical oxygen demand; NH3-N: ammonia nitrogen; 

VFAs: volatile fatty acids; TKN: total kjeldahl nitrogen; C/N ratio: carbon to nitrogen ratio; ºC: 

degrees Celsius.  
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Potato waste (PW) was collected from the University of Idaho Kimberly Research and 

Extension Center, located in Kimberly, Idaho. The PW was shredded into tiny pieces (< 

3mm) with a food grinder. The shredded potato waste was mixed with tap water and then 

stored in a refrigerator at -2˚C for future use. The stored PW was used for all the experiments. 

The biological characteristics of PW are given in Table 3.1.  

As compared to DM, PW contained higher percentages of TS, VS, chemical oxygen demand 

(COD), volatile fatty acids (VFA), ammonia nitrogen (NH3-N), total Kjeldhal nitrogen 

(TKN), C/N ratio, but lower pH.   

 

3.3.2 Methods  

 

3.3.2.1 Experiment design 

 

To investigate the effect of the co-digestion performance of DM and PW, a complete 

randomized design with three levels of temperature (55-57, 35-37, and 25-28˚C) by five 

mixing ratios of DM to PW (100:0, 90:10, 80:20, 60:40, and 40:60) with a fixed HRT of 30 

days were carried out. The HRT of 30 days was selected based on the experimental trials 

conducted prior to these experiments (data not included in this paper) and those found in the 

literature (Liu et al., 2009). The total VS for all the ratios were kept constant at 165 g 

VS/batch test. Two replicate tests were performed for each combination of temperature and 

DM to PW ratio. The concentrations of NH3-N, VFA and TKN were measured on a weekly 

basis. Total organic carbon (TOC) was measured at the beginning of each experiment. Daily 

pH and gas readings were recorded. 
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Fig. 3.1 - Schematic of anaerobic digester and a picture of the anaerobic digesters in a 

laboratory setup (A) schematic of anaerobic digester, (B) picture of six anaerobic digesters 

used for anaerobic digestion test.  

 

(B) 

(A) 



70 
 

 

7
0
 

A total of six digesters were constructed to perform the laboratory experiments. Two water 

heaters were used for the AD tests, with each being connected to the three digesters.  

 

3.3.2.2 Analytical methods 

 

A spectrophotometer (DR/5000 Hach Company, Loveland, CO) was used for 

analyzing COD, TKN, VFA, NH3-N and TOC. Procedures for analyzing COD, TKN, VFA, 

NH3-N and TOC were based on the spectrophotometer manual (November 05 Edition 2, 

Catalog # DOC082.98.00670). Method 8000 (Reactor digestion method), Method 10242 (s-

TKNTM method), Method 8196 (Esterification method, Acetic acid equivalent), Method 

10031 (Salicylate method), and Method 10129 (Direct method) were used for COD, TKN, 

VFA, NH3-N, and TOC analysis, respectively. Chemicals used for these analyses were 

purchased from the Hach Company according to the prescribed manual methods. The TS and 

VS were determined according to the APHA standard methods (APHA, 2012).  

Biogas composition (CH4 and CO2) was measured with a gas chromatography (GC) 

(Model: 7890A, Agilent Technologies, Santa Clara, CA) equipped with a flame ionization 

detector (FID) and a thermal conductivity detector (TCD). A computer with Agilent 

ChemStation software was connected to the GC and used to view and export results. A gas-

pro capillary column (60 m × 0.32 mm i.d.) was used for separation of a mixture of 

compounds. The column temperature was set at 35˚C and held for 4 min for an injection, then 

programmed at 30˚C min−1 to 150˚C and held for 0.25 min. The split injection (0.25 mL) was 

conducted with a split ratio of 10:1. High-purity helium was used as the carrier gas with a 

flow rate of 3.0 mL min−1. Biogas samples were manually collected using 5 mL gas-tight 
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syringes (Model# PN 5190-1540, Agilent technologies, Santa Clara, CA) from the digesters. 

The collected biogas samples were immediately injected into the GC through the GC’s gas 

sampling valve.  

 

3.3.3 Statistical analysis 

 

The data were statistically analyzed using a two-way ANOVA to test the main effects 

of temperature and mixing ratio and their interaction for cumulative biogas production in a 

completely random design. The data were analyzed considering three temperatures 

(thermophilic, mesophilic and ambient) each at five mixing ratios (Dairy Manure: Potato 

Waste – 100:0, 90:10, 80:20, 60:40 and 40:60) for 30 days. The Tukey’s Post Hoc test was 

applied to determine the significantly different treatment means. The statements of statistical 

significance were based on P<0.05 using SAS software version 9.3 (SAS, Cary, North 

Carolina, USA).  

 

3.4 Results and discussion 

 

The initial and final pH, cumulative biogas production, CH4 yields and reduction of 

VS for the digestion of DM and PW at the five mixing ratios in three different temperature 

ranges (thermophilic, mesophilic, and ambient) are presented in Table 3.2.  
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3.4.1 Biogas and methane production and pH at thermophilic digestion. 

 

At TTs, biogas production began on day 1 of digestion for all the mixing ratios 

(DM:PW) as shown in Figs. 3.2A-E.  Among the five mixing ratios, the mixing ratio of 80:20 

achieved the highest biogas production of 182 L followed by 105 L, 84 L, 73 L and 70 L for 

the mixing ratios of 90:10, 60:40, 40:60 and 100:0, respectively. Even though the VS loading 

rates for all the mixing ratios were the same (165 g VS in total for each mixing ratio), a higher 

biogas production for the mixing ratio of 80:20 can be attributed to synergistic effect that has 

taken place between DM and PW. Synergistic effects can be simplified into different forms 

such as increased alkalinity, balanced nutrients or improved biodegradability. Our test results 

showed that digestion of DM alone at TTs generated less biogas and CH4 compared with the 

four co-digested mixing ratios. Typically, the C/N ratio of DM is around 6, which is 

considered low for the AD process (Wang et al., 2012; Li et al., 2009b; Li et al., 2009c). 

Adding PW (C/N ratio of 16), into DM can improve the overall digestion process. Achieving 

the highest biogas production at the mixing ratio of 80:20 can be attributed to balanced 

nutrients (C/N ratio) between DM and PW. 

The co-digestion at the mixing ratio of 80:20 produced the highest CH4 yield of 0.563 

L g-1 VS, which was 158% higher than that of digestion DM alone.  The highest cumulative 

CH4 yield of 93 L was achieved for the mixing ratio of 80:20 followed by 62L, 53L, 44L and 

36L for the mixing ratios 90:10, 60:40, 40:60, and 100:0. All five mixing ratios used at TTs 

achieved over 70% CH4 content in the biogas.   
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Table 3.2. Summary of the test results at different temperatures. 

Temperature 
Ratios 

(DM:PW) 

Initial 

pH 

Final 

pH 

Cumulative 

biogas (L) 

Cumulative 

methane 

yield (L) 

Methane 

yield (L 

g-1 VS) 

VS 

reduction 

(%) 

TT  

100:0 7.0 7.3 70 36 0.218 75.4 

90:10 7.4 7.2 105 62 0.375 80.5 

80:20 7.2 7.3 182 93 0.563 79.6 

60:40 7.2 6.9 84 53 0.321 80.2 

40:60 7.3 7.0 73 44 0.266 76.4 

MT 

100:0 7.6 7.0 68 34 0.206 70.3 

90:10 8.2 7.1 76 43 0.260 68.8 

80:20 8.1 7.2 65 36 0.218 71.1 

60:40 7.3 7.1 49 25 0.151 71.6 

40:60 7.1 6.8 45 22 0.133 73.8 

 AT 

100:0 7.3 7.1 33 8 0.048 53.5 

90:10 7.8 6.8 27 5 0.036 26.2 

80:20 7.7 6.7 23 6 0.036 25 

60:40 8.2 7.1 19 5 0.030 15 

40:60 8.0 6.8 16 3 0.018 13 

DM: dairy manure; PW: potato waste; TT: thermophilic temperature; MT: mesophilic temperature; 

AT: ambient temperature; L: liters; g: grams; VS: volatile solids; %: percentage. 

 

 

As shown in Figs. 3.2A-E, there was a sudden reduction in pH for all five mixing 

ratios. The reduction in pH indicated the startup of hydrolysis and accumulation of acids. The 

stability of the digestion process depends on the pH of the substrate (Solera et al., 2002). 
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Many studies describe a significant change in the AD process due to a change in pH (Macias-

Corral et al., 2008; Umetsu et al., 2006; Marañón et al., 2012). Previous research has shown 

that, for acidogenic bacteria, the optimum pH is 5.2 to 6.5 (Solera et al., 2002; Li et al., 

2009a), whereas for methanogenic bacteria the optimum pH is in between 6.8 to 7.3 (Lay et 

al., 1997). In this study, after feeding the substrate, the digester pH decreased due to increased 

VFA production. However, as VFAs were metabolized, the pH became stable over the 

digestion period. The lowest/highest pH recorded for the mixing ratio (DM:PW) of 100:0, 

90:10, 80:20, 60:40, and 40:60 was 6.6/7.4, 6.2/7.3, 6.0/7.3, 6.2/7.0, and 5.9/7.1, respectively. 

For both the mixing ratios of 90:10 and 80:20, pH reached the lowest value on  day 2 (pH of 

6.2 for 90:10 and 6.0 for 80:20) and then increased till a stable value of 7.3 for the mixing 

ratio of 90:10 on day 14 and for the mixing ratio of 80:20 on  day 20. For the rest of three 

mixing ratios, pH reached the lowest value on day 3. It then increased until the stable value of 

7.4 for the mixing ratio of 100:0 on day 23, 7.0 for the mixing ratio of 60:40 on day 7 and 7.1 

for the mixing ratio of 40:60 on day 16. Even though the pH during the digestion of DM alone 

(100:0) never fell below 6.6, the production of biogas was the lowest, which corresponds to 

lowest monitored VFA concentration (Fig. 3.6A). 

 

3.4.2 Biogas and methane production and pH at mesophilic digestion. 

 

The pH and biogas production obtained for the five mixing ratios (DM:PW) digested 

at MTs are shown in Figs. 3.3A-E. At MTs, biogas production started immediately on day 1 

of digestion in all the digesters. Among the five mixing ratios, the mixing ratio of 90:10 
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achieved the highest biogas production of 76 L followed by 68 L, 65 L, 49 L and 45 L for the 

mixing ratios of 100:0, 80:20, 60:40, and 40:60, respectively. 

Among the five mixing ratios (100:0, 90:10, 80:20, 60:40, and 40:60), three (80:20, 

60:40, and 40:60) showed less biogas production than digestion of DM alone (100:0). The 

reason for the decrease in biogas production for the mixing ratios of 80:20, 60:40, and 40:60 

might be due to the failure in breakdown of hard biodegradable components of PW. 

According to Elefsiniotis et al., (2005), starch rich waste or wastewaters reduced the 

efficiency of AD process by lowering the pH. This study showed a decrease in pH when the 

amount of PW was increased (Figs. 3.3B-E). Another reason for the decrease in biogas 

production for the mixing ratios of 80:20, 60:40, and 40:60 might be due to the MTs tested. 

As the temperature was decreased from thermophilic to mesophilic the percentage reduction 

of VS was decreased (Table 3.2). When the VS portion of PW was increased at MTs, biogas 

production showed a decreasing trend. This indicates that the organic portion of PW was 

harder to degrade at MD than at TD. At MD, the mixing ratio 90:10 gave the highest CH4 

yield of 0.260 L g-1 VS, which was 26% higher than that of the mixing ratio of 100:0. 

The highest cumulative CH4 yield of 43 L was achieved for the mixing ratio of 90:10 

followed by 36L, 34L, 25L and 22L for the mixing ratios of 80:20, 100:0, 60:40, and 40:60, 

respectively. Among the five mixing ratios used at the MTs, four mixing ratios (100:0, 90:10, 

80:20 and 60:40) achieved 70% CH4 content in the composition of biogas except the mixing 

ratio of 40:60.  

As discussed previously, the pH for the mixing ratios of 100:0 and 90:10 was greater 

than 6.5 throughout the digestion period. However, for the mixing ratios of 80:20, 60:40, and 

40:60, pH decreased below 6.5. For the mixing ratios of 80:20, 60:40, and 40:60, the lowest 
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pH of 6.4, 6.3 and 5.7 was achieved on day 7. Then, the pH attained a neutral pH of 7.0 for 

the mixing ratio of 80:20 on day 13 and for the mixing ratio of 60:40 on day 18. But, for the 

mixing ratio of 40:60, the pH never reached a neutral pH of 7.0. This study showed that 

increasing the mixing ratio of PW resulted in lower pH. The desirable pH range of 6.5 to 7.3 

tended to be better for mesophilic co-digestion of DM and PW. 
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Fig. 3.2. Biogas and pH results at thermophilic temperatures (A) Mixing ratio of 100:0, (B) Mixing 

ratio of 90:10, (C) Mixing ratio of 80:20, (D) Mixing ratio of 60:40, and (E) Mixing ratio of 40:60. 

 

 

 

 

(C) (D) 
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3.4.3 Biogas and methane production and pH at ambient digestion. 

 

The pH and biogas production obtained for the five mixing ratios used at ATs are 

given in Figs. 3.4A-E. At ATs, biogas production started immediately on the day 1 of 

digestion but the biogas production was very low compared to thermophilic and mesophilic 

digestion.  Among the five mixing ratios, the mixing ratio of 100:0 achieved the highest 

biogas production of 33 L followed by 27 L, 23 L, 19 L and 16 L for the mixing ratios of 

90:10, 80:20, 60:40 and 40:60, respectively. The biogas production was higher for the 

digestion of DM alone than co-digestion of DM and PW at ATs. The results showed that co-

digesting PW with DM at ATs did not increase biogas production. 

The reason for the decrease in biogas production at ATs might be due to the decrease 

in temperatures: 1) at reduced temperatures, the degradation of organic matter is tremendously 

reduced and requires a retention time (RT) approximately twice as long as does MD; 2) 

methanogenesis is particularly more sensitive to change in temperature than other organisms 

present in digesters, which affects the activity of the microbial community (Dhaked et al., 

2010); 3) as the mixing ratio of PW was increased, the organic matter was not being easily  

biodegradable. Mixing 20% PW with 80% DM achieved the highest biogas production at TT 

and mixing 10% PW with 90% DM yielded highest biogas at MT. At an ambient temperature, 

none of the co-digested mixing ratios achieved higher biogas production than digestion of DM 

alone.  
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Fig. 3.3. Biogas and pH results at mesophilic temperatures (A) Mixing ratio of 100:0, (B) Mixing ratio 

of 90:10, (C) Mixing ratio of 80:20, (D) Mixing ratio of 60:40, and (E) Mixing ratio of 40:60. 

 

 

At an ambient temperature, the mixing ratio of 100:0 achieved the highest CH4 yield 

of 0.048 L g-1 VS. The highest cumulative CH4 yield of 8 L was achieved for the mixing ratio 

of 100:0 followed by 6L, 5L, 5L and 3L for mixing ratios of 80:20, 90:10, 60:40, and 40:60, 
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respectively. The CH4 content of the yielded biogas never achieved 70% for any mixing ratio 

at ATs. The yielded CH4 content of the produced biogas for all five mixing ratios at ATs is 

given in Table 3.3.  

Sudden decrease of pH was not observed for any mixing ratio at ATs. From day 1, 

there was a slow decrease in the pH value for all mixing ratios tested at ATs. For the mixing 

ratio of 100:0, pH decreased from 7.3 to 6.6 (day 21).  On day 22, pH showed a very slow 

increasing trend indicating that VFAs were being converted to biogas. For mixing ratios of 

90:10, 80:20, 60:40, and 40:60, pH decreased from 7.8 to 6.4 (until day 18), 7.7 to 6.4 (until 

day 13), 8.2 to 6.7 (until day 11), 8.0 to 6.3 (until day 12) and showed an increasing trend 

thereafter. 

 

 

3.4.4 Statistical analysis results  

 

Statistical results showed that there were significant temperature, mixing ratio, and 

interaction effects (all tests p < 0.0001) for biogas production. The interaction means and 

associated significant differences are given in Table 3.4. These data showed that the mixing 

ratio of 80:20 at TT, 90:10 at MT and 100:0 at AT yielded higher biogas productions.  

 

3.5 Process stability 

 

The stability of a digestion process depends on a number of factors such as 

temperature, pH, VFA, NH3-N and supplement of nutrients required for digestion process. 

The main factors used to determine the stability of the digestion process were NH3-N and 
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VFA concentrations. This study showed a stable operation without any failure of NH3-N or 

VFA concentrations for all mixing ratios used at thermophilic, mesophilic and ambient 

temperatures.  

 

   
 

   
 

 
 

 

 
Fig. 3.4. Biogas and pH results at ambient temperatures (A) Mixing ratio of 100:0, (B) Mixing ratio of 

90:10, (C) Mixing ratio of 80:20, (D) Mixing ratio of 60:40, and (E) Mixing ratio of 40:60. 
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Table 3.3. Methane content in the biogas for all five ratios at ambient temperatures. 

Mixing ratio 

(DM:PW)1 

Highest methane content 

achieved 

Digestion day at which 

methane content reached 

60% 

100:0 68.5% on 24th day 18th day 

90:10 67% on 30th day 27th day 

80:20 51.5 % on 30th day Never achieved 

60:40 51.5% on 30th day Never achieved 

40:60 38% on 29th day Never achieved 

1DM: dairy manure; PW: potato waste; %: percentage. 

 

3.5.1 Concentration of ammonia nitrogen (NH3-N) 

 

The concentrations of NH3-N for the five mixing ratios at TTs, MTs, and ATs are 

shown in Figs. 3.5A-C. Ammonia is produced from the degradation of nitrogenous matter of 

waste material that mainly consists of proteins or urea (McCarty, 1964). Ammonia can 

primarily be in two forms including ammonium ion ( ) or free ammonia (NH3). For all 

mixing ratios used in this study, the concentrations of NH3-N were less than 1,000 mg/L at 

thermophilic, mesophilic and pyschrophilic co-digestions of DM and PW throughout the 

digestion process. Studies show that the presence of high concentration (>1000 mg/L) of free 

ammonia leads to inhibition of microbial activities during the AD process (Sung and Liu, 

2003). McCarty (1964) describe that 50-200 mg/L of NH3 was beneficial to the AD process; 

200-1,000 mg/L of NH3 showed no adverse effects; 1,500-3,000 mg/L of NH3 inhibited AD at 

higher pH values (7.4-7.6); and above 3,000 mg/L of NH3 had toxic effects for the AD 
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process. This indicates that the concentration of NH3-N during the co-digestion of DM and 

PW was not a major concern for system stability. 

Table 3.4. Biogas interaction means for the two-way ANOVA of temperatures and mixing 

ratios. 

Statistical results   

Temperature (ºC) 

Ratio 

(DM:PW) 

Biogas (L) 

Thermophilic- 

(55-57) 
100:0 70e 

55-57 90:10 105b 

55-57 80:20 182a 

55-57 60:40 84c 

55-57 40:60 73d 

Mesophilic-  

(35-37)  
100:0 68b 

35-37 90:10 76a 

35-37 80:20 65c 

35-37 60:40 49d 

35-37 40:60 45e 

Ambient-  

(20-28) 
100:0 33a 

20-28 90:10 27b 

20-28 80:20 23c 

20-28 60:40 19d 

20-28 40:60 16e 

a-e Biogas values within each temperature range not sharing a same superscript are significantly 

different (P<0.05). 
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3.5.2 Concentration of volatile fatty acids (VFAs) 

 

The presence of VFA is also important to the stability of the AD process. Many 

investigators have reported the toxic effects of high VFA concentrations (Angelidaki et al., 

2005). It is well known that VFAs are important intermediary compounds in the metabolic 

pathway of CH4 fermentation, and if present in high enough concentrations, causes microbial 

stress, which can lead to failure of the digester.  In the present study, the concentrations of 

VFAs were determined on weekly basis. The VFA concentration and the CH4 content (%) in 

biogas are shown in Figs. 3.6A-E (thermophilic), Figs. 3.7A-E (mesophilic) and Figs. 3.8A-E 

(ambient), respectively. 

 At TD, for the mixing ratios of 90:10 and 80:20, there was a sudden increase in VFA 

concentrations during week one of digestion, with the VFA concentration decreasing toward 

the end of the digestion. The CH4 content was lower when the concentration of VFAs was 

higher for the mixing ratios of 90:10 and 80:20. The highest concentration of VFAs for the 

mixing ratios of 90:10 and 80:20 was 7.1 g/L and 6.1 g/L, respectively. Both the values were 

higher than 3.0 g/L (Dogan et al., 2005), which was commonly considered to be the upper 

limit for stable AD operation. The AD system still maintained normal operation at such high 

VFA concentrations. However, at this stage, the composition of biogas obtained was low in 

CH4 content. When the concentrations of VFAs started decreasing, the CH4 content in the 

composition of biogas increased for both the mixing ratios (90:10 and 80:20). For the mixing 

ratios of 60:40 and 40:60, the VFA concentrations showed a decreasing trend from the 

beginning of digestion and it was noted that CH4 content steeply increased. For the mixing 
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ratio of 100:0 the VFA concentrations showed a very slow decreasing trend throughout the 

digestion process. 

 

 

 

 
Fig. 3.5. Weekly NH3-N concentrations (A) Thermophilic temperatures, (B) Mesophilic temperatures, 

and (C) Ambient temperatures. 

(A) 

(B) 

(C) 
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The average CH4 contents of the biogas produced for the mixing ratios of 100:0, 

90:10, 80:20, 60:40 and 40:60 were 51%, 59%, 51%, 63% and 60%, respectively. Even 

though the CH4 content was lower for the mixing ratio of 80:20, this mixing ratio achieved 

higher biogas production compared to other four mixing ratios (90:10, 60:40, 40:60, and 

100:0). This might be explained in two ways. First, the quicker degradation of organic matter 

for the mixing ratio of 80:20 increased the concentration of VFAs. The organic matter of DM 

with organic matter of PW for the mixing ratio of 80:20 might have achieved sufficient 

nutrient (C/N ratio) balance. Second, as the percentage of PW was increased from 20% to 

40% and then to 60%, CH4 content in the biogas was increased but the total biogas production 

was reduced showing that the organic matter of PW was not completely degraded for the 

mixing ratios of 60:40 and 40:60. This shows that PW is a valuable substrate for co-digestion 

but the PW percentage should be limited.   

At MD, the mixing ratios of 90:10 and 80:20 showed a trend for decreased VFA 

concentrations throughout the digestion process. For both mixing ratios, there was a steep 

increase of CH4 content from the beginning of digestion (Figs. 3.7B-C).  For the mixing ratios 

of 60:40 and 40:60, the concentrations of VFAs increased (Figs. 3.7D-E) and with the 

increase in VFA concentrations the CH4 content in the biogas did not show much increase. 

Thereafter, with the decrease in VFA concentration, the CH4 content in the biogas increased.  

For the mixing ratio of 100:0, the concentration of VFAs was stable until week two of 

digestion and thereafter showed a slight decrease in VFA concentration (Fig. 3.7A). The 

average CH4 content of the biogas produced for the mixing ratios of 100:0, 90:10, 80:20, 

60:40 and 40:60 at MD were 50%, 56%, 56%, 51% and 48%, respectively.  
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Fig. 3.6. Concentration of volatile fatty acids and methane content. Thermophilic temperatures - (A) 

Mixing ratio of 100:0, (B) Mixing ratio of 90:10, (C) Mixing ratio of 80:20, (D) Mixing ratio of 60:40, 

and (E) Mixing ratio of 40:60. 
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Fig. 3.7. Concentration of volatile fatty acids and methane content. Mesophilic temperatures - (A) 

Mixing ratio of 100:0, (B) Mixing ratio of 90:10, (C) Mixing ratio of 80:20, (D) Mixing ratio of 60:40 

and (E) Mixing ratio of 40:60.  
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Fig. 3.8. Concentration of volatile fatty acids and methane content. Ambient temperatures - (A) 

Mixing ratio of 100:0, (B) Mixing ratio of 90:10, (C) Mixing ratio of 80:20 (D) Mixing ratio of 60:40 

and (E) Mixing ratio of 40:60. 

 

 

At PD, the concentration of VFAs increased for the mixing ratios of 90:10, 80:20, 

60:40 and 40:60 from the week 1 of digestion through week 2 of digestion, which was 

followed by a decrease in VFA concentrations by the end of week 3 of digestion. The VFA 



90 
 

 

9
0
 

concentrations decreased by 19%, 7%, 68%, and 39% for the mixing ratios of 90:10, 80:20, 

60:40, and 40:60 by the end of week 3 compared to the VFA concentrations at the end of 

week 2 of digestion. Similar results were reported by Singh et al. (1999) where at 30˚C the 

concentration of VFAs decreased as a function of time and reduced to ¼ of initial value. For 

the mixing ratio of 100:0, the VFA concentrations were stable from day 1 of digestion until 

the end of week 2 of digestion. Volatile fatty acids concentrations increased by 15% from the 

end of week 2 of digestion until the end of week 3. The average CH4 content of the biogas 

produced for the mixing ratios of 100:0, 90:10, 80:20, 60:40 and 40:60 at PD were 25%, 20%, 

25%, 27% and 20%, respectively.  

 

3.6 Conclusions  

 

Mixing PW with DM enhanced biogas and CH4 production. Temperature played a key role in 

the enhancement of biogas and CH4 production. The biogas and CH4 production was 

enhanced by 157% and 158% for the mixing ratio of 80:20 (DM:PW) at TT and 12% and 

26% for the mixing ratio of 90:10 (DM:PW) at MT compared to the digestion of DM alone. 

At AT, digestion of DM alone (100:0) achieved the highest biogas and CH4 production of 33 

L and 8 L, respectively. Higher operating temperatures allow high percentage of PW in the 

mixture to be anaerobically digested. The concentrations of VFA, NH3-N and pH were not a 

problem either for co-digestion of DM and PW or digestion of DM alone in terms of process 

stability. Thermophilic temperatures proved to be the optimum temperatures in terms of 

biogas and methane production for co-digestion of DM and PW. 
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CHAPTER 4 - EVALUATION OF ANAEROBIC DIGESTION SYSTEM 

BASED ON THE RESULTS OBTAINED FROM LABORATORY TEST – 

AN ECONOMIC ANALYSIS. 

 
 
4.1 Abstract  

 

Economic analysis of dairy manure (DM) based anaerobic digesters prior to 

installation helps owners to understand the structure of the payback period and the year of 

positive cash flow.  This paper evaluates the economic feasibility of an anaerobic digester on 

a dairy farm using the results obtained from laboratory AD tests on “Anaerobic co-digestion 

of dairy manure and potato waste” (Chapter 3). A spreadsheet-based assessment tool designed 

by Enahoro and Gloy (2008) was used for the economic analysis. It is similar to the tool 

called FarmWare 3.1 developed by United States Environmental Protection Agency’s (U.S. 

EPA) AgStar program.  

The spreadsheet-based assessment tool was designed to check for positive cash flow 

within a certain time period. It was designed to determine total capital cost (based on the 

number of cows supplying manure to the digester), electricity generation potential and 

probability of profit within a ten year time period of anaerobic digestion (AD) system. 

Digesters treating manure generated by a range of 1,000 to 10,000 cows were chosen for the 

analysis. Capital costs of $1,400/cow, $1,000/cow and $600/cow used in this analysis were 

based on average costs of on-farm complete-mix digesters, and high and low costs for on-

farm plug flow digesters, respectively given by AgSTAR, 2012 and Beddoes et al., 2007. The 

analysis was divided into two parts: part I and part II. In part I, all the given parameters such 
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as land, building, manure piping, generator, boiler, digester tank, etc., listed in the Enahoro 

and Gloy tool have been considered for analysis. But in part II, the cost of electricity 

generation equipment (generator), which accounts for 36 percent of total capital cost 

(Beddoes et al., 2007) has been subtracted before the analysis. In part I, the analysis shows 

that digesters treating manure for a range of 1,000 to 10,000 cows will not generate positive 

cash flow until the capital cost is reduced from $1,400 to $600/cow. In part II, positive cash 

flow was generated for all three capital cost levels (i.e. for $1,400/cow, $1,000/cow and 

$600/cow). However, the positive cash flow was generated only for certain ratios at each 

capital cost, i.e. only for the ratios which produce a higher volatile solids conversion rate.      

 

4.2 Introduction  

 

Anaerobic digestion (AD) systems provide an opportunity for dairy farms to produce 

renewable energy from livestock wastes. Anaerobic digestion systems are typically quite 

capital intensive and require a thorough economic analysis to assess economic feasibility. 

Rising energy prices continue to improve the economic potential of these systems. In addition, 

various incentive programs have emerged to further encourage the development of AD 

systems. A spreadsheet-based tool developed by Enahoro and Gloy (2008) can assist potential 

digester owners in making better decisions in terms of investment (Krich et al., 2005). Biogas 

generated by on-farm digesters can offset the costs of purchasing natural gas and propane 

which cost $1.13 per therm and $1.82 per therm (Beddoes et al., 2007), respectively. The 

significant increase in both natural gas and propane costs over the past 7 years has made the 
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use of on-farm-produced biogas economically attractive as a replacement for natural gas and 

liquid propane.  

Before implementing the task of design and construction of AD system on a particular 

dairy farm, total capital cost, the availability of financial incentives, gas production 

assumptions, and income received by selling the electricity to a grid, operation, repair and 

maintenance costs should be estimated. It is very important that cost analysis be performed 

prior to investment based on the total number of cows since capital cost varies with cow 

numbers. The capital cost also varies based on the digester type. In United States, most of the 

on-dairy digesters are covered lagoon, plug-flow, and completely mixed types. On average, 

the covered lagoon digester costs $93/cow (ranged from $85/cow to $101/cow), the plug flow 

digester costs $775/cow (ranged from $502/cow to $1,512/cow), and the completely mixed 

digester costs $1,275/cow (ranged from $1,086/cow to $1,917/cow) (Beddoes et al., 2007).  

In this study the economic analysis was started at a capital cost of  $1,400/cow and 

then the capital cost was lowered to $1,300, $1,200, $1,100/cow, etc. until positive cash flow 

was obtained for at-least one ratio among three temperature ranges (thermophilic, mesophilic 

and ambient). The analysis was performed for 1,000 to 10,000 - cow dairy farms. The cost 

analysis was divided into two parts, part I and part II. In part I, the cost analysis was 

performed by choosing all the parameters provided in the spreadsheet-based assessment tool 

and by incorporating values of “volatile solids converted to biogas” and “cubic feet of biogas 

produced per pound of volatile solid converted” obtained from laboratory study (Chapter 3). 

The cost obtained in part I was considered as the total capital cost required for constructing an 

anaerobic digester, including electricity generating equipment. In part II, the cost for 

electricity-generating equipment was subtracted and the analysis was performed based on an 
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assumption that the biogas generated can be on-farm utilized. A cost analysis for energy 

production through anaerobic digesters (Beddoes et al., 2007) showed that electricity 

generation equipment for anaerobic digesters cost 36% of the overall project price.  

The primary goal of this study was to determine the highest total system cost where 

positive cash flow can be obtained with in a ten year time period in both cases (with and 

without electricity equipment). The analysis was performed based on both the laboratory test 

results and the parameters provided in the spreadsheet-based assessment tool. The secondary 

goal was to discuss benefits of on-farm anaerobic digesters with and without electricity 

generation equipment.   

 

4.3 Materials and methods 

 

The analysis was carried out based on the spreadsheet-based assessment tool (Enahoro 

and Gloy, 2008), which was designed to conduct an economic assessment prior to invest on 

AD systems. This spreadsheet-based assessment tool is available at 

http://www.agfinance.aem. cornell.edu/ad-systems.html in the section of “Spreadsheet 

Analysis Tools for Anaerobic Digestion”. This tool is similar to a United States 

Environmental Protection Agency’s (U.S. EPA) AgStar program designed tool called 

FarmWare 3.1 (currently under development – Noted on EPAs website, 

http://www.epa.gov/agstar/tools/project-dev/farmware.html). The FarmWare 3.1 tool requires 

that the user input information regarding the dairy farm and biogas system. Then, the tool 

estimates the capital costs, the electricity generation potential, and the profitability of the AD 

system (currently unavailable – under development). The spreadsheet-based tool is similar to 
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FarmWare 3.1 but with slightly different set of inputs to conduct the analysis. The Enahoro 

and Gloy spreadsheet-based tool is more flexible since the user can enter a wider variety of 

parameters that impact the economic viability of the project. It utilizes the values entered by 

users and estimates the cash flow based on a net present value (NPV) and an internal rate of 

return (IRR) concepts.  

 

4.4 Parameters required for the spreadsheet-based tool  

 

The information required (parameters) for the spreadsheet-based assessment tool are 

discussed below in detail. It is important to note that unless otherwise specified, most of the 

parameter values in Tables 4.1, 4.5, 4.7, 4.10 & 4.11 for this analysis were the default values 

taken from the spreadsheet-based assessment tool designed by Enahoro and Gloy (2008) 

(permission obtained from the authors for using those values).  

 The analysis was based on 1,000 to 10,000 cow dairy operations. The basic 

information required for the analysis is shown in Table 4.1. The tool requires the input of the 

number of lactating and dry animals. This is important because manure production differs 

considerably for these two types of animals. Additionally, any capacity and performance 

incentives through the state of Idaho are required inputs. Finally, it is necessary to input the 

gross value of any additional grants received for the proposed project. 

In general, dairy farms will have a large number of lactating cows than dry cows, so it 

was assumed that 80% of the dairy cows are lactating cows (SiEllen dairy farm, Jerome, ID). 

Lactating cows produce about 81 cubic feet of biogas per day (Enahoro and Gloy, 2008). This 

value is approximately equivalent to 51,000 British thermal units (BTU’s)/lactating cow/day. 
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At a price of $6/MMBTU, manure from lactating dairy cows would have an energy value of 

approximately $4 per ton. These values and calculations are pre-assigned in the gas 

production calculations in the spreadsheet. For this analysis, no incentive programs and no 

grant dollars were assumed, so these numbers were zero.  

 

 

Table 4.1. Basic Input Parameters for the AD Financial Analysis. 

 Estimation of cows in a dairy farm 

Parameters 1,000  2,000  3,000  4,000  5,000  6,000  7,000  8,000  9,000  10,000  

Lactating 

cows 
800 1,600 2,400 3,200 4,000 4,800 5,600 6,400 7,200 8,000 

Dry Cows 200 400 600 800 1,000 1,200 1,400 1,600 1,800 2,000 

Participation 

in Idaho 

capacity 

incentives 

No No No No No No No No No No 

Participation 

in Idaho 

performance 

incentives 

No No No No No No No No No No 

Other grant 

dollars 
$0 $0 $0 $0 $0 $0 $0 $0 $0 $0 

 

 

4.4.1 Capital budgets 

 

A capital budget often determines whether a project such as building a new plant or 

investing in a long-term venture is worth pursuing. Long term investments once made cannot 

be reversed without a significance loss of invested capital. They influence the whole conduct 

of the business for the years to come. Investment decisions are based on the profit that will be 
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earned and probably measured through the return on the capital. Capital budgeting is essential 

for proper capital investment to ensure adequate rate of return on investment. The estimated 

amount as capital budgets for investing on AD systems based on $1,400/cow, $1,000/cow, 

and $600/cow on dairy farms having 1,000 to 10,000 cows is given in Tables 4.2, 4.3, and 4.4, 

respectively. Tables 4.2, 4.3 and 4.4 show the estimated construction cost for a range of herd 

size from 1,000 to 10,000.  

According to Beddoes et al. (2007) the average cost for completely mixed digesters 

was $1,339/cow; however, to account for cost increase since that time and to round off the 

value, I used a value of $1,400/cow. At this moment, $1,400/cow is a reasonable price for 

construction of anaerobic digester (Standley & Co., Idaho). The values in Tables 4.2, 4.3 and 

4.4 were based on spreadsheet default parameter values scaled to give a total cost of 

$1,400/cow, $1,000/cow, and $600/cow, respectively.   In addition to capital budgets, the 

values taken for “working capital,” “pre-system on-farm power requirement (kWh/Year),” 

and “power use of ADG-to-E system (kWh/Year)” in the analysis were also given in Table 

4.2, 4.3 and 4.4, respectively.  The working capital was given as $30,000 for a 1,000 cow 

dairy farm and for every 1,000 cow increment, $5,000 was added as shown in Table 4.2. The 

values for pre-system on-farm power requirement and power use of ADG-to-E system was 

calculated based on the concept of linear increase of power requirement when the capacity of 

dairy farm increases (i.e. number of cow’s increases from 1,000 to 10,000). So, $850,000 was 

multiplied by consecutive numbers from 1 to 10. 

The capital budgets for the economic analysis (values given in Tables 4.2, 4.3 and 4.4) 

were estimated based on information obtained from Standley & Co., Jerome, Idaho. Standley 

& Co. supplies equipment for construction and maintenance of anaerobic digesters. Based on 
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the information from AgSTAR (2012), Beddoes et al. (2007), and Standley & Co., $1400/cow 

could be a reasonable price to construct an anaerobic digestion project. However, the price for 

constructing anaerobic digesters depends on type of digesters chosen. For example, covered 

lagoons are cheaper than plug-flow or continuously stirred digesters (Beddoes et al., 2007).  

In this study, the cost analysis was performed by lowering the price from $1400/cow and until 

the positive cash flow was seen within a ten year time period.  
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Table 4.2. Capital Budgets allocated for the present study based on $1,400 per cow (based on completely mixed digester design). 
 Estimated capital cost for construction of anaerobic digester on a dairy farm having number of cows 

 Calculations are based on $1,400/cow 

Number of cows 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000 

Land 0 0 0 0 0 0 0 0 0 0 

Building 100,000 240,000 500,000 500,000 500,000 500,000 500,000 500,000 500,000 500,000 

Site work 50,000 100,000 100,000 100,000 500,000 500,000 500,000 500,000 500,000 500,000 

Power Wiring 100,000 300,000 500,000 500,000 670,000 770,000 970,000 1,200,000 1,570,000 1,570,000 

Manure Piping 100,000 200,000 500,000 500,000 500,000 500,000 1,500,000 1,500,000 1,500,000 1,500,000 

Generator 200,000 590,000 700,000 1,000,000 1,700,000 2,100,000 2,100,000 3,270,000 4,100,000 4,100,000 

Boiler 100,000 100,000 500,000 500,000 500,000 500,000 500,000 500,000 500,000 500,000 

Digester Tank 300,000 820,000 840,000 1,600,000 1,700,000 2,300,000 2,300,000 2,300,000 2,500,000 3,800,000 

Pumps 100,000 100,000 130,000 470,000 500,000 600,000 800,000 800,000 800,000 800,000 

Controls 80,000 80,000 100,000 100,000 300,000 300,000 300,000 300,000 300,000 300,000 

Total Materials 

cost 
1,130,000 2,530,000 3,870,000 5,270,000 6,870,000 8,070,000 9,470,000 10,870,000 12,270,000 13,570,000 

Project 

Development 
60,000 60,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 200,000 

Engineering 60,000 60,000 80,000 80,000 80,000 80,000 80,000 80,000 80,000 80,000 

Construction/Mgt 130,000 130,000 130,000 130,000 130,000 130,000 130,000 130,000 130,000 130,000 

Consulting 20,000 20,000 20,000 20,000 20,000 20,000 20,000 20,000 20,000 20,000 

Total other cost 270,000 270,000 330,000 330,000 330,000 330,000 330,000 330,000 330,000 430,000 

Total Capital costs 1,400,000 2,800,000 4,200,000 5,600,000 7,200,000 8,400,000 9,800,000 11,200,000 12,600,000 14,000,000 

           

Working capital 30,000 35,000 40,000 45,000 50,000 55,000 60,000 65,000 70,000 75,000 

           

Pre-system on-farm 

power requirement 

(kWh/Year) 

850,000 1,700,000 2,550,000 3,400,000 4,250,000 5,100,000 5,950,000 6,800,000 7,650,000 8,500,000 

Power use of ADG-

to_E system 

(kWh/Year) 

54,750 109,500 164,250 219,000 273,750 328,500 382,250 438,000 492,750 547,500 

 

 

 



 

 

1
0
6
 

Table 4.3. Capital Budgets allocated for the present study based on $1,000 per cow (based on high cost plug flow reactor design). 
 Estimated capital cost for construction of anaerobic digester on a dairy farm having number of cows 

 Calculations are based on $1,000/cow 

Number of cows 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000 

Land 0 0 0 0 0 0 0 0 0 0 

Building 100,000 200,000 300,000 400,000 500,000 500,000 600,000 700,000 700,000 800,000 

Site work 50,000 100,000 200,000 200,000 300,000 400,000 500,000 600,000 700,000 800,000 

Power Wiring 50,000 100,000 200,000 300,000 400,000 500,000 600,000 700,000 800,000 900,000 

Manure Piping 100,000 200,000 300,000 400,000 500,000 500,000 600,000 700,000 800,000 900,000 

Generator 100,000 200,000 300,000 500,000 600,000 880,000 1,000,000 1,000,000 1,200,000 1,400,000 

Boiler 50,000 100,000 200,000 300,000 400,000 500,000 590,000 650,000 750,000 850,000 

Digester Tank 100,000 260,000 360,000 560,000 660,000 760,000 860,000 960,000 1,060,000 1,260,000 

Pumps 100,000 200,000 300,000 400,000 500,000 600,000 700,000 800,000 800,000 800,000 

Controls 80,000 100,000 200,000 200,000 300,000 300,000 400,000 500,000 700,000 800,000 

Total Materials 

cost 
730,000 1,460,000 2,360,000 3,260,000 4,160,000 4,940,000 5,850,000 6,610,000 7,510,000 8,510,000 

Project 

Development 
60,000 120,000 220,000 240,000 260,000 300,000 300,000 400,000 500,000 500,000 

Engineering 60,000 120,000 1200,000 120,000 180,000 300,000 330,000 320,000 320,000 320,000 

Construction/Mgt 130,000 260,000 260,000 340,000 360,000 400,000 450,000 600,000 600,000 600,000 

Consulting 20,000 40,000 40,000 40,000 40,000 60,000 70,000 70,000 70,000 70,000 

Total other cost 270,000 540,000 640,000 740,000 840,000 1,060,000 1,150,000 1,390,000 1,490,000 1,490,000 

Total Capital 

costs 
1,000,000 2,000,000 3,000,000 4,000,000 5,000,000 6,000,000 7,000,000 8,000,000 9,000,000 10,000,000 

           

Working capital 30,000 35,000 40,000 45,000 50,000 55,000 60,000 65,000 70,000 75,000 

           

Pre-system on-

farm power 

requirement 

(kWh/Year) 

850,000 1,700,000 2,550,000 3,400,000 4,250,000 5,100,000 5,950,000 6,800,000 7,650,000 8,500,000 

Power use of 

ADG-to_E system 

(kWh/Year) 

54,750 109,500 164,250 219,000 273,750 328,500 382,250 438,000 492,750 547,500 
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Table 4.4. Capital Budgets allocated for the present study based on $600 per cow (based on low cost plug flow reactor design).  
 Estimated capital cost for construction of anaerobic digester on a dairy farm having number of cows 

 Calculations are based on $600/cow 

Number of cows 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000 

Land 0 0 0 0 0 0 0 0 0 0 

Building 50,000 90,000 130,000 170,000 210,000 260,000 300,000 340,000 380,000 420,000 

Site work 30,000 60,000 90,000 120,000 150,000 180,000 210,000 240,000 270,000 300,000 

Power Wiring 40,000 70,000 100,000 130,000 160,000 190,000 230,000 240,000 270,000 300,000 

Manure Piping 50,000 110,000 170,000 230,000 290,000 400,000 460,000 520,000 580,000 640,000 

Generator 80,000 210,000 340,000 470,000 500,000 600,000 700,000 800,000 990,000 1,350,000 

Boiler 50,000 70,000 90,000 110,000 130,000 150,000 170,000 190,000 210,000 230,000 

Digester Tank 80,000 210,000 340,000 470,000 600,000 700,000 850,000 1,030,000 1,100,000 1,000,000 

Pumps 40,000 90,000 140,000 190,000 240,000 290,000 340,000 390,000 440,000 490,000 

Controls 30,000 60,000 90,000 120,000 150,000 180,000 210,000 240,000 270,000 300,000 

Total Materials 

cost 
450,000 970,000 1,490,000 2,010,000 2,430,000 2,950,000 3,470,000 3,990,000 4,510,000 5,030,000 

Project 

Development 
30,000 70,000 110,000 150,000 190,000 230,000 270,000 310,000 350,000 500,000 

Engineering 30,000 40,000 50,000 60,000 170,000 180,000 190,000 200,000 210,000 320,000 

Construction/Mgt 80,000 100,000 120,000 140,000 160,000 180,000 200,000 220,000 240,000 600,000 

Consulting 10,000 20,000 30,000 40,000 50,000 60,000 70,000 80,000 80,000 70,000 

Total other cost 150,000 230,000 310,000 390,000 570,000 650,000 730,000 810,000 890,000   970,000 

Total Capital 

costs 
600,000 1,200,000 1,800,000 2,400,000 3,000,000 3,600,000 4,200,000 4,800,000 5,400,000 6,000,000 

           

Working capital 30,000 35,000 40,000 45,000 50,000 55,000 60,000 65,000 70,000 75,000 

           

Pre-system on-

farm power 

requirement 

(kWh/Year) 

850,000 1,700,000 2,550,000 3,400,000 4,250,000 5,100,000 5,950,000 6,800,000 7,650,000 8,500,000 

Power use of 

ADG-to_E system 

(kWh/Year) 

54,750 109,500 164,250 219,000 273,750 328,500 382,250 438,000 492,750 547,500 
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4.4.2 Days of Inventory  

 

Days of inventory is a measure of performance calculated by average inventory cost 

divided by average daily cost of sales. This number returns a figure equivalent to the number 

of days an item is held as inventory before it is used. The lower the day’s inventory, the more 

efficient the anaerobic digester performs. The days of inventory for supplies and accounts 

payable and receivable are given in Table 4.5.  

 

Table 4.5.  Days in Inventory for Various Balance Sheet Items. 

Item Days in inventory 

Fuels, etc. 

Accounts receivable 

Accounts payable 

20 

20 

25 

 

The days in inventory information is used for creation of the inventory numbers on the pro-

forma balance sheets. 

 

4.4.3 Data on volatile solids, biogas and methane production from the laboratory test  

 

The laboratory experiment was conducted at three different temperatures: 

Thermophilic (TT-55˚C), Mesophilic (MT-35˚C), and Ambient (25˚C). At each temperature, 

five ratios of dairy manure (DM) to potato waste (PW) were chosen. The chosen five ratios of 

DM:PW were 100:0, 90:10, 80:20, 60:40 and 40:60. The results obtained for each ratio are 

shown in Table 4.6. 
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Table 4.6. Summary of the results obtained from batch digestion at different temperatures. 

Temperature 
Ratios 

(DM:PW) 

Cumulative 

methane 

yield 

(Liters) (Y) 

VS 

reduction 

(%)     

(X) 

(X/100)*165 g   

(Z) 

Methane 

yield      

(L g-1 VS)      

(Y/Z) 

Methane yield 

conversion –             

(L g-1 VS to cf/lb 

VS) 

(16.018*(Y/Z)) 

TT 

100:0 36 75.4 124 0.290 4.6 

90:10 62 80.5 133 0.466 7.5 

80:20 93 79.6 131 0.710 11.4 

60:40 53 80.2 133 0.399 6.4 

40:60 44 76.4 126 0.349 5.6 

MT 

100:0 34 70.3 116 0.293 4.7 

90:10 43 68.8 114 0.377 6.0 

80:20 36 71.1 117 0.308 4.9 

60:40 25 71.6 118 0.212 3.3 

40:60 22 73.8 122 0.180 2.8 

AT 

100:0 8 53.5 88 0.090 1.4 

90:10 5 26.2 43 0.116 1.9 

80:20 6 25 41 0.146 2.3 

60:40 5 15 25 0.2 3.2 

40:60 3 13 21 0.143 2.3 

Cf: cubic foot; lb: pounds; cf/lb: cubic feet of biogas produced per pound of volatile solid converted; DM: dairy manure; PW: 

potato waste; L: liters; %: percentage; g: grams; VS: volatile solids;  

Note - 1 liter per grams = 16.018 (cubic feet) per pounds 
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All the given values (Table 4.6) were obtained from laboratory test on anaerobic co-digestion 

of dairy manure and potato waste (Chapter 3). From Table 4.6, the values of VS reduction (%) 

(Column 4, Table 4.6) and conversion (L g-1 VS) (column 7, Table 4.6) were used for this 

economic analysis. 

 

4.4.4 Energy and biogas production assumptions 

 

In this section of the tool, the information required to calculate the energy generation 

potential of the system was entered. The parameters listed in this section with the given values 

are shown in Table 4.7.  

 

Table 4.7. Energy and biogas production values required for spreadsheet-based assessment 

tool. 

Parameters for economic analysis Values 

Manure:  

Solid conversion to biogas [VS reduction in Table 4.6] (%)  
e.g. 75.4 for TT, 100:0 

(DM:PW) condition 

Cubic feet of biogas produced per pound of volatile solid 

converted [Conversion – L g-1 VS to cf/lb VS in Table 4.6]  

e.g. 4.6 for TT, 100:0 

(DM:PW) condition 

BTU’s per cubic foot of biogas 625 

Other Waste Streams:  

Tipping fees per ton of waste (net of disposal costs) 0 

Tons of other waste per day 0 

Volatile solid content (%) 0 

Solid conversion to biogas (%) 0 

Cubic feet of biogas produced per pound of volatile solid 

converted 
0 
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Parameters for economic analysis Values 

BTU’s per cubic foot of biogas 0 

Electricity Conversion and Use Assumptions:  

Thermal conversion efficiency of electricity generation equipment 

(%) 
25% 

Daily on-line percent for electricity generation equipment (%) 90% 

Pre-system on-farm power requirement (kWh/year) 

850,000 (This value 

changes with change in 

cow numbers)  

Power use of AD system (kWh/year) 

54,750 (This value 

changes with change in 

cow numbers) 

Purchase price of electricity from grid ($’s/kWh) 0.0509 

Sale price to grid ($’s/kWh) 0.0850 

Carbon credit price ($’s/ MT CO2) 0 

Type of existing manure storage Anaerobic lagoon 0 

 

 

In Table 4.7, except for two manure parameters (“solid conversion to biogas” value 

and “cubic feet of biogas produced per pound of volatile solid converted” value) in “Manure” 

section and two parameters in “Electricity Conversion and Use Assumptions” section 

(“purchase price of electricity from grid” and “sale price to grid”), all the other given values 

in Table 4.7 are default values taken from the spreadsheet-based assessment tool designed by 

Enahoro and Gloy (2008) (permission obtained from authors). The values for the purchase 

price of electricity from the grid and sale price to the grid in Table 4.7 were determined based 

on Idaho’s electricity rates. At present, according to Idaho’s Schedule 9 Secondary/Large 

General Service (Idaho Power, 2014), demand charge per kilowatt is given in Table 4.8. 
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In the Electricity Conversion and Use Assumptions section (Table 4.7), “thermal 

conversion efficiency of the engine generator equipment” represents the thermal conversion 

efficiency of the electrical generation equipment. This information was used to convert the 

BTU of biogas generated into kWh. The standard conversion factor of 1 kWh per 3,412 BTU 

was combined with the efficiency factor to estimate the total number of kWhs generated by 

the system. Another important parameter that needs to be considered is the amount of energy 

(electricity) that the farm used before installing the anaerobic digester on the dairy farm. 

 

Table 4.8. Service Charge per month, Basic Charge per kW. 

 Summer Non-Summer 

Demand Charge per kW 

(over 20 kW) 
$6.00 $4.40 

Block 1 – First 2000 kWh 9.6994¢ 8.6579¢ 

Block 2 – Over 2000 kWh 4.0963¢ 3.6483¢ 

Source: Idaho power, Idaho Business Rates 

 

This value determines the amount of energy purchased that can be offset by the AD 

system. This value was taken as the total kWh used per year. It is important to consider the 

amount of energy that the AD system consumed and the value that was given in the 

spreadsheet as the total kWh used by the AD system per year. This value was not credited 

toward system savings or sales. The purchase price for electricity for the farm was entered in 

dollars per kWh. These values were taken assuming the price that the farm had been paying 

for electricity purchased from the grid prior to installation of the AD system. These values did 

not include “standby” or “demand” charges that will still be charged to the farm after the 
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digester is installed and operated on-farm. The next input was the electricity sale price in 

dollars per kWh. 

Finally, the price for any carbon credits sold as a result of installation AD system on a 

dairy farm and the type of manure storage system currently used were entered. The carbon 

credits generated by the system and the price of the carbon credits were required to estimate 

the revenues of the AD system. The value was entered as dollars per metric ton of CO2 

equivalent. 

Calculating the amount of carbon credits depends on the farm current manure storage 

systems such as an anaerobic lagoon or a liquid/slurry manure storage system. The farms 

using anaerobic lagoons are eligible for a greater amount of CO2 equivalent offsets than using 

liquid/slurry manure storage systems. For this study, the amount of carbon credits entered was 

zero (Table 4.7).  
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The purchase price of electricity from grid (for a 1,000 cow dairy) was calculated as follows: 

 

Table 4.9. Calculations for price of electricity purchased from grid. 

kWh/month kW demand kWh/hours for time 

Pre-system on-farm power 

requirement per month 

(850,000kWh/year)/(12 

months) = 

70833.33kWh/month 

On average we assume we 

have 30 days per month and 

we have 24 hours per day. 

30 x 24 = 720 hours/month  

70833.33kWh/720h = 

 98.4kW 

Demand Charge  

98.4 x $6 (value from Table 

4.8, summer rate) = $590.28  

Price for first 2000 kWh 

2000 x $0.096994 (value 

from Table 4.8, summer rate) 

= $193.99  

Price for above 2000 kWh 

(70833.33-2000) x $0.040963 

(value from Table 4.8, 

summer rate) = $2,819.62 

Total 

(590.28+193.99+2819.62) =  

3,603.89 

Calculated purchase price of 

electricity from grid for 1,000 

cow dairy farm 

3,603.89/70833.33 = 

0.050878  

Calculations shown in Table 4.9 were recommended by Wilson Gray, Economist, University 

of Idaho, Twin Falls Research and Extension Center. 
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4.4.5 Operating Costs 

 

In this section various operating costs were included. The spreadsheet provides the 

option of entering values for a variety of operating costs as given in Table 4.10.  

 

Table 4.10. Operating Expense Estimates for the AD System. 

Operating Expense Value  

Operating, Repairs and Maintenance % of 

Capital 
5.0% 

Operating, Repairs, and Maintenance 5% of the total capital budget 

Property Taxes 0 

Insurance 0 

Office 0 

Oil and Fuel 0 

Accounting and Legal 0 

Labor 0 

Total Expenses Calculated 

Cost per kWh ($’s/kWh) Calculated  

 

For this analysis, 5.0% total capital costs per each year was taken as Operating, Repairs and 

Maintenance cost. There is no personal property tax in Idaho so it is taken as “0”.   

 

4.4.6 Financial Assumptions 

 

The financial information is required and important to calculate the interest and 

principle payments for the AD system. For this analysis, the values that are taken in the 

spreadsheet are given in Table 4.11.  
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Table 4.11. Financial Assumptions for economic analysis of AD systems. 

Variable  Value  

Percent Financing on Personal Property 65% 

Term on Personal Property (years) 7 

Rate on Personal Property (%) 6% 

Percent Financing on Real Property 65% 

Land percent financed 65% 

Term on Long-Term Financing 20 

Rate on Long-Term financing 6% 

Discount Rate 5% 

Terminal Value Multiple 10 

Terminal Value Implied by Discount Rate Calculated  

Input values shown in Table 4.11 were recommended by Wilson Gray, Economist, University 

of Idaho, Twin Falls Research and Extension Center. 

 

In Table 4.11, the financing percentage of personal property was taken for a period of 

7 years. If 65% of the cost of the property will be financed with debt, the user would enter 

65%. The term of the loan and the interest rate were then entered. Different values for land 

and long term property were entered. This information was used by the program to calculate 

the debt service for the project.  

For this analysis, a discount rate of 5% was considered. This value was used to 

discount the future cash flows generated by the project. The discount rate should reflect the 

opportunity cost of capital for the firm conducting the analysis. The establishment of a proper 

discount rate is beyond the scope of this report. In most cases users should enter their 

weighted average cost of capital. The weighted average cost of capital is simply the required 

return on debt and equity capital weighted by the proportions of each that are used to finance 

operations (Enahoro and Gloy, 2008). For example, if an operation uses 70% debt with an 

average interest rate of 6% and the required rate of return on equity is 10%, the weighted 
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average cost of capital is 9.6% (e.g.: 0.60*0.08 + 0.40*0.12). If the project is financed 

differently, then some changes should be made for establishing the discount rate. It is 

important to note that, in all cases, the discount rate should be greater than the interest rate 

paid on debt.  

The basic discounted cash flow analysis used a project time horizon of ten years. A 

terminal value multiple can be used to place an ending value on the project. The terminal 

value multiple was based upon the concept of valuing the ongoing business as a multiple of 

the cash flow that it generates into perpetuity (Martin, EPA Contract No. GS 10F-0036K). 

The perpetuity value was then discounted by an appropriate number of periods to bring to a 

net present value. For example, if the multiple of 10 is employed at the tenth year, the free 

cash flow at the end of the tenth period is multiplied by 10 to determine the terminal value. 

This value is then discounted by 10 periods to bring it to present value. The selection of a 

terminal value can have a large impact on the net present value of the project. The most 

conservative assumption is to use a terminal value multiplied by 0. 

  

4.4.7 Financial statements and assessment 

 

By using all the above discussed inputs, the spreadsheet generated an income 

statement, balance sheet, cash flow statement, net present value, and internal rate of return. 

The discounted cash flow analysis was conducted by calculating cash flow generated by the 

project as the earnings before interest, taxes, depreciation, and amortization (EBITDA).  

By using all the above discussed parameters and the results obtained from laboratory 

test, the cost analysis for 1,000 to 10,000 cow dairy farms has been conducted.   
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4.5 Part I – Anaerobic digester connected with electricity generation equipment.  

 
 

4.5.1 Cost analysis for 1,000 to 10,000 cow dairy farms. 

 

By entering all the given values from Tables 4.1 to 4.5 and Tables 4.7, 4.10 and 4.11 

into the spreadsheet-based assessment tool, the analysis was conducted. The analysis was 

performed using the results obtained from laboratory AD experiment on anaerobic co-

digestion of DM and PW (Table 4.6). First, the analysis was conducted assuming that a 

particular dairy farm has 1000 cows (2st column, Table 4.2) where the total cost was taken as 

$1400/cow (Table 4.2). All the parameters were used as defined in Tables 4.1 to 4.7 and 4.10 

and 4.11 except five parameters from Table 4.7. The five parameters from Table 4.7 were: 1) 

solid conversion to biogas (%), 2) cubic feet of biogas produced per pound of volatile solid 

converted, 3) pre-system on-farm power requirement, 4) power use of AD system and 5) 

purchase price of electricity from grid. These five parameters were changed according to 

capacity of dairy farm (1,000 to 10,000), AD temperature regime and the DM/PW ratio for 

which the analysis was performed. For example, if we choose a 1,000 cow dairy farm running 

a digester at mesophilic temperatures (MT) and the ratio of 90:10, then the solid conversion to 

biogas (%) value would be 68.8, cubic feet of biogas produced per pound of volatile solids.   

The unit conversion value would be 6.0 (values from columns 4 and 7, Table 4.6, 

respectively). The pre-system on-farm power requirement, the power use of AD system and 

the purchase price of electricity from grid would be 850,000, 54,750, and 0.0501 (values from 

Table 4.2, 4.3, and 4.4), respectively. Keeping 1,000 cows as a constant value, the analysis 

was performed for three temperature ranges (TT, MT, and ambient) and five mixing ratios in 
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each temperature range to check for profitability. The same analysis was performed for 2,000, 

3,000, 4,000, 5,000, 6,000, 7,000, 8,000, 9,000 and 10,000 cows. In a similar way, the 

analysis was performed for $1,000/cow (Table 4.3) and $600/cow (Table 4.4). The results 

obtained using $1,400/cow, three temperatures ranges, and five mixing ratios are given in 

Table 4.12. The results obtained using $1,000/cow and $600/cow, three temperatures ranges, 

and five mixing ratios are given in Tables 4.13 and 4.14, respectively.    
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Table 4.12. Cost analysis on AD systems considering $1,400/cow based on laboratory test results. 

Temperature 

Ratios 

(DM: 

PW) 

VS 

reduction 

(%) 

Conversion 

(L g-1 VS to 

cf/lb VS) 

Cost analysis for ten year 

(Net present value with zero terminal value in Excel sheet) 

Calculations are based on $1,400/cow 

1,000  

cows ($) 

2,000  

cows ($) 

3,000  

cows ($) 

4,000  

cows ($) 

5,000  

cows ($) 

6,000  

cows ($) 

7,000  

cows ($) 

8,000  

cows ($) 

9,000  

cows ($) 

10,000  

cows ($) 

TT 

100:0 75.4 4.6 -1,441,764 -2,858,528 -4,275,291 -5,692,055 -7,386,036 -8,525,583 -9,942,347 -11,359,110 -12,775,874 -14,192,638 

90:10 80.5 7.5 -1,050,104 -2,075,209 -3,100,313 -4,125,418 -5,427,740 -6,175,627 -7,200,731 -8,225,836 -9,250,940 -10,276,044 

80:20 79.6 11.4 -587,129 -1,149,258 -1,711,387 -2,273,516 -3,112,862 -3,397,774 -3,959,903 -4,522,032 -5,084,161 -5,646,290 

60:40 80.2 6.4 -1,188,026 -2,351,052 -3,514,078 -4,677,104 -6,117,347 -7,003,156 -8,166,182 -9,329,208 -10,492,234 -11,655,260 

40:60 76.4 5.6 -1,318,279 -2,611,559 -3,904,838 -5,198,117 -6,768,614 -7,784,676 -9,077,955 -10,371,234 -11,664,513 -12,957,793 

MT 

100:0 70.3 4.7 -1,466,811 -2,908,623 -4,350,434 -5,792,245 -7,511,274 -8,675,868 -10,117,679 -11,559,491 -13,001,302 -14,443,113 

90:10 68.8 6.0 -1,341,208 -2,657,416 -3,973,623 -5,289,831 -6,883,256 -7,922,247 -9,238,454 -10,554,662 -11,870,870 -13,187,078 

80:20 71.1 4.9 -1,439,401 -2,853,802 -4,268,202 -5,682,603 -7,374,221 -8,511,405 -9,925,806 -11,340,207 -12,754,607 -14,169,008 

60:40 71.6 3.3 -1,610,313 -3,195,625 -4,780,938 -6,366,250 -8,228,780 -9,536,875 -11,122,188 -12,707,500 -14,292,813 -15,878,125 

40:60 73.8 2.8 -1,655,499 -3,285,997 -4,916,496 -6,546,995 -8,454,711 -9,807,992 -11,438,491 -13,068,990 -14,699,488 -16,329,987 

PT 

100:0 53.5 1.4 -1,856,336 -3,687,673 -5,519,009 -7,350,346 -9,458,899 -11,013,018 -12,844,355 -14,675,691 -16,507,027 -18,338,364 

90:10 26.2 1.9 -1,894,632 -3,764,264 -5,633,895 -7,503,527 -9,650,376 -11,242,791 -13,112,423 -14,982,055 -16,851,686 -18,721,318 

80:20 25 2.3 -1,882,863 -3,740,725 -5,598,588 -7,456,451 -9,591,531 -11,172,176 -13,030,039 -14,887,901 -16,745,764 -18,603,627 

60:40 15 3.2 -1,897,345 -3,769,691 -5,642,036 -7,514,382 -9,663,945 -11,259,073 -13,131,418 -15,003,763 -16,876,109 -18,748,454 

40:60 13 2.3 -1,924,939 -3,824,878 -5,724,817 -7,624,756 -9,801,912 -11,424,633 -13,324,572 -15,224,511 -17,124,450 -19,024,389 
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Table 4.13. Cost analysis on AD systems considering $1,000/cow based on laboratory test results. 

Temperature 

Ratios 

(DM: 

PW) 

VS 

reduction 

(%)  

Conversion 

(L g-1 VS to 

cf/lb VS) 

Cost analysis for ten year 

(Net present value with zero terminal value in Excel sheet) 

Calculations are based on $1,000/cow 

1,000  

cows ($) 

2,000  

cows ($) 

3,000  

cows ($) 

4,000  

cows ($) 

5,000  

cows ($) 

6,000  

cows ($) 

7,000  

cows ($) 

8,000  

cows ($) 

9,000  

cows ($) 

10,000  

cows ($) 

TT 

100:0 75.4 4.6 -887,329 -1,749,658 -2,611,987 -3,474,316 -4,336,645 -5,198,975 -6,061,304 -6,923,633 -7,785,962 -8,648,291 

90:10 80.5 7.5 -495,670 -966,339 -1,437,009 -1,907,679 -2,378,349 -2,849,018 -3,319,688 -3,790,358 -4,261,028 -4,731,697 

80:20 79.6 11.4 -32,694 -40,389 -48,083 -55,777 -63,471 -71,166 -78,860 -86,554 -94,248 -101,943 

60:40 80.2 6.4 -633,591 -1,242,183 -1,850,774 -2,459,365 -3,067,956 -3,676,548 -4,285,139 -4,893,730 -5,502,322 -6,110,913 

40:60 76.4 5.6 -763,845 -1,502,689 -2,241,534 -2,980,378 -3,719,223 -4,458,067 -5,196,912 -5,935,757 -6,674,601 -7,413,446 

MT 

100:0 70.3 4.7 -912,377 -1,799,753 -2,687,130 -3,574,507 -4,461,883 -5,349,260 -6,236,636 -7,124,013 -8,011,390 -8,898,766 

90:10 68.8 6.0 -786,773 -1,548,546 -2,310,319 -3,072,092 -3,833,865 -4,595,638 -5,357,411 -6,119,184 -6,880,958 -7,642,731 

80:20 71.1 4.9 -884,966 -1,744,932 -2,604,898 -3,464,864 -4,324,831 -5,184,797 -6,044,763 -6,904,729 -7,764,695 -8,624,661 

60:40 71.6 3.3 -1,055,878 -2,086,756 -3,117,634 -4,148,511 -5,179,389 -6,210,267 -7,241,145 -8,272,023 -9,302,901 -10,333,778 

40:60 73.8 2.8 -1,101,064 -2,177,128 -3,253,192 -4,329,256 -5,405,320 -6,481,384 -7,557,448 -8,633,512 -9,709,576 -10,785,640 

PT 

100:0 53.5 1.4 -1,301,902 -2,578,803 -3,855,705 -5,132,607 -6,409,508 -7,686,410 -8,963,312 -10,240,213 -11,517,115 -12,794,017 

90:10 26.2 1.9 -1,340,197 -2,655,394 -3,970,591 -5,285,789 -6,600,986 -7,916,183 -9,231,380 -10,546,577 -11,861,774 -13,176,971 

80:20 25 2.3 -1,328,428 -2,631,856 -3,935,284 -5,238,712 -6,542,140 -7,845,568 -9,148,996 -10,452,424 -11,755,852 -13,059,280 

60:40 15 3.2 -1,342,911 -2,660,821 -3,978,732 -5,296,643 -6,614,554 -7,932,464 -9,250,375 -10,568,286 -11,886,197 -13,204,107 

40:60 13 2.3 -1,370,504 -2,716,008 -4,061,513 -5,407,017 -6,752,521 -8,098,025 -9,443,529 -10,789,034 -12,134,538 -13,480,042 
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Table 4.14. Cost analysis on AD systems considering $600/cow based on laboratory test results. 

Temperature 

Ratios 

(DM: 

PW) 

VS 

reduction 

(%) 

Conversion 

– L g-1 VS 

to cf/lb VS 

Cost analysis for ten year 

(Net present value with zero terminal value in Excel sheet) 

Calculations are based on $600/cow 

1,000 

cows ($) 

2,000 

cows ($) 

3,000 

cows ($) 

4,000 

cows ($) 

5,000 

cows ($) 

6,000 

cows ($) 

7,000 

cows ($) 

8,000 

cows ($) 

9,000 

cows ($) 

10,000 

cows ($) 

TT 

100:0 75.4 4.6 -332,894 -640,789 -948,683 -1,256,578 -1,564,472 -1,872,366 -2,180,261 -2,488,155 -2,796,050 -3,103,944 

90:10 80.5 7.5 58,765 142,530 226,295 310,060 393,825 477,590 561,355 645,120 728,885 812,650 

80:20 79.6 11.4 521,740 1,068,481 1,615,221 2,161,962 2,708,702 3,255,443 3,802,183 4,348,923 4,895,664 5,442,404 

60:40 80.2 6.4 -79,157 -133,313 -578,230 -241,626 -295,783 -349,939 -404,096 -458,253 -512,409 -566,566 

40:60 76.4 5.6 -209,410 -393,820 -187,470 -762,640 -947,049 -1,131,459 -1,315,869 -1,500,279 -1,684,689 -1,869,099 

MT 

100:0 70.3 4.7 -357,942 -690,884 -1,023,826 -1,356,768 -1,689,710 -2,022,652 -2,355,594 -2,688,535 -3,021,477 -3,354,419 

90:10 68.8 6.0 -232,338 -439,677 -647,015 -854,353 -1,061,692 -1,269,030 -1,476,369 -1,683,707 -1,891,045 -2,098,384 

80:20 71.1 4.9 -330,531 -636,063 -941,594 -1,247,126 -1,552,657 -1,858,189 -2,163,720 -2,469,251 -2,774,783 -3,080,314 

60:40 71.6 3.3 -501,443 -977,886 -1,454,329 -1,930,773 -2,407,216 -2,883,659 -3,360,102 -3,836,545 -4,312,988 -4,789,431 

40:60 73.8 2.8 -546,629 -1,068,259 -1,589,888 -2,111,517 -2,633,147 -3,154,776 -3,676,405 -4,198,035 -4,719,664 -5,241,293 

PT 

100:0 53.5 1.4 -747,467 -1,469,934 -2,192,401 -2,914,868 -3,637,335 -4,359,802 -5,082,269 -5,804,736 -6,527,203 -7,249,670 

90:10 26.2 1.9 -785,762 -1,546,525 -2,307,287 -3,068,050 -3,828,812 -4,589,575 -5,350,337 -6,111,099 -6,871,862 -7,632,624 

80:20 25 2.3 -773,993 -1,522,987 -2,271,980 -3,020,973 -3,769,966 -4,518,960 -5,267,953 -6,016,946 -6,765,940 -7,514,933 

60:40 15 3.2 -788,476 -1,551,952 -2,315,428 -3,078,904 -3,842,380 -4,605,856 -5,369,332 -6,132,808 -6,896,284 -7,659,760 

40:60 13 2.3 -816,069 -1,607,139 -2,398,208 -3,189,278 -3,980,347 -4,771,417 -5,562,486 -6,353,556 -7,144,625 -7,935,695 
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4.5.2 Summary of Part I Results.   

 

Based on laboratory test results (for all the ratios), the cost analyses showed that we 

couldn’t recover the entire capital amount within a ten year time period when we invest for 

construction of anaerobic digestion systems on 1,000 to 10,000 cow dairy operations when 

$1,400/cow or $1,000/cow was taken. Nevertheless, when $600/cow was taken for the 

analysis, it showed that the ratio of DM:PW-90:10 and 80:20 at thermophilic temperatures has 

positive cash flow for all capacity dairy farms (1,000 to 10,000 cows given in bold, Table 

4.14). This analysis shows that the positive cash flow can be possible within a ten-year time 

period when CH4 yield is > 7.5 cf/lb. When CH4 yield is ≥ 11.4 cf/lb VS (ratio of DM:PW-

80:20 at thermophilic temperatures, Table 4.6), a positive cash flow was possible within a ten-

year time period for 1,000 to 10,000 cow dairy farms. Similarly, with the CH4 yield of ≥ 7.5 

cf/lb VS (ratio of DM:PW-90:10 at thermophilic temperatures, Table 4.6), the positive cash 

flow was possible within a ten-year time period for 1,000 to 10,000 cow dairy farms.  Based 

on the laboratory results (Table 4.6), cost analysis showed that if low cost plug flow digesters 

($600/cow) are installed on dairy farms could generate a positive cash flow within a ten-year 

time period. However, the cost of AD systems will vary with system type and size, type of 

livestock operation and site-specific conditions. Based on the USEPA AgSTAR Program 

(2008) estimating capital cost for anaerobic digesters, the capital cost per dairy cow would be 

reduced when the cow numbers increase as shown in Fig. 4.1. 
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             Source: USEPA AgSTAR Program, 2008 

Fig. 4.1. Capital cost per dairy cow for completely mix and plug flow AD systems.  

 

 

If we consider the curve indicating only the cost for plug flow digester design (Fig. 4.1), the 

following values (Table 4.15) can be approximately drawn for $1,400/ cow, $1,000/cow and 

$600/cow from Table 4.12, 4.13, and 4.14. We can see from Table 4.15 that the analysis 

estimates positive cash flow for $600/cow when 10,000 cow dairy farm was considered.  

The study by Beddoes et al. (2007) showed that approximately 36% of the total capital 

cost is associated with electrical generation equipment. Even without the generator system, 

anaerobic digesters can be constructed on dairy farms and dairy farms can benefit from biogas 

generated and can achieve several other benefits. In part II, the cost analysis was performed 

by reducing 36% from the total capital cost given in Tables 4.2, 4.3, and 4.4. Additional 
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benefits of constructing anaerobic digesters on dairy farms and cost reduction techniques for 

biogas collection, upgrading and on-farm use are also discussed in part II.     

 

Table 4.15. Summary of cost analysis for dairies of 1,000, 2,000 and 10,000 cows. 

Temperature 
Ratios 

 (DM:PW) 

VS 

reduction 

(%) 

Conversion 

(L g-1 VS to 

cf/lb VS) 

Cost analysis for ten years 

(Net present value with zero terminal value 

in Excel sheet) 

1,000  

cows  

2,000 

cows  

10,000 

cows  

$1,400/cow $1,000/cow $600/cow 

TT 

100:0 75.4 4.6 -1,441,764 -1,749,658 -3,103,944 

90:10 80.5 7.5 -1,050,104 -966,339 812,650 

80:20 79.6 11.4 -587,129 -40,389 5,442,404 

60:40 80.2 6.4 -1,188,026 -1,242,183 -566,566 

40:60 76.4 5.6 -1,318,279 -1,502,689 -1,869,099 

MT 

100:0 70.3 4.7 -1,466,811 -1,799,753 -3,354,419 

90:10 68.8 6.0 -1,341,208 -1,548,546 -2,098,384 

80:20 71.1 4.9 -1,439,401 -1,744,932 -3,080,314 

60:40 71.6 3.3 -1,610,313 -2,086,756 -4,789,431 

40:60 73.8 2.8 -1,655,499 -2,177,128 -5,241,293 

PT 

100:0 53.5 1.4 -1,856,336 -2,578,803 -7,249,670 

90:10 26.2 1.9 -1,894,632 -2,655,394 -7,632,624 

80:20 25 2.3 -1,882,863 -2,631,856 -7,514,933 

60:40 15 3.2 -1,897,345 -2,660,821 -7,659,760 

40:60 13 2.3 -1,924,939 -2,716,008 -7,935,695 

 

 

4.6 Part II – Anaerobic digester operated without electricity generation equipment. 

 

Based on the review of 38 case studies and on analysis of energy production costs 

from anaerobic digestion systems, it was determined that approximately 36% of the total 
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capital cost is associated with electrical power generation equipment (Beddoes et al., 2007). 

In general, the cost to produce electricity includes annualized capital cost for the digester, 

generator, and fuel and maintenance costs. Cost analysis can be performed by subtracting 

36% from the total cost (Tables 4.2, 4.3 and 4.4) to check for positive cash flow within a ten 

year time period. If positive cash flow will be possible by subtracting 36% of total capital 

cost, dairy farmers might show interest to install anaerobic digesters on their farms.   

  

4.6.1 Cost analysis for 1,000 to 10,000 cow dairy farms. 

 

The total capital cost or budget shown in Tables 4.2, 4.3 and 4.4 using $1,400/cow, 

$1,000/cow and $600/cow has been reduced by 36% as shown in Tables 4.16, 4.17 and 4.18 

and the cost analysis was performed using the spreadsheet-based assessment tool.  

 

 

 

4.6.2 Summary of Part II Results 

 

The analysis showed that positive cash flow was achieved for some DM/PW ratios for 

all capital cost ($1,400/cow, $1,000/cow and $600/cow) within a ten years of time. For 

example, at $1,400/cow the analysis showed (Table 4.19) that only one co-digested ratio 

(DM:PW-80:20) at thermophilic temperature generated positive cash flow within ten year 

time period for capacity dairy farms (1,000 to 10,000).  
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Table 4.16. Thirty six percent reduction of capital budgets allocated based on $1,400 per cow. 
Total capital cost as obtained in Table 4.2 

Number of 

cows 
1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000 

Total Capital 

costs (TCC) 
1,400,000 2,800,000 4,200,000 5,600,000 7,200,000 8,400,000 9,800,000 11,200,000 12,600,000 14,000,000 

TCC reduced 

by 36% 
896,000 1,792,000 2,688,000 3,584,000 4,608,000 5,376,000 6,272,000 7,168,000 8,064,000 8,960,000 

 

 

Table 4.17. Thirty six percent reduction of capital budgets allocated based on $1,000 per cow. 
Total capital cost as obtained in Table 4.3 

Number of 

cows 
1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000 

Total Capital 

costs (TCC) 
1,000,000 2,000,000 3,000,000 4,000,000 5,000,000 6,000,000 7,000,000 8,000,000 9,000,000 10,000,000 

TCC reduced 

by 36% 
640,000 1,280,000 1,920,000 2,560,000 3,200,000 3,840,000 4,480,000 5,120,000 5,760,000 6,400,000 

 

 

Table 4.18. Thirty six percent reduction of capital budgets allocated based on $600 per cow. 
Total capital cost as obtained in Table 4.4 

Number of 

cows 
1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000 

Total Capital 

costs (TCC) 
600,000 1,200,000 1,800,000 2,400,000 3,000,000 3,600,000 4,200,000 4,800,000 5,400,000 6,000,000 

TCC reduced 

by 36% 
384,000 768,000 1,152,000 1,536,000 1,920,000 2,304,000 2,688,000 3,072,000 3,456,000 3,840,000 
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At $1,000/cow, the analysis showed (Table 4.20) that the ratio of DM:PW-90:10 and 80:20 at 

thermophilic temperature generated positive cash flow for all capacity dairy farms (i.e. 1,000 

to 10,000 cow dairy farms). At $600/cow, the analysis showed (Table 4.21) that all the co-

digested ratios at thermophilic temperature (DM:PW-90:10, 80:20, 60:40 and 40:60) and one 

co-digested ratio (DM:PW-90:10) at mesophilic temperature showed positive cash flow 

within ten year time period for all capacity dairy farms (i.e. 1,000 to 10,000 cow dairy farms). 

The analysis from part II shows that without generator equipment, the completely mixed 

digesters and high and low cost plug flow digesters can be constructed to generate a positive 

cash flow within a ten year time period for specific temperature regimes and DM/PW ratios.  

But, the ratios at which the positive cash flow was generated should be used while operating 

anaerobic digesters on dairy farms. Anaerobic digesters without generator equipment have 

several advantages, and the biogas generated can be used on dairy farms. However, similar to 

the previous discussion of Fig. 4.1, the cost of AD systems will vary with system type and 

size, type of livestock operation and site-specific conditions. We can draw the corresponding 

approximate values for the plug flow curve from Fig. 4.1 and from Table 4.19, 4.20 and 4.21 

for $1,400/ cow, $1,000/cow and $600/cow as shown in Table 4.22. 
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Table 4.19. Cost analysis of AD systems based on 36% reduction of total cost (Based on Table 4.16 - $1,400/cow). 

Temperature 

Ratios 

(DM:P

W) 

VS 

reduction 

(%) 

Conversion 

(L g-1 VS to 

cf/lb VS) 

Cost analysis for ten year 

(Net present value with zero terminal value in Excel sheet) 

Calculations are based on $1,400/cow 

1,000  

cows ($) 

2,000  

cows ($) 

3,000  

cows ($) 

4,000  

cows ($) 

5,000  

cows ($) 

6,000  

cows ($) 

7,000  

cows ($) 

8,000  

cows ($) 

9,000  

cows ($) 

10,000  

cows ($) 

TT 

100:0 75.4 4.6 -743,176 -1,461,352 -2,179,528 -2,897,704 -3,793,299 -4,334,056 -5,052,233 -5,770,409 -6,488,585 -7,206,761 

90:10 80.5 7.5 -351,517 -678,033 -1,004,550 -1,331,067 -1,835,003 -1,984,100 -2,310,617 -2,637,134 -2,963,651 -3,290,167 

80:20 79.6 11.4 111,459 247,917 457,186 520,835 479,875 793,752 930,211 1,066,670 1,203,129 1,339,587 

60:40 80.2 6.4 -489,438 -953,877 -1,418,315 -1,882,753 -2,524,610 -2,811,630 -3,276,068 -3,740,506 -4,204,944 -4,669,383 

40:60 76.4 5.6 -619,692 -1,214,383 -1,809,075 -2,403,766 -3,175,877 -3,593,149 -4,187,841 -4,782,532 -5,377,224 -5,971,916 

MT 

100:0 70.3 4.7 -768,224 -1,511,447 -2,254,671 -2,997,894 -3,918,537 -4,484,342 -5,227,565 -5,970,789 -6,714,012 -7,457,236 

90:10 68.8 6.0 -642,620 -1,260,240 -1,877,860 -2,495,480 -3,290,519 -3,730,720 -4,348,340 -4,965,960 -5,583,580 -6,201,200 

80:20 71.1 4.9 -740,813 -1,456,626 -2,172,439 -2,888,252 -3,781,485 -4,319,879 -5,035,692 -5,751,505 -6,467,318 -7,183,131 

60:40 71.6 3.3 -911,725 -1,798,450 -2,685,174 -3,571,899 -4,636,043 -5,345,349 -6,232,074 -7,118,799 -8,005,523 -8,892,248 

40:60 73.8 2.8 -956,911 -1,888,822 -2,820,733 -3,752,644 -4,861,974 -5,616,466 -6,548,377 -7,480,288 -8,412,199 -9,344,110 

PT 

100:0 53.5 1.4 -1,157,749 -2,290,497 -3,423,246 -4,555,995 -5,866,162 -6,821,492 -7,954,241 -9,086,989 -10,219,738 -11,352,487 

90:10 26.2 1.9 -1,196,044 -2,367,088 -3,538,132 -4,709,176 -6,057,640 -7,051,265 -8,222,309 -9,393,353 -10,564,397 -11,735,441 

80:20 25 2.3 -1,184,275 -2,343,550 -3,502,825 -4,662,100 -5,998,794 -6,980,650 -8,139,925 -9,299,200 -10,458,475 -11,617,750 

60:40 15 3.2 -1,198,758 -2,372,515 -3,546,273 -4,720,031 -6,071,208 -$,067,546 -8,241,304 -9,415,062 -10,588,819 -11,762,577 

40:60 13 2.3 -1,226,351 -2,427,702 -3,629,054 -4,830,405 -6,209,175 -7,233,107 -8,434,458 -9,635,809 -10,837,161 -12,038,512 
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Table 4.20. Cost analysis of AD systems based on 36% reduction of total cost (Based on Table 4.17 - $1,000/cow). 

Temperature 

Ratios 

(DM:P

W) 

VS 

reduction 

(%)  

Conversion 

(L g-1 VS to 

cf/lb VS) 

Cost analysis for ten year 

(Net present value with zero terminal value in Excel sheet) 

Calculations are based on $1,000/cow 

1,000  

cows ($) 

2,000  

cows ($) 

3,000  

cows ($) 

4,000  

cows ($) 

5,000  

cows ($) 

6,000  

cows ($) 

7,000  

cows ($) 

8,000  

cows ($) 

9,000  

cows ($) 

10,000  

cows ($) 

TT 

100:0 75.4 4.6 -$388,338 -$751,676 -$1,115,014 -$1,478,351 -$1,841,689 -$2,205,027 -$2,568,365 -$2,931,703 -$3,295,041 -$3,658,379 

90:10 80.5 7.5 3,321 31,643 59,964 88,286 116,607 144,929 173,250 201,572 229,893 258,215 

80:20 79.6 11.4 466,297 957,594 1,448,891 1,940,188 2,431,485 2,922,782 3,414,079 3,905,376 4,396,673 4,887,970 

60:40 80.2 6.4 -134,600 -244,200 -353,800 -463,400 -573,000 -682,600 -792,200 -901,800 -1,011,400 -1,121,001 

40:60 76.4 5.6 -264,853 -504,707 -744,560 -1,578,542 -1,224,267 -1,464,120 -1,703,973 -1,943,827 -2,183,680 -2,423,533 

MT 

100:0 70.3 4.7 -413,385 -801,771 -1,190,156 -984,413 -1,966,927 -2,355,312 -2,743,698 -3,132,083 -3,520,469 -3,908,854 

90:10 68.8 6.0 -287,782 -550,564 -813,345 -1,076,127 -1,338,909 -1,601,691 -1,864,473 -2,127,255 -2,390,036 -2,652,818 

80:20 71.1 4.9 -385,975 -746,950 -1,107,925 -1,468,900 -1,829,874 -2,190,849 -2,551,824 -2,912,799 -3,273,774 -3,634,749 

60:40 71.6 3.3 -556,887 -1,088,773 -1,620,660 -2,152,546 -2,684,433 -3,216,320 -4,064,510 -4,280,093 -4,811,979 -5,343,866 

40:60 73.8 2.8 -602,073 -1,179,146 -1,756,218 -2,333,291 -2,910,364 -3,487,437 -3,748,206 -4,641,582 -5,218,655 -5,795,728 

PT 

100:0 53.5 1.4 -802,910 -1,580,821 -2,358,731 -3,136,642 -3,914,552 -4,692,463 -5,470,373 -6,248,284 -7,026,194 -7,804,105 

90:10 26.2 1.9 -841,206 -1,657,412 -2,473,618 -3,289,824 -4,106,029 -4,922,235 -5,738,441 -6,554,647 -7,370,853 -8,187,059 

80:20 25 2.3 -829,437 -1,633,874 -2,438,310 -3,242,747 -4,047,184 -4,851,621 -5,656,057 -6,460,494 -7,264,931 -8,069,368 

60:40 15 3.2 -843,920 -1,662,839 -2,481,759 -3,300,678 -4,119,598 -4,938,517 -5,757,437 -6,576,356 -7,395,276 -8,214,195 

40:60 13 2.3 -871,513 -1,718,026 -2,564,539 -3,411,052 -4,257,565 -5,104,078 -5,950,591 -6,797,104 -7,643,617 -8,490,130 
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Table 4.21. Cost analysis of AD systems based on 36% reduction of total cost (Based on Table 4.18 - $600/cow). 

Temperature 

Ratios 

(DM:P

W) 

VS 

reduction 

(%) 

Conversion  

L g-1 VS to 

cf/lb VS 

Cost analysis for ten year 

(Net present value with zero terminal value in Excel sheet) 

Calculations are based on $600/cow 

1,000 

cows ($) 

2,000 

cows ($) 

3,000 

cows ($) 

4,000 

cows ($) 

5,000 

cows ($) 

6,000 

cows ($) 

7,000 

cows ($) 

8,000 

cows ($) 

9,000 

cows ($) 

10,000 

cows ($) 

TT 

100:0 75.4 4.6 -33,500 -41,999 -50,499 -58,999 -$67,498 -$75,998 -$84,498 -$92,997 -$101,497 -$109,997 

90:10 80.5 7.5 358,160 741,319 1,124,479 1,507,639 1,890,798 2,273,958 2,657,118 3,040,278 3,423,437 3,806,597 

80:20 79.6 11.4 821,135 1,667,270 2,513,405 3,359,541 4,205,676 5,051,811 5,897,946 6,744,081 7,590,216 8,436,352 

60:40 80.2 6.4 220,238 465,476 710,714 955,953 1,201,191 1,446,429 1,691,667 1,936,905 2,182,143 2,427,382 

40:60 76.4 5.6 89,985 204,970 319,955 434,939 549,924 664,909 779,894 894,879 1,009,864 1,124,849 

MT 

100:0 70.3 4.7 -58,547 -92,094 -125,642 -159,189 -192,736 -226,283 -259,830 -293,378 -326,925 -360,472 

90:10 68.8 6.0 67,056 159,113 251,169 343,226 435,282 527,338 619,395 711,451 803,507 895,564 

80:20 71.1 4.9 -31,137 -37,273 -43,410 -49,547 -55,683 -61,820 -67,957 -74,093 -80,230 -86,367 

60:40 71.6 3.3 -202,048 -379,097 -556,145 -733,194 -910,242 -1,087,290 -1,264,339 -1,441,387 -1,618,436 -1,795,484 

40:60 73.8 2.8 -247,235 -469,469 -691,704 -913,938 -1,136,173 -1,358,408 -1,580,642 -1,802,877 -2,025,111 -2,247,346 

PT 

100:0 53.5 1.4 -448,072 -871,144 -1,294,217 -1,717,289 -2,140,361 -2,563,433 -2,986,506 -3,409,578 -3,832,650 -4,255,722 

90:10 26.2 1.9 -486,368 -947,735 -1,409,103 -1,870,471 -2,331,838 -2,793,206 -3,254,574 -3,715,942 -4,177,309 -4,638,677 

80:20 25 2.3 -474,599 -924,197 -1,373,796 -1,823,394 -2,272,993 -2,722,591 -3,172,190 -3,621,788 -4,071,387 -4,520,985 

60:40 15 3.2 -489,081 -953,163 -1,417,244 -1,881,325 -2,345,407 -2,809,488 -3,273,569 -3,737,650 -4,201,732 -4,665,813 

40:60 13 2.3 -516,675 -1,008,350 -1,500,024 -1,991,699 -2,483,374 -2,975,049 -3,466,723 -3,958,398 -4,450,073 -4,941,748 
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Table 4.22. Summary of cost analysis for a dairy of 1,000, 2,000 and 10,000 cows based on 

36% reduction of total cost. 

Temperature 
Ratios 

(DM:PW) 

VS 

reduction 

(%) 

Conversion 

(L g-1 VS to 

cf/lb VS) 

Cost ($) analysis for ten years 

(Net present value with zero terminal 

value in Excel sheet) 

1,000 

cows 

2,000 

cows 

10,000 

cows 

$1,400/cow $1,000/cow $600/cow 

TT 

100:0 75.4 4.6 -743,176 -$751,676 -$109,997 

90:10 80.5 7.5 -351,517 31,643 3,806,597 

80:20 79.6 11.4 111,459 957,594 8,436,352 

60:40 80.2 6.4 -489,438 -244,200 2,427,382 

40:60 76.4 5.6 -619,692 -504,707 1,124,849 

MT 

100:0 70.3 4.7 -768,224 -801,771 -360,472 

90:10 68.8 6.0 -642,620 -550,564 895,564 

80:20 71.1 4.9 -740,813 -746,950 -86,367 

60:40 71.6 3.3 -911,725 -1,088,773 -1,795,484 

40:60 73.8 2.8 -956,911 -1,179,146 -2,247,346 

PT 

100:0 53.5 1.4 -1,157,749 -1,580,821 -4,255,722 

90:10 26.2 1.9 -1,196,044 -1,657,412 -4,638,677 

80:20 25 2.3 -1,184,275 -1,633,874 -4,520,985 

60:40 15 3.2 -1,198,758 -1,662,839 -4,665,813 

40:60 13 2.3 -1,226,351 -1,718,026 -4,941,748 

 

 

 

From Table 4.22, it is evident that a positive cash flow can be achieved within a ten year time 

period for 1,000, 2,000 and 10,000 cow dairy farm.  As the cow numbers increase, a positive 

cash flow was possible for all the co-digested ratios at thermophilic digestion and the ratio of  
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DM:PW - 90:10 at mesophilic digestion. This shows that bigger dairy farms can generate a 

more positive cash flow than smaller dairy farms for installing an anaerobic digester. 

 

4.7 On-farm biogas use  

 

Direct combustion is the simplest method for biogas consumption (Walsh et al. 1988). 

The cost of cleaning the biogas for storage, handling, and transport is eliminated by using 

biogas directly on the facility. There are several options for direct utilization of biogas 

produced through anaerobic digestion. These include combustion to provide space heating, 

combustion in a boiler to provide hot water, and use as fuel for either stationary or mobile 

engines.  

 

4.7.1 Direct combustion in boilers 

 

Biogas can be burned directly through boilers to produce hot water for the facility and 

to heat the anaerobic digester and/or manure influent. To date, the primary direct use of 

biogas on farm settings has been to fire boilers used to heat water. These systems have 

primarily been employed by dairies due to the year round requirement for hot water to clean 

and sanitize milking pipelines and equipment. Since dairies will typically milk two to three 

times daily and clean after each milking, there is a consistent requirement for hot water on 

these facilities. Boilers require very little biogas cleaning and conditioning prior to use, and 

boiler efficiency has been reported to average 75 percent when burning biogas (NETL 2000). 
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Boilers will operate on very low gas pressures in the range of 5 to 10 inches of water. 

While burning biogas with large amounts of H2S will decrease the useful life and increase the 

operation and maintenance of the equipment. The cleaner the biogas in relation to H2S, the 

longer the boiler life. To clean the biogas (to remove CO2 and H2S) various technologies are 

available such as water and polyethylene glycol scrubbing, chemical absorption, pressure 

swing adsorption, membrane separation, biofilter, and cryogenic separation. According to De 

Hullu et al. (2008), the cost of water scrubbing is $0.18/Nm3 (Nm3 means Normal Cubic 

Meter of a gas or the volume of that gas measured under the standard conditions of 0 degrees 

Celsius and 1 atmosphere of pressure).  The cost of scrubbing using chemical absorption, 

pressure swing adsorption, membrane separation, cryogenic separation is 0.23$/Nm3, 

0.34$/Nm3, 0.17$/Nm3, 0.61$/Nm3 biogas, respectively. However, there are other techniques 

to burn the biogas without removing H2S.  

To successfully burn biogas that has not had the H2S removed, the boiler should be 

operated continuously. When biogas containing H2S is burned, the H2S is converted into 

oxides of sulfur (S) (primarily sulfur dioxide (SO2) and sulfur trioxide (SO3)). These sulfur 

compounds are regulated as air pollutants in the United States, and air emission permits are 

required depending on the amount released by a facility. When exhaust gases containing SO2 

and SO3 cool below the dew point temperature, the moisture that condenses in the gas stream 

will combine with these compounds to form highly corrosive sulfuric acid (H2SO3). It is the 

formation of H2SO3 following the combustion of biogas that contains H2S that results in 

severe equipment corrosion.  

A method commonly employed when operating boilers on biogas containing H2S is to 

operate the boiler continuously at a temperature above dew point. By maintaining the boiler 
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temperature above the dew point of the gas stream, H2SO3 is not formed inside the boiler and 

corrosion is avoided. Since SO2 will reduce the dew point of the gas stream, the greater the 

H2S level of a biogas, the higher the boiler temperature that must be maintained to avoid 

H2SO3 formation. Biogas with a 1,000 parts per million of H2S concentration will require 

exhaust gas stream temperatures of around 150˚C (302ºF) to remain above dew point (IEA 

Bioenergy 1999). Of course, wherever the exhaust gas stream cools to dew point outside of 

the boiler, H2SO3 will be formed. Thus, it is very important to direct exhaust gases away from 

any equipment, personnel, or livestock. Since H2SO3 will form when the boiler is shut down, 

cautionary measures must be taken to avoid any cycling of the boiler on and off when burning 

H2S-laden biogas to avoid corrosion. 

 

4.8 Additional benefits of constructing anaerobic digesters on dairy farms. 

 

Electricity and heat production are direct monetary benefits of the AD projects. Key 

non-energy benefits and byproducts from anaerobic digestion of manures such as digested 

dairy solids, odor control, mineralization of organic nitrogen, weed seed destruction, pathogen 

reduction and improved manure handling are non-monetizable benefits demonstrated by 

existing digestion systems (Topper et al., 2006; Wright et al., 2008). These factors are 

increasingly important in sustaining farm viability and are appreciated and desired by farm 

owners.  

 

 



136 
 

 

1
3
6
 

4.8.1 Nitrogen  

 

Nitrogen in the manure enters the digester mainly in two forms: ammonium or organic 

N. Ammonium is formed from the reaction of the urease enzyme in the feces with the urea in 

the urine. Ammonium formation is fairly rapid, with about 95% of the reaction complete in 

the first 12 hours, often before the manure is collected. Ammonium is not destroyed during 

the digestion process, but rather, organic N is converted to ammonium during protein 

degradation. Hence, the ammonium level in the digester effluent is typically higher than raw 

manure. A negligible amount of ammonia gas will escape with the biogas. As a result, the 

digester effluent ammonium content can be up to two times higher than in stored manure. 

When digester effluent is field applied, much of the ammonium will be released as a gas 

(ammonia) unless it is incorporated into the soil. When incorporated, microorganisms can 

convert the ammonia to nitrite, which is then rapidly converted to nitrate, the nitrogen form 

most readily taken up by plants (Topper et al., 2006). 

 

4.8.2 Pathogens 

 

In a  study through a plug-flow digester over a 14-month period which was tested for 

fecal coliform and Mycobacterium avium paratuberculosis (MAP), it was found that 

anaerobic digestion has the potential to significantly reduce the number of fecal indicator 

bacteria and MAP CFU/gram in dairy effluent as shown in Table 4.23 (Wright et al., 2008)..  
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Table 4.23. Pathogen reduction from dairy manure through anaerobic digestion process. 

 

Fecal Coliform 

(Colony forming units -

CFU)/Gram 

MAP 

CFU/Gram 

Raw Manure 3,836,400 20,640 

Digested Effluent 3,400 136 

Source: Wright et al., 2008 

 

Communications with several dairy farmers indicated a number of user-reported 

benefits due to operation of anaerobic digesters (Karmer, 2004).  According to Karmer, the 

benefits were sparsely recorded by farmers and often not quantified.  The benefits described 

were not always separable and mutually exclusive, and were often not easily monetized. Farm 

owners reported the following benefits they received through operating AD systems on dairy 

farms (Table 4.24).  

 

Table 4.24. Benefits of operating AD systems on dairy farms. 

Name of the Farm (location of the farm) 

(# of cows; type of digester; temperature at 

which the digester was operated – according 

to 2004 report) 

Annual benefits savings or revenues 

Baldwin and Emerald Dairies (Baldwin and 

emerald, Wisconsin) 

(1,600; covered lagoon;  psychrophilic) 

Odor controlled, volume needing treatment 

reduced due to precipitation exclusion, easier 

handling of digested manure.  

Double S Dairy (Markesan, Wisconsin) 

(1,020; plug-flow; mesophilic) 

$30,000 savings using digested solids for 

bedding. 

Gordondale Farms (Nelsonville, Wisconsin) 

(725; plug-flow; mesophilic) 

$23,000 in biogas sales (based on kWh of 

electricity generated), $30,000 savings 

replacing commercial fertilizer with digested 

manure, $28,800 savings using digested 

solids instead of sand, reduced need for pest 
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Source: Karmer, 2004. 

 

 

 

 

 

 

 

 

 

 

 

 

control in barns saving $5,000 per year, 

$2,000 in reduced propane use, herbicide 

savings (not yet calculated), less lime needed 

to balance pH in soil, significant odor control, 

extra heat allows use of warm flush flumes 

and daily scraping throughout the year 

Haubenschild Farms (Princeton, Minnesota) 

(1,000; plug-flow; mesophilic) 

$66,000 in electricity sales and offsets, 

$50,000 savings replacing commercial 

fertilizer with digested manure, $30,000 

savings in reduced herbicide use, $4,000 in 

reduced propane use, less stirring needed, 

better neighbor relations, improved 

operational flexibility 

New Horizons Dairy (Elmwood, Illinois) 

(1,100 plug flow, mesophilic) 

$40,700 in electricity sales and offsets, 

process heat allows use of hydroponics 

system, odor greatly reduced 

Stencil Farm (Denmark, Wisconsin) (1,000; 

plug flow; mesophilic) 

electricity offsets, bedding cost savings, odor 

reduction, improved fertilizer quality of 

manure 

Tinedale Farm (Kaukauna, Wisconsin) 

(2,400; completely mixed; mesophilic) 

$75,000 saved using digested solids for 

bedding 
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4.9 Conclusions 

 

4.9.1 Part I  

 
 The analysis showed that the anaerobic digesters connected with electricity 

generation equipment generated positive cash flow within a ten year time period 

when capital costs of $600/cow were used for analysis.  

 Positive cash flow was generated only when the volatile solids conversion rate was 

higher, i.e. when ≥ 7.5 cubic foot of biogas produced per pound of volatile solid. 

  

4.9.2 Part II  

 

 The analysis showed that for all capital costs considered ($1,400/cow, $1,000/cow 

and $600/cow), positive cash flow can be generated for some DM/PW ratios 

within a ten years of time. 

 Using $1,400/cow, the completely mixed digesters can be constructed without 

electricity generation equipment. The ratio of DM:PW-80:20 with thermophilic 

temperature is the recommended ratio and temperature to generate positive cash 

flow. 

 Using $1,000/cow, the high cost plug flow digesters can be constructed without 

electricity generation equipment. At this cost, the ratios of DM:PW-90:10 and 

80:20 with anaerobic digester operating at thermophilic temperature are 

recommended.   
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 The low cost plug flow digesters (which cost $600/cow) can be operated in both 

temperatures (thermophilic and mesophilic) to generate positive cash flow within a 

ten year time period. For low cost plug flow digesters operated at thermophilic 

temperatures, dairy manure and potato waste should be mixed to generate positive 

cash flow. If low cost plug flow digesters are operated at mesophilic temperature, 

the ratio of DM:PW-90:10 is recommended to generate a positive cash flow.     

 

4.9.3 Conclusions   

 

 This analysis suggests that direct use of biogas on site could provide significant 

non-electrical energy uses and also decrease the payback period of capital 

investment.  

 The anaerobic digesters provide other important benefits such as odor control, 

savings from bedding cost improved fertilizer quality of manure, reduced need for 

pest control, herbicide savings, and reduction of solid content of manure.  
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CHAPTER 5 - OVERALL CONCLUSIONS AND RECOMMENDATIONS 

FOR FUTURE RESEARCH 
 

 
5.1 Conclusions drawn from this research: 

 

1. The important process parameters affecting the co-digestion process is optimum 

mixing ratio, C/N ratio, and temperature. The co-digestion process avoided potential 

inhibitors such as pH drops and volatile fatty acids accumulation due to the high 

buffer capacity of manures. 

2. In the co-digestion study of dairy manure (DM) with potato waste (PW), the biogas 

and CH4 production was enhanced by 157% and 158% for the mixing ratio of 80:20 

(DM:PW) at thermophilic temperatures and 12% and 26% for the mixing ratio of 

90:10 (DM:PW) at mesophilic temperatures compared to the digestion of DM alone. 

At ambient temperatures, digestion of DM alone (100:0) achieved the highest biogas 

and CH4 production of 33 L and 8 L, respectively. This study showed that higher 

operating temperatures allowed high percentage of PW in the mixture to be 

anaerobically digested. 

3. In cases of anaerobic digesters with electricity generators, it is recommended to invest 

in low cost plug flow digesters (capital cost of $600/cow) operated at thermophilic 

temperatures. The ratio of DM:PW-90:10 or 80:20 is recommended while the low cost 

plug flow digesters are operated at thermophilic temperatures. 

4. In cases of anaerobic digesters without electricity generators: 1) It is favorable to use 

completely mixed digesters or high or low cost plug flow digesters. 2) It is 

recommended to use the ratio of DM:PW-80:20 at thermophilic temperatures in a 
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completely mixed digester ($1,400/cow) to generate positive cash flow within ten 

years. 3) It is recommended to use the ratio of DM:PW-90:10 or 80:20 at thermophilic 

temperatures in high cost plug flow digesters ($1,000/cow) to generate positive cash 

flow within ten years of time period. 4) All of the four ratios (i.e. DM:PW-90:10 or 

80:20 or 60:40 or 40:60) are recommended at thermophilic temperatures or the ratio of 

DM:PW-90:10 at mesophilic temperatures to generate positive cash flow within the 

ten year time period. The conversion of volatile solids to biogas is important, 

anaerobic digester connected with electricity generators showed that the positive cash 

flow can be generated only when the volatile solids conversion rate is higher than 7.5 

cf/lb VS. Similarly, an anaerobic digester operated without electricity generation 

equipment can generate positive cash flow when the volatile solids conversion rate is 

higher than 5.6 cf/lb VS. It is concluded that an anaerobic digester operated without 

electricity generation equipment leads to a quicker payback period than an anaerobic 

digester operated with electricity generation equipment. 

 

5.2 Recommendations for future research: 

 

1. According to this study, digestion at ambient temperatures showed that the ratio of 

DM:PW-100:0 obtained higher biogas productions than other co-digested ratios tested 

(DM:PW-90:10, 80:20, 60:40 and 40:60), so further studies are needed to explore the 

reasons for decrease of biogas and methane productions for co-digested ratios at 

ambient temperatures. 



146 
 

 

1
4
6
 

2. More studies on co-digestion of dairy manure with waste from biofuel industry are 

needed. 

3. There is a need to develop software based tools like the spreadsheet-based tool used in 

this study for analysis of economic feasibility of anaerobic digesters. 


