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Anaerobic digestion is an established technology used for energy production (as biogas), organic 

waste stabilization, and nutrient recovery.  This technology has been successfully implemented by 

municipal and industrial wastewater treatment facilities for decades.  Dairy farming operations are 

energy intensive, require considerable nutrient inputs, and generate large quantities of organic 

residues, which without proper treatment, cause greater environmental damage.  Thus, anaerobic 

digestion seems particularly suited for use on dairy farms, however various barriers exist, which 

have limited its widespread adoption.  The central aim of this thesis was to evaluate these barriers.  

In the first study, a general methodology was developed explaining how to properly construct, 

inoculate, operate, and monitor laboratory-scale anaerobic digesters during long-term experiments.  

The second study focused on improving the design of low-cost, plug-flow anaerobic digester 

systems deployed in Indonesia, whose tendency to clog discouraged their continued use by village 

operators.  Operational modifications allowing either internal mixing or effluent recycling were 

shown to reduce the level of solids retained within the digester while maintaining comparable 

methane yields, which may translate to fewer clogging incidences at scale.  In the third study, three 

substrates: 1) food waste; 2) alkaline hydrolysate; and 3) crude glycerol were individually co-

digested with dairy manure to identify the substrate-specific qualities that ultimately destabilized 

the anaerobic digestion process.  Food waste co-digestion did not cause any appreciable reduction 

in process performance.  However, alkaline hydrolysate co-digestion was ultimately inhibited by 



unionized ammonia toxicity.  Crude glycerol co-digestion became unstable at higher organic 

loading rates due to foaming induced by long-chain fatty acid accumulation.  In the fourth study, 

an environmental life-cycle and techno-economic assessment (LCA-TEA) with uncertainty 

analysis was performed to evaluate the impacts of co-digestion on dairy farms.  Co-digestion 

scenarios involving ten unique co-substrates were evaluated over a range of mixture ratios.  While 

economically favorable, high loading rates reduced the technical performance of the digester and 

caused proportionally greater environmental emissions on the farm, particularly for co-substrates 

characterized by high nutrient loads and low organic strength.  Gate-fees were the main driver 

behind economic performance.  Revenue associated with electricity production and fertilizer 

displacement were not sufficient to recoup capital and operational costs, yet their substitution led 

to significant net reductions in overall environmental impacts.  The final study was built on the 

LCA-TEA model and investigated the feasibility of applying combined cooling, heat, and power 

(CCHP) production on dairy farms.  Particular cooling applications were evaluated, including: 1) 

conductive cow cooling to mitigate heat stress; and 2) substitution of electricity-driven cooling 

cycles (e.g., milk chilling/refrigeration).  Conductive cooling scenarios led to significant 

environmental impact reductions in categories associated with milk production, while substitution 

of electricity-driven cooling cycles contributed marginal reductions.  Despite these environmental 

benefits, no one of the CCHP scenarios was economically viable.  Opportunity to generate revenue 

from conductive cooling was limited by the number of heat stress episodes in New York, while 

the low value of electricity limited revenue from displaced electricity-driven cooling. This body 

of work suggests anaerobic digestion is technically viable and environmentally beneficial when 

properly implemented, however, high capital cost and the lack of high-value revenue streams 

constitute insurmountable barriers under current market conditions in the U.S.



iii 
 

BIOGRAPHICAL SKETCH 

Joseph (Joe) Usack attended the State University of New York for Environmental Science and 

Forestry (SUNY-ESF), receiving his Bachelor of Science Degree in the Field of Environmental 

Science in 2008.  His major concentration was renewable energy systems engineering, while he 

minored in water quality engineering.  His major advisors during his undergraduate education were 

Prof. James H. Hassett and Prof. David Johnson.  For his senior research thesis, he investigated 

the allocation of domestic grey water resources for residential applications to mitigate municipal 

storm-overflow events in the City of Syracuse, New York.  As an undergraduate student, Joe 

participated in various student organizations involving sustainability including serving as member 

of Syracuse University’s Energy Council, the Student Environmental Action Coalition (SEAC), 

and the Green Campus Initiative at SUNY-ESF.   

In the Fall Semester of 2010, Joe enrolled as a Master of Science student at Cornell University in 

the Department of Biological and Environmental Engineering under the advisement of Prof. 

Largus T. Angenent (major advisor), Prof. James M. Gossett (minor advisor), and Prof. Jefferson 

Tester (minor advisor).  His concentration was bioenergy and integrated energy systems, while he 

minored in environmental processes, and systems engineering.  In June of 2013, Joe received 

additional funding from a grant offered by the New York State Energy Research and Development 

Authority (NYSERDA), and thereby allowing him to pursue his doctorate degree.   

  



iv 
 

ACKNOWLEDGEMENTS 

The research covered in this dissertation was made possible by funding from the New York State 

Energy Research and Development Authority (NYSERDA) through the Anaerobic Digestion 

Technology Training Program (agreement no. 15609), and the Environmental Monitoring, 

Evaluation, and Protection (EMEP) Program: Climate Change Adaptation Research (agreement 

no. 28264). The research was additionally funded by Cornell University's Clinton-DeWitt and Ram 

Sagi Dairy Engineering Scholarship programs. 

I would like to extend my uttermost thanks and gratitude to my advisor Prof. Lars Angenent for 

providing me with all the opportunities, resources, encouragement, and guidance necessary to 

pursue this degree.  I also would like to thank my special committee members, Prof. James Gossett 

and Prof. Jefferson Tester, for their instruction, collaboration, and willingness to serve on my 

committee; I consider myself extremely privileged to have received the insight and support of such 

distinguished scientists.  Finally, I’d like to thank all my family and friends for their patience and 

unfailing support along the way.   



v 
 

TABLE OF CONTENTS 

Biographical Sketch ………………………………………………………………………...……iii 

Acknowledgements ……………………………………………………………….………….…..iv 

Table of Contents………………………………………………………………………………….v 

List of Tables………………………………………………………...……………………...…..xvi 

List of Figures………………………………………………………………………………… xviii 

Chapter 1: Introduction: Central Aim of Research………………………………..…………..1 

Chapter 2: Literature Review:  

2.1 Introduction………………………………………………………………………..3 

2.2 The Anaerobic Digestion Process: 

2.2.1 Overview…………………………………………………………………..4 

2.2.2 Diagnosing System Perturbations and Process Imbalances……………….6 

2.2.3 Ammonia Toxicity……………………………………………………….10 

2.2.4 Potassium Salt Inhibition………………………………………………...12 

2.2.5 Long-Chain Fatty Acid Inhibition……………………………………….13 

2.3 Agricultural Applications of Anaerobic Digestion: 

2.3.1 Reactor Configurations in the U.S……………………………………….16 

2.3.2 Digester Systems in Rural Areas of Developing Countries……………...17 



vi 
 

2.3.3 Mono-Digestion of Dairy Manure……………………………………….20 

2.4 Co-Digestion of Dairy Manure and Organic Wastes: 

2.4.1 Effect on Digester Performance and Stability……………………...……21 

2.4.2 Food Waste Co-Digestion: Literature Review……………………….…..23 

2.4.3 Alkaline Hydrolysate Co-Digestion: Literature Review…………………24 

2.4.4 Crude Glycerol Co-Digestion: Literature Review…………...…………..26 

2.5 Life-Cycle Assessment and Economic Analysis of Farm-based Biogas Systems: 

2.5.1 Overview of Life Cycle Assessments and Techno-Economic Analyses...28 

2.5.2 LCA and TEA Model Development Process…………………………….31 

2.5.3 Sensitivity and Uncertainty Analysis…………………………………….34 

2.5.4 LCA of Farm-Based Co-Digestion: Literature Review….………………35 

2.5.5 Combined Cooling, Heat, and Power Systems: Literature Review……...36 

Chapter 3: Technical Video Article: Continuously-stirred Anaerobic Digester to Convert  

  Organic Wastes into Biogas: System Setup and Basic Operation: 

3.1 Abstract……………………………………………………………………….….42 

3.2 Graphical Abstract……………………………………………………………….43 

3.3 Introduction……………………………………………………………………....44 

3.4 Protocol: 

3.4.1 Digester Construction……………………………………………………47 



vii 
 

3.4.2 Digester Inoculation and Conditioning using an Active Methanogenic 

 Biomass……………………………………………………………….….55 

3.4.3 Digester Operation…………………………………………...…………..58 

3.4.4 System Monitoring………………………………………………...…….61 

3.4.5 Representative Results…………………………………………………...62 

3.5 Discussion………………………………………………………………………..65 

3.6 Acknowledgements………………………………………………………………65 

Chapter 4: Improved Design of Anaerobic Digesters for Household Biogas Production in  

  Indonesia: One Cow, One Digester, and One Hour of Cooking per Day: 

4.1 Abstract…………………………………………………………………………..66 

4.2 Introduction………………………………………………………………………67 

4.3 Materials and Methods: 

4.3.1 Reactor Set-Up…………………………………………………………...70 

4.3.2 Reactor Operation………………………………………………………..73 

4.3.3 Analyses…………………………………………………………...……..73 

4.4 Results and Discussion: 

4.4.1 Digester Start-Up Dynamics……………………………………………..74 

4.4.2 Comparison of Digester Performance during Steady-State Conditions…80 

4.4.3 Effect of Mixing and Effluent Recycling on Solids Reduction……….....82 



viii 
 

4.5 Conclusion.………………………………………………………………………84 

4.6 Acknowledgements………………………………………………………………85 

Chapter 5: Comparing the Inhibitory Thresholds of Dairy Manure Co-Digesters after   

  Prolonged Acclimation Periods: Part 1 – Performance and Operating Limits: 

5.1 Highlights………………………………………………………………………...86 

5.2 Abstract…………………………………………………………………………..86 

5.3 Graphical Abstract……………………………………………………………….87 

5.4 Keywords……………………………………………………………………...…88 

5.5 Abbreviations…………………………………………………………………….88 

5.6 Introduction………………………………………………………………………88 

5.7 Background on Co-Substrates: 

5.7.1 Food Waste………………………………………………………………90 

5.7.2 Alkaline Hydrolysate…………………………………………………….91 

5.7.3 Crude Glycerol…………………………………………………………...91 

5.8 Methods and Materials: 

5.8.1 System Set-Up and Inoculation……………………………………….…92 

5.8.2 Substrates………………………………………………………………...92 

5.8.3 Experimental Design…………………………………………………….94 

5.8.4 Analytical Methods………………………………………………..……102 



ix 
 

5.9 Results: 

5.9.1 Substrate Characterization…………………………………………..….104 

5.9.2 Effects of Co-Substrates on Reactor Performance and Stability: 

5.9.2.1 Comparison of Performance between Co-Substrates…………..108 

5.9.2.2 Effects of Co-Substrate Addition on System Operation and 

Stability………………………………………………………………....112 

5.10 Discussion: 

5.10.1 Food waste is a beneficial and low-risk co-substrate…………………..119 

5.10.2 Alkaline hydrolysate permits high mass loading rates, but requires 

 microbiome acclimation…………………………………………….….120 

5.10.3 High concentrations of free ammonia is the most likely cause of 

 ultimate inhibition at high mixing ratios of alkaline 

 hydrolysate…………………………………………………………...…122 

5.10.4 Crude glycerol greatly improves methane output but is restricted to 

 relatively low mass loading rates………………………………..…...…122 

5.10.5 Lipid content of crude glycerol and solids-associated LCFAs are critical 

parameters………………………….…………………………………...123 

5.11 Conclusions…………………………………………………..…………………125 

5.12 Acknowledgements……………………………………………………………..125 



x 
 

Chapter 6: A Technical Evaluation of Anaerobic Co-Digestion Implementation on New York 

  State Dairy Farms Using an Environomic Life-Cycle Framework: 

6.1 Abstract…………………………………………………………………………127 

6.2 Highlights……………………………………………………………………….128 

6.3 Keywords……………………………………………………………………….128 

6.4 Abbreviations…………………………………………………………………...128 

6.5 Introduction……………………………………………………………………..129 

6.6 Methods: 

6.6.1 Goal and Scope Definition……………………………...………………132 

6.6.2 Model Description: 

6.6.2.1 Pre-Digestion Processing...……………………………………..139 

6.6.2.2 Anaerobic Digestion…………………………………………....139 

6.6.2.3 Biogas Utilization…...……………………………………….....141 

6.6.2.4 Digestate Storage……………………………………………….142 

6.6.2.5 Land Application…..……………………………………...……142 

6.6.2.6 Digestate Export…………………………………………...……143 

6.6.3 Life Cycle Inventory……………………………………………………143 

6.6.4 Life-Cycle Impact Assessment……………………………...………….144 

6.6.5 Uncertainty Analysis……………………………………………………145 



xi 
 

6.7 Results and Discussion: 

6.7.1 Manure slurry is an ideal basal feedstock for co-digestion and co-substrate 

characteristics affect AD technical performance and process 

limits…………………………………………………………………....145 

6.7.2 Aggressive loading rates are needed to make AD economical but decrease 

AD performance and increase methane emissions on the farm..…….....151 

6.7.3 Life-cycle environmental benefits compensate for increased methane 

emissions from an overloaded AD process …………….………………157 

6.7.4 Gate-fees drive economic performance but favor low-quality AD 

substrates………………………………………………………………..162 

6.8 Conclusions……………………………………………………………………..166 

6.9 Acknowledgements……………………………………………………………..167 

Chapter 7: Harnessing Anaerobic Digestion for Combined Cooling, Heat, and Power on 

Dairy Farms: An Environmental Life Cycle and Techno-Economic Assessment of 

Added Cooling Pathways: 

7.1 Abstract……………………………………………………………………...….168 

7.2 Graphical Abstract……………………………………………………………...169 

7.3 Highlights…………………………………………………………………….…169 

7.4 Keywords……………………………………………………………………….170 

7.5 Abbreviations…………………………………………………………………...170 



xii 
 

7.6 Introduction……………………………………………………………………..171 

7.7 Methods……..…………………………………………………………...……...173 

 7.7.1 Model Framework and Scenarios ……………………………………...173 

 7.7.2 Life-Cycle Inventory…………………………………..………………..175 

 7.7.3 Environmental Impact Assessment and Economic Feasibility……...….179 

 7.7.4 The Combined Cooling, Heat, and Power Sub-Process………………..179 

 7.7.5 The Conductive Cow Cooling Sub-Process…………………………….180 

7.8 Results and Discussion: 

7.8.1 Co-digestion yields a more positive CCHP energy balance compared to 

manure-only digestion………………………………………………….180 

7.8.2 Co-digestion is responsible for the greatest reduction in life-cycle 

environmental impacts……………………………………………...…..182 

7.8.3 Substitution of dairy milk and NYS electricity through CCHP induced 

further environmental impact reductions……………………………….186 

7.8.4 Economic feasibility of CCHP requires further technical improvement and 

higher electricity prices……………………………….………………...189 

7.9 Conclusion……………………………………………………...………………193 

7.10 Acknowledgments………………………………………………………...…….194 

Chapter 8: Summary and Recommendations for Future Work: 



xiii 
 

 8.1 Summary…………………………………………………………………….….195 

 8.2 Recommendations for Future Work: 

8.2.1 Chapter 4: Improved Design of Anaerobic Digesters for Household Biogas 

Production in Indonesia: One Cow, One Digester, and One Hour of 

Cooking per Day…………………………………………………….….197 

8.2.2 Chapter 5: Comparing the Inhibitory Thresholds of Dairy Manure Co-

Digesters after Prolonged Acclimation Periods: Part 1 – Performance and 

Operating Limits………………………………………………………..197 

8.2.3 Chapter 6: A Technical Evaluation of Anaerobic Co-Digestion 

Implementation on New York State Dairy Farms Using and Environomic 

Life-Cycle Framework…………………………………………...……..198 

8.2.4 Chapter 7: Harnessing Anaerobic Digestion for Combined Cooling, Heat, 

and Power on Dairy Farms: An Environmental Life Cycle and Techno-

Economic Assessment of Added Cooling Pathways……..…………….199 

Appendices: 

A1 Chapter 5: Supplementary Information: 

A1.1 Analytical Methods Details: 

A1.1.1 Biochemical Methane Potential (BMP) Assay………………....201 

A1.1.2 Long-Chain Fatty Acid Analysis…………………………….…201 

A1.1.3 Crude Glycerol Characterization……………………………….202 



xiv 
 

A1.1.4 Statistical Analysis……………………………………………...202 

A1.2 Supplementary Figures………………………...……………………….202 

A1.3 Supplementary Tables……………………………………………….….206 

A2 Chapter 6: Supplementary Information: 

A2.1 Supplementary Figures……………………………………………...….236 

A2.2 Supplementary Tables…………………………………………….…….241 

 A3 Chapter 7: Supplementary Information: 

  A3.1 Supplementary Figures……………………………………...………….284 

  A3.2 Supplementary Tables…………………………………………………..288 

 A4 Role of Substrate Properties on Co-Digestion System Performance………...…298 

 A5 Research Collaborations: 

A5.1 Chain Elongation with Reactor Microbiomes: Upgrading Dilute Ethanol to 

Medium-Chain Carboxylates……………………………………….…..307 

A5.2 Development of a Highly Specific and Productive Process for n-Caproic 

Acid Production: Applying Lessons from Methanogenic 

Microbiomes……………………………………………………………308 

A5.3 Comparison of Semi-Batch vs. Continuously Fed Anaerobic Bioreactors 

for the Treatment of a High-Strength, Solids-Rich Pumpkin-Processing 

Wastewater……………………………………………………………...309 

A5.4 Long-Term n-Caproic Acid Production from Yeast-Fermentation Beer in 

an Anaerobic Bioreactor with Continuous Product Extraction…………310 



xv 
 

A5.5 Production and Physiological Responses of Heat-Stressed Lactating Dairy 

Cattle to Conductive Cooling…………………………………...………311 

A5.6 Comparing the Inhibitory Thresholds of Dairy Manure Co-Digesters after 

Prolonged Acclimation Periods: Part 2 – Correlations between 

Microbiomes and Environment…………………………………………314 

B. Protocols: 

B.1 Ammonia Determination (Ion-Selective Electrode Method)………...…314 

B.2 Chemical Oxygen Demand (COD) – Closed Reflux Titrimetric 

Method………………………………………………………………….315 

B.3 Standard Operating Procedure for GC Evaluation of Individual Volatile 

Fatty Acids (VFAs)………………..……………………………………317 

B.4 Total, Volatile, and Fixed Solids (TS, VS, FS)…….………………......331 

B.5 Volatile Fatty Acid (VFA) – Titrimetric Method………………………333 

References………………………………………………………………………………………334 

  



xvi 
 

LIST OF TABLES 

Table 2.1: Potential biogas production from different classes of substrates………….……..15 

Table 3.1: General operation selection guide and monitoring parameters for CSTR 

systems…….………………………………..........................................................48 

Table 3.2:  Auxiliary reactor components with specifications and comments………………50 

Table 3.3:  Troubleshooting protocol for digester Operation………………………………..60 

Table 4.1:  Performance and chemical characteristics of the dairy manure feedstock and 

digester influents and effluents………………………………………………..…81 

Table 5.1: Experimental design……………………………………………………………..96 

Table 5.2: Dairy manure, food waste, alkaline hydrolysate, and crude glycerol substrate 

characterization…………………………………………………….……….…..105 

Table 6.1 Substrate ADM1 input parameters……………………………………………...134 

Table 7.1 Substrate ADM1 input parameters………...……………………………………177 

Table A1.3.1: Additional characterization of the crude glycerol substrate…………………....207 

Table A1.3.2: Performance of the reactor systems for each study period as measured at pseudo- 

steady-state……………………………………………………….……………..210 

Table A1.3.3: Stability of the reactor systems for each study period as measured at pseudo- 

steady-state……………………………………………………………………...215 

Table A1.3.4: Liquid- and solids-associated long-chain fatty acid distribution in the manure-only 

Reactor effluent at steady-state…………………….…………………………...224 



xvii 
 

Table A1.3.5: Liquid- and solids-associated long-chain fatty acid distribution in the food waste 

reactor effluent at steady-state…………………………………..……………...227 

Table A1.3.6: Liquid- and solids-associated long-chain fatty acid distribution in the alkaline 

hydrolysate reactor effluent at steady-state……………………………………..230 

Table A1.3.7: Liquid- and solids-associated long-chain fatty acid distribution in the crude 

glycerol reactor effluent at steady-state………………………………….……..233 

Table A2.2.1: Major model assumptions………………………………………………………242 

Table A2.2.2: AD process constraints ultimately limiting the maximum mixture ratio of each 

co-digestion scenario as predicted by ADM1 simulation………………………283 

Table A3.2.1: Major model assumptions………………………………………………………289 

Table A3.2.2: Optimal technical parameters predicted by ADM1 and the resulting performance 

of the biogas plan………………………………………………...……………..297 



xviii 
 

LIST OF FIGURES 

Figure 2.1: Basic degradation steps of the anaerobic digestion process …………………...…5 

Figure 2.2: Chinese model digester…………………….………………………….…………18 

Figure 2.3: Taiwanese model digester…………..………………………………………..…..19 

Figure 2.4: Indonesian model digester……………………………………………….………19 

Figure 3.G: Graphical Abstract: Technical Video Article: Continuously-stirred anaerobic 

digester to convert organic waste into biogas: system setup and basic operation.43 

Figure 3.1: Reactor vessel………………………………………….………………………...49 

Figure 3.2: Basic example of reactor lid design……………………………………………...51 

Figure 3.3: System diagram showing component arrangement…………………………...…53 

Figure 3.4: Basic example of foam trap design…………..…………………………………..54 

Figure 3.5: Typical system response to a high organic loading rate (OLR) during reactor 

start-up…………………………………………………………………………...58 

Figure 3.6: Hypothetical system response to insufficient mixing (Reactor A) compared to a 

sufficiently mixed system (Reactor B)………………………………………..…61 

Figure 3.7: Theoretical relationship between the concentration of a conservative chemical 

species and the HRT in an ideal CSTR System………………………………….64 

Figure 4.1: Field-scale Indonesian model digester. Pictures of a typical household biogas 

system……………………………………………………………………………69 



xix 
 

Figure 4.2: System diagram and digester designs………………………………..…………..72 

Figure 4.3: Concentration of iVFA species after inoculation with dairy manure…………....75 

Figure 4.4: Total volatile fatty acid concentrations (as acetic acid) for all digester systems 

during the operation period………………………………………………………77 

Figure 4.5: Total solids concentrations in the effluent of all digester systems during the 

operation period…………………………………………………………….……78 

Figure 4.6: Average methane yield for all digester systems during the operation 

period…………………………………………………………………………….79 

Figure 5.G: Graphical Abstract: Comparing the inhibitory thresholds of dairy manure co-

digesters after prolonged acclimation periods: Part 1 – performance and operating 

limits…………………………………………………………………..……..…..87 

Figure 5.1: Biogas and methane yield………………………………………………..……..101 

Figure 5.2: Various stability parameters of the reactor systems measured in the reactor 

effluent………………………………………………………………………….110 

Figure 5.3: Total and individual volatile fatty acid concentrations (C2–C7) in alkaline 

hydrolysate co-digestion reactor effluent during the VFA accumulation 

event………………………………………………………………………..…...113 

Figure 5.4: Liquid- and solids-associated long-chain fatty acids…………………….……..115 

Figure 6.1: Environmental and economic life-cycle boundary of the modeled anaerobic 

digestion system showing the major elemental flows and modeled parameters.138 



xx 
 

Figure 6.2: The organic composition of the co-digestion substrates (primary axis) based on 

total COD concentration (i.e., organic strength) (secondary axis)……………..140 

Figure 6.3: The co-digestion mixture ratio (COD-basis) (primary axis) corresponding with the 

maximum specific methane yield, COD removal efficiency, and mass loading rate 

(secondary axis)………………………………………………………..……….147 

Figure 6.4: ADM1 simulation of slaughter house blood co-digestion with dairy manure.…149 

Figure 6.5: Direct, farm-level environmental emissions (A) and economic performance (B), 

indicated by global warming potential (GWP) and net present value (NPV), 

respectively, of kitchen waste co-digestion at the process level based on applied 

co-digestion mixture ratio……………………………...……………………….152 

Figure 6.6: Overall life-cycle environmental performance (direct + indirect emissions) of co-

digestion with each of the ten co-substrates, modeled with Impact 2002+ for 

damage categories: climate change (A), ecosystem quality (B), human health (C), 

and resources (D); and as a combined single-score (E), based on applied co-

digestion mixture ratio………………………………………………………….159 

Figure 6.7: Overall life-cycle economic performance, indicated by net present value, of co-

digestion with each of the ten co-substrates with (A) and without (B) gate-fee 

revenue, based on applied co-digestion mixture ratio…………...……………..163 

Figure 7.G: Graphical Abstract: Harnessing anaerobic digestion for combined cooling, heat, 

and power on dairy farms: an environmental life cycle and techno-economic 

assessment of added cooling pathways…………………………………….…...169 



xxi 
 

Figure 7.1: Environmental and economic life-cycle boundary of the modeled combined 

cooling, heat, and power system showing the major elemental flows and modeled 

parameters……………………………………………...……………………….175 

Figure 7.2: Production and parasitic losses of electricity, heat, and cooling along the biogas 

plant for manure-only and co-digestion (i.e., KW and DAF) scenarios...……...182 

Figure 7.3: Environmental impacts at the damage level determined with IMPACT 2002+ for 

each of the CHP-only scenarios at each process stage………………...……….184 

Figure 7.4: Environmental impact reduction induced by CCHP through milk and electricity 

substitution relative to its corresponding CHP scenario……………………..…187 

Figure 7.5: Total monetary flows (as NPV) of the biogas plant by process stage (A)……...190 

Figure A1.2.1: Experimental design: graphical representation of the experimental design 

indicating the relative contribution of the substrates to the OLR……...……….203 

Figure A1.2.2: The total, volatile, and fixed solids concentrations in reactor effluents………..204 

Figure A1.2.3: Volatile solids removal for each reactor system at pseudo 

steady-state…………………………………….………………………………..205 

Figure A2.1.1: Detailed organic composition (COD-Basis) of the ten selected co-substrates as 

used in the ADM1 (primary axis)…………………………………..…………..236 

Figure A2.1.2: Physical and chemical characteristics of the ten selected co-substrates normalized 

to dairy manure and chemical oxygen demand (COD) (A)………………….…237 



xxii 
 

Figure A2.1.3: Methane yield at the anaerobic digestion and digestate storage process stages as a 

function of kitchen waste co-digestion mixture ratio (COD-Basis) (primary 

axis)……………………………………………………………………………..238 

Figure A2.1.4: Combined environmental and economic (environomic) performance of co-

digestion with each of the ten co-substrates with (A) and without (B) gate-fee 

revenue, based on applied co-digestion mixture ratio………………………….239 

Figure A3.1.1: The organic composition of the co-substrates (primary axis) based on total 

chemical oxygen demand concentration (secondary Axis) (A)………..……….285 

Figure A3.1.2: Environmental impact assessment of all CHP and CCHP scenarios at the midpoint 

level using IMPACT 2000+ at each process stage……………..………………287 

Figure A4.1: Sensitivity of direct, farm-level environmental emissions to the co-substrate 

properties: organic strength, dilution level, total nitrogen concentration, and 

biodegradability at each process stage assuming a 1:1 co-digestion mixture ratio 

(COD-Basis)…………………………………………………………..………..300 

Figure A4.2: Sensitivity of cost and revenue flows to the co-substrate properties: organic 

strength, dilution level, total nitrogen concentration, and biodegradability at each 

process stage assuming a 1:1 co-digestion mixture ratio (COD-Basis)………...302 

 



1 
 

CHAPTER 1 

1. Introduction: Central Aim of Research 

The central aim of this thesis is to understand the benefits and current limitations of anaerobic 

digestion technology for energy production and waste stabilization on dairy farms, mainly in the 

United States.  Energy production and waste stabilization services are especially important for 

modern day dairy production systems, since over the last several decades farms have grown in 

scale and become more industrialized, leading to greater energy consumption and requiring more 

intensive nutrient management strategies.  These services constitute major operating expenses, and 

reduce the economic bottom line of the farm.  As energy prices increase over time, so should the 

incentive to invest in more efficient energy technologies.  Similarly, if policy continues to promote 

increasingly stringent environmental pollution regulations, farms will have to develop more 

efficient waste management strategies.   

From an industrial ecology perspective, anaerobic digestion presents an appealing option for 

farmers because it can be used for both energy production and nutrient management.  However, 

high capital costs and low energy prices represent two major economic barriers to its adoption.  

Co-digestion technology involves blending one or more organic wastes with livestock manure.  

Co-digestion of externally-supplied organic wastes has made farm-based anaerobic digestion more 

feasible by increasing methane production, and providing gate-fees, which are paid to the farmer 

in return for accepting this waste.  However, the increased nutrient loads often result in negative 

environmental impacts on the farm.  In addition, this reliance on gate-fees incentivizes the 

application of high organic loading rates during co-digestion, which compromises the performance 

and stability of the anaerobic digestion process, and thereby further exacerbates downstream 
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environmental emissions.  Moreover, when considering the technical dimension, namely the effect 

of co-substrate composition and applied mixture ratios on methane yields, chemical oxygen 

demand (COD) removal, and effluent quality, one would expect different co-digestion scenarios 

may have vastly different economic viabilities and environmental impacts.  

This trade-off between profitability and environmental impact with co-digestion has been 

suggested (albeit indirectly) in several life-cycle assessment studies (LCA) by comparing energy 

production and environmental impact, but no studies have directly explored this relationship using 

a combined life-cycle and techno-economic analysis (LCA-TEA).  Furthermore, most of these 

studies were performed in Europe, where energy production by anaerobic digestion is more heavily 

subsidized and represents a major economic driver. However, this economic framework is not 

applicable in the U.S., where gate-fee revenue is more important than energy production.   

In this dissertation, I investigated the relationship between the technical, economic, and 

environmental performance of anaerobic digestion systems on dairy farms.  To achieve this end, I 

first presented an understanding of anaerobic digestion technology at a process level, and then 

applied this knowledge to investigate various ways anaerobic digestion may be exploited on dairy 

farms for energy production and waste stabilization using an economic and environmental life-

cycle framework with uncertainty analysis.  
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CHAPTER 2 

2. Literature Review 

2.1 Introduction 

The use of anaerobic digestion for the treatment of agricultural wastes, such as animal manures, is 

an effective way to stabilize and better manage these wastes while simultaneously producing useful 

energy on farms by combusting the biogas in a combined heat and power system (CHP).  In the 

U.S., the low economic return for heat and electricity production has meant that in many cases, 

anaerobic digestion is applied more as a manure management strategy rather than an energy 

production system.  Indeed, the added benefits of manure solids reduction, odor mitigation, and 

improved fertilizer value compared to raw manure application have more strongly incentivized 

anaerobic digestion adoption than expected revenue from energy production. 

In Europe, however, anaerobic digestion is viewed as a renewable energy production technology 

with concomitant environmental benefits, particularly toward the replacement of fossil energy and 

avoiding landfill disposal of organic wastes.  The difference in emphasis and sociopolitical backing 

may, to a large extent, explain the much greater adoption rate of anaerobic digestion in some 

European countries compared to the U.S., especially when it pertains to farm applications.  For 

instance, Germany has installed over 7,800 agricultural anaerobic digestion systems for organic 

waste treatment and energy production (IEA Bioenergy 2013) compared to just 239 in the U.S. 

(EPA 2014b).  This is striking, considering there are approximately 8,241 U.S. farms where 

anaerobic digestion would be feasible (EPA 2014b).   

Even in developing countries, such as China, India, and Indonesia, anaerobic digestion has 

achieved much greater adoption on farms.  In these countries, government sponsored initiatives 
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have facilitated extensive utilization of small-scale anaerobic digester systems in remote rural 

villages to provide cooking fuel as a replacement for wood, which is detrimental to local 

ecosystems and human health when burned indoors (Garfí et al. 2012, Usack et al. 2014).  Indeed, 

several million or more of these small systems have been installed in both China and India alone 

(Daxiong et al. 1990, Lichtman et al. 1996).   

Despite being underexploited to date in the U.S., anaerobic digestion technology will likely 

become more important in the future as the economic and environmental costs associated with 

fossil energy production systems become more constraining.  Thus, further investigation of the 

economic limitations and environmental impacts associated with anaerobic digestion technology 

is an important exercise to better instruct future policy decisions.   

2.2 The Anaerobic Digestion Process 

2.2.1 Overview 

Anaerobic digestion refers to a system containing a diverse community of anaerobic microbiota, 

which in the absence of oxygen will convert an organic substrate into biogas.  The biogas bubbles 

freely out of the liquid medium and is principally composed of methane and carbon-dioxide gasses, 

with a lesser amount of other gasses (e.g., H2, N2, H2S, H2O).  Inherent product separation, together 

with the ability of the mixed microbial community to handle variable and heterogeneous 

substrates, makes anaerobic digestion a versatile energy production system and waste treatment 

strategy (Agler et al. 2014).  Methane and carbon dioxide are the main end-products generated 

from a complex web of serial and parallel reactions (Hanselmann 1991).  A large fraction of the 

original oxidation potential of the carbon substrate is conserved in the end-product, methane, due 

to a deficiency of strong electron acceptors in the degradation chain (Lettinga 1995).  The 
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metabolic pathways involved in anaerobic digestion constitute an intricate food web broadly 

categorized into four trophic stages: hydrolysis; acidogenesis; acetogenesis; and methanogenesis 

(Figure 2.1).   

Figure 2.1: Basic degradation steps of the anaerobic digestion process 

(Waste-to-Energy Research and Technology Council 2009) 

During hydrolysis, complex organic polymers (i.e., carbohydrates, lipids, and proteins) are broken 

down to their respective monomers (i.e., sugars, fatty acids, and amino acids) by hydrolyzing, 

fermentative bacteria with the use of extracellular and intracellular enzymes (Pavlostathis and 

Gossett 1986).  During acidogenesis, these monomers are fermented by acidogenic bacteria to 

volatile fatty acids (VFAs) and alcohols, which during acetogenesis are further oxidized to acetate 

and hydrogen by acetogenic bacteria (Batstone et al. 2000).  Also, acetate can be formed by 

homoacetogens from molecular hydrogen and carbon dioxide, which serve as the electron and 
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carbon donor, respectively (Angenent et al. 2004).  During the final step of methanogenesis, acetate 

and hydrogen are metabolized to methane by acetoclastic and hydrogenotrophic methanogens 

(Angenent et al. 2004).  Typically, the majority of methane is derived via acetoclastic 

methanogenesis (~75-85%), with the remainder resulting from hydrogenotrophic methanogenesis.  

However, the carbon-flux can shift to the latter in response to stress conditions, such as ammonia 

and VFA accumulations due to greater resilience of H2-utilizing methanogens (Angenent et al. 

2002, Hao et al. 2012, Mountfort and Asher 1978).  The Anaerobic Digestion Model 1 (ADM1) 

also incorporates a disintegration step preceding hydrolysis for complex particulate substrates, 

such as activated sludge (Batstone et al. 2002a), based on the findings of Pavlostathis and Gossett 

(1986).   

As is evident, the anaerobic digestion process relies on an interconnected series of metabolisms, 

which are carried out by a diverse consortium of microbes.  Thus, the system as a whole will 

depend on the successful function at each trophic stage (Usack et al. 2012).  System perturbations 

or process imbalances at a particular stage can be diagnosed using a combination of analytical 

techniques to enable corrective measures to reestablish optimal performance and prevent system 

failure.   

2.2.2 Diagnosing System Perturbations and Process Imbalances 

A common source of process imbalance in anaerobic digestion systems arises as a result of 

disparities in the substrate utilization rates between acidogenesis and methanogenesis (Demirel 

and Yenigün 2002), whereby the rate of volatile acid formation resulting from acidogenesis 

exceeds product removal via acetoclastic or hydrogenotrophic methanogenesis or the coupled 

pathway of syntrophic acetate oxidation and hydrogenotrophic methanogenesis (Hao et al. 2012).  
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Such an imbalance would be indicated by an accumulation of VFAs, which, if left unchecked, 

could inhibit methanogens, and thereby compounding the problem (Dogan et al. 2005).  In the case 

of poorly buffered systems, VFA accumulation could lead to an associated pH reduction below 

the range considered optimal for methanogenesis (i.e., 6.5 to 8.2) (Murto et al. 2004, Speece 1996).  

Moreover, the undissociated form of VFAs (R-COOH) is more toxic to bacteria than its 

corresponding dissociated form (R-COO-), since it can more freely diffuse through the cell 

membrane.  Consequently, cells have to expend more ATP energy for active transport of the 

products out of the cell (Rodríguez et al. 2006).   

The proportion of dissociated to undissociated acids is dictated by the pKa of the particular acid 

species.  In well-buffered systems, pH reductions may be muted.  However, product inhibition is 

still possible (Usack and Angenent 2015).  In such cases where acetate (C2) or H2 has accumulated, 

the usual metabolic pathway of β-oxidation, which oxidizes higher-chain VFAs (i.e., >C2), 

becomes thermodynamically less favorable.  This is due to successive product inhibition as these 

species begin to accumulate in the system (Pind et al. 2003).  Under certain conditions, reverse β-

oxidation may occur (Agler et al. 2012, Steinbusch et al. 2011, Vasudevan et al. 2014).  Reverse 

β-oxidation becomes more favorable in the presence of highly reduced compounds, such as 

ethanol, and when H2 partial pressures are high (Spirito et al. 2014).  Also, propionate (C3) is a 

common degradation product of many feedstock types (especially protein-rich substrates), and it 

is particularly sensitive to acetate accumulations and high H2 partial pressures, since these are its 

oxidation products (de Bok et al. 2004, Labatut et al. 2014).  Indeed, for propionate oxidation to 

be thermodynamically favorable, H2 must exist at concentrations below ~10-4 atm through its 

removal by hydrogenotrophic methanogenesis (Schmidt and Ahring 1993).  Moreover, because 
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propionate and n-butyrate (C4) are precursors to acetate formation, there accumulation would 

indicate imbalances either at the acetogenic or methanogenic steps (Aguilar et al. 1995). 

For particulate substrates with relatively slow hydrolysis rates, system failure due to organic 

overloading is less common (Pavlostathis and Gossett 1986, Pavlostathis and Giraldo‐Gomez 

1991).  For substrates with slow hydrolysis rates, pre-treatments (mechanical, thermal, acid, 

alkaline, oxidative, or combination thereof) can be employed to carryout hydrolysis directly or to 

improve hydrolysis rates during anaerobic digestion (Agler et al. 2008, Borja et al. 1995, 

Cammarota et al. 2001, Fan et al. 1982, Hartmann et al. 2000, Hendriks and Zeeman 2009, Masse 

et al. 2003). 

In dairy manure, lignocellulosic fibers account for ~60% of the organic matter content (volatile 

solids (VS) basis), and are particularly recalcitrant to hydrolysis (Labatut et al. 2011).  In some 

circumstances the products of hydrolysis can outpace their subsequent utilization in the acidogenic 

step (Izumi et al. 2010).  For example, this has been observed with long-chain fatty acids (LCFAs), 

which are hydrolyzed from lipids (Angelidaki et al. 1990, Pereira et al. 2004).  LCFA inhibition 

has been documented for lipid-rich substrates, such as fats, oils, and greases (FOGs) (Angelidaki 

et al. 1990, Neves et al. 2009a, b), slaughterhouse wastes (Hejnfelt and Angelidaki 2009, Lokshina 

et al. 2003, Palatsi et al. 2011), and biodiesel waste (Regueiro et al. 2012), amongst others.  In 

cases where the acidogenic step is rate limiting, this would be indicated by increasing levels of 

soluble COD relative to any increase in COD from the short-chain fatty acid pool.  

Process imbalances are usually the result of organic overloading of the anaerobic digestion system 

by the operator (Chen et al. 2012).  Generally, when substrates containing mostly particulate 

organic matter are overloaded, hydrolysis will limit substrate conversion and effluent particulate 
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COD will increase, while short-chain VFAs do not change appreciably (Usack and Angenent 

2015).  Conversely, when substrates containing mostly soluble organic matter are overloaded, 

methanogenesis will be the rate limiting step and VFA concentrations will increase (Borja and 

Banks 1995, Leitao et al. 2006).  During reactor start-up or following a system failure when 

biomass concentrations are low or inhibited, organic overloading is more likely to occur (Usack et 

al. 2014).  For this reason, it is important that the organic loading rate be increased gradually to 

allow sufficient biomass recruitment and acclimatization (Ahring 1994).  The relatively long start-

up and recovery periods associated with anaerobic digestion are considered a major drawback of 

this technology (Suwannoppadol et al. 2011).   

Process imbalances may also arise as a result of toxic compounds contained in the feedstock, such 

as antibiotics (e.g., livestock feed supplements – Monensin or Tylosin) (Angenent et al. 2008, 

Varel and Hashimoto 1981), or various salt ions (e.g., ammonia, potassium, sulfate/sulfide) (Fang 

et al. 2011b, Hashimoto 1986, Hilton and Archer 1988), or organic compounds (e.g., LCFAs, 

chlorophenals, halogenated aliphatics) (Palatsi et al. 2009, Sierra-Alvarez and Lettinga 1991, Yang 

and Speece 1986).  Ammonia, followed by LCFA inhibition, is perhaps the most relevant 

inhibitory compound in the context of farm-based co-digestion due to its prevalence in many 

feedstock materials (Chen et al. 2008, Mata-Alvarez et al. 2011).  Various inhibition models have 

been devised to characterize toxicity response in anaerobic systems (Pavlostathis and Giraldo‐

Gomez 1991, Speece 1996).  However, the biokinetic modifiers and inhibition coefficients applied 

in these models are typically empirical, having been derived from controlled experiments with 

well-defined substrates and media.  This limits their applicability to farm-based anaerobic 

digestion and co-digestion scenarios where complex substrate mixtures are used and the biomass 

acclimatization-state is unknown (Chen et al. 2008, Speece 1996).  In lieu of having to choose, or 
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empirically derive, the biokinetic and inhibition terms for a particular co-digestion application, 

small-scale studies are often performed to assess process inhibition (Usack et al. 2012).  What 

follows is a specific description of the particular mechanisms of ammonia, potassium, and LCFA 

inhibition on anaerobic microbiota, since these compounds are of particular relevance to the co-

digestion research conducted in this study.   

2.2.3 Ammonia Toxicity 

In anaerobic digestion systems, ammonia is generated by the degradation of proteins, nucleic acids, 

and urea, which exist in high concentrations in animal wastes, especially swine and poultry manure 

(Garcia and Angenent 2009, Sharma et al. 2013).  Ammonium exists in two forms in aqueous 

solutions, the ionized (NH4
+) and unionized forms (NH3), the distribution of which is dependent 

on the temperature and pH of the solution, according to Equation 2.1 (Østergaard 1985).   

Equation 2.1: 

 [NH3]   =  [Total Ammonia]·(1+10-pH/10-pKa)-1 

 pKa  =  0.09108 + 2729.92·T-1 

Where:  [NH3] = ammonia in the unionized form, mg NH3-N·L-1, 

     [Total Ammonia] = total concentration of ammonia, mg NH3-N·L-1 

T = the temperature, in °K. 

The anaerobic degradation of nitrogenous organic compounds also leads to the production of 

bicarbonate, which increases the alkalinity of the system, resulting in a greater proportion of 
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unionized ammonia and providing some buffering capacity according to Equations 2.2 and 2.3 

(Speece 1996).   

Equation 2.2: 

   RCHNH2COOH + 2H20 → RCOOH + NH3 + CO2 + 2H2 

Equation 2.3: 

   NH3 + H2O + CO2 → NH4
+ + HCO3

- 

The unionized ammonia form is considered to be more toxic than the ionized form (Rajagopal et 

al. 2013), causing inhibition at ranges of 0.1 – 1.1 g NH3-N·L-1, depending on the acclimatization 

state of the biomass and other inhibitory antagonisms (Hansen et al. 1998, Nielsen and Angelidaki 

2008).  For example, Koster and Lettinga (1988) showed that well-acclimated biomass could 

accommodate a total ammonia concentration that was 6.2 times greater than the initial 

concentration causing toxicity (Koster and Lettinga 1988).  It is possible for the anaerobic 

digestion process to remain somewhat stable despite experiencing ammonia inhibition, also 

referred to as “inhibited steady-state” in which the resulting accumulation of VFAs shifts the 

distribution of total ammonia away from free ammonia to achieve an equipoised state by regulating 

the pH of the system (Angelidaki and Ahring 1994, Usack and Angenent 2015).   

The unionized ammonia is considered more toxic than the ionized form because it can more easily 

permeate the cell membrane (Müller et al. 2006).  Once inside the cell, unionized ammonia (NH3) 

is thought to disrupt the pH balance, because some proportion of the NH3-pool is converted to 

ionized ammonium (NH4
+) in accordance with the intracellular pH (Gallert et al. 1998, Kayhanian 
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1999).  Consequently, the cell must expend energy to re-establish the pH balance by exchange of 

ions in a potassium cation pump (Sprott et al. 1984).   

Specifically for methanogens, ammonia is thought to interfere with methane formation at the mcrA 

enzyme (Gallert et al. 1998, Kayhanian 1999).  Within the methanogenic clade, hydrogenotrophic 

methanogens and syntrophic acetate oxidizers have been observed to be more resistant to ammonia 

toxicity compared to acetoclastic methanogenesis, leading to corresponding changes in methane 

metabolism and community structure that favor syntrophic acetate oxidizers and hydrogenotrophic 

methanogens (Angenent et al. 2002, Schnurer and Nordberg 2008, Werner et al. 2014). 

Finally, as suggested by the temperature term in Equation 2.1, temperature plays a role in 

ammonia speciation, and thus toxicity.  Garcia and Angenent (2008) showed that an increase in 

temperature from 25°C to 35°C almost doubled the free ammonia concentration in a digester 

treating swine manure.  Despite greater ammonia toxicity, however, they observed a relative 

increase in methane yield at 35°C compared to 25°C, which they attribute to the temperature-

related kinetic increase in methanogenesis. 

2.2.4 Potassium Salt Inhibition 

Potassium, which is a monovalent metal, is an essential macronutrient in biological systems 

(Schnurer and Nordberg 2008).  However, when present at high concentrations, inhibition may 

occur (Fang et al. 2011b).  All organisms that utilize semi-permeable membranes for the exchange 

of metabolites and inorganic ions are susceptible to osmotic pressures induced by concentration 

gradients of solutes between the intercellular cytoplasm and the external medium.  High salt 

concentrations in the medium relative to the cytoplasm will force water to move out of the cell 

causing dehydration (Brock 1970, de Baere et al. 1984).   
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Kugelman and McCarty (1965) tested the toxicity response of acetoclastic methanogens to various 

metal cations over a range of dosages and found that potassium caused a 50% reduction in methane 

production to non-acclimated biomass at a concentration of 0.15M (Kugelman and McCarty 1965).  

However, this value does not account for the acclimatization potential of the biomass.  Many 

studies have shown it is possible to treat high salt content waste streams using anaerobic digestion 

as long as sufficient acclimatization time is granted (de Baere et al. 1984, Feijoo et al. 1995, Soto 

et al. 1993, Vyrides and Stuckey 2009). 

The adaptation of biomass to increasing concentrations of external osmotic pressure involves the 

intracellular accumulation of first, potassium ions (and its counter ion, glutamate), up to a certain 

external threshold concentration (e.g., ~0.5M NaCl for Gram-negative bacteria, (Galinski 1995)).  

After this, a secondary response is initiated, which has been characterized by the production of 

neutral osmolytes (e.g., glycine, betanine, carnitine, and proline (Beumer et al. 1994)).  These 

osmolytes, unlike the potassium ion, do not interfere with cellular processes but yet can be highly 

concentrated in the cell to counteract osmotic pressures imposed externally (Sleator and Hill 2002, 

Yancey et al. 1982).  However, there is a limit to the rate of acclimatization on account of 

concomitant intracellular structural changes (Sleator and Hill 2002).  Also, some studies have 

suggested that nutrient limitations, or synergistic antagonism of multiple solute species, may 

reduce the ability of the biomass to acclimate to high-salt conditions (Feijoo et al. 1995, Vyrides 

and Stuckey 2009).   

2.2.5 Long-Chain Fatty Acid Inhibition 

Lipids are considered ideal co-substrates for anaerobic digestion since they have higher energy 

content compared to carbohydrates and proteins (Table 2.1) (Alves et al. 2009, Sousa et al. 2008).  
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However, the risk of LCFA accumulation, which results from the rapid hydrolysis of lipids, 

requires careful feeding strategies to avoid organic overloading (Palatsi et al. 2009).  Similar to 

short-chain fatty acids, the β-oxidation pathway sequentially degrades saturated LCFAs, producing 

acetate (C2) and molecular hydrogen (H2) (Lalman and Bagley 2000).  Thus, utilization of this 

metabolic pathway requires that acetate and the H2 concentrations be kept low by syntrophic 

acetate oxidizing bacteria and hydrogenotrophic methanogens to remain thermodynamically 

favorable (Pind et al. 2003). 
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Table 2.1: Potential biogas production from different classes of substrates (Alves et al. 

2009) 

 

Studies have shown that LCFAs cause microbial inhibition at fairly low concentrations (Palatsi et 

al. 2009).  For example, linoleic acid (C18:2), oleic acid (C18:1), and stearic acid (C18:0) were 

shown to cause inhibition at concentrations exceeding 100 mg·L-1 (Angelidaki and Ahring 1992, 

Lalman and Bagley 2002), and palmitic acid (C16:0) at 1100 mg·L-1 (Pereira et al. 2005).  

Moreover, LCFAs are thought to be more toxic to methanogens than to acidogens (Lalman and 

Bagley 2002, Palatsi et al. 2009), and more so to acetoclastic methanogens than hydrogenotrophic 

methanogens (Alves et al. 2009, Hanaki et al. 1981, Pereira et al. 2003, Rinzema et al. 1994).  

Furthermore, Rinzema et al. (1994) tested the effect of shock loadings of LCFAs on granular 

methanogenic sludge and found that hydrogen producing acetogens and hydrogen-utilizing 

methanogens are able to recover from LCFA toxicity faster than acetoclastic methanogens 

(Rinzema et al. 1994).   

It has been proposed that the discrepancy in recovery rate between hydrogenotrphic and 

acetoclastic methanogens is due to greater diffusivity of the H2 molecule across the LCFA layer 

surrounding the cells (Alves et al. 2009).  Indeed, the predominant theory concerning the 

mechanism of LCFA inhibition is that the fatty acid molecules physically adsorb to the microbial 

cells or cellular aggregates, and thereby obstruct trans-membrane processes (Alves et al. 2009, 

Neves et al. 2009b, Pereira et al. 2004, Pereira et al. 2005, Zonta et al. 2013).  Also, LCFA 

entrapped biomass may be more vulnerable to washout from the system due to the effect of 



16 
 

flotation and foaming often associated with LCFA overloading, especially in upflow anaerobic 

sludge blanket (UASB) systems (Hejnfelt and Angelidaki 2009, Hwu et al. 1997, Hwu et al. 1998). 

Finally, it has been suggested that dairy manure has a mitigating effect on LCFA inhibition due to 

its high concentration of bio-fibers.  These bio-fibers provide additional surface area for adsorption 

to reduce the amount of adsorbed LCFAs per gram of biomass (Labatut et al. 2014, Nielsen and 

Ahring 2006). Indeed, some have suggested that adding neutral materials with high surface 

adsorption capacity would mitigate LCFA accumulation (Angelidaki et al. 1990, Palatsi et al. 

2009).   

2.3 Agricultural Applications of Anaerobic Digestion 

2.3.1 Reactor Configurations in the U.S. 

There are many reactor configurations used for anaerobic digestion processes.  A few common 

configurations include the: completely-stirred tank reactor (CSTR); plug flow (PF), up-flow 

anaerobic sludge blanket (UASB); anaerobic migrating blanket reactor (AMBR); anaerobic 

baffled reactor (ABR), and anaerobic sequencing batch reactor (ASBR) configurations.  The PF 

and CSTR are most commonly used for farm-based applications due to their simple construction 

and easy operation.  According to the U.S. EPA AgSTAR annual report in 2010 on anaerobic 

digestion, the PF digester system was the most common configuration employed on farms (~50%), 

which was followed by CSTR (~23%).  In the Northeastern U.S., the CSTR system was the most 

common (est. 55–65% of all current projects), and they are projected to become more prevalent 

nationally as more farms turn to co-digestion technology (AgSTAR 2010).   

In terms of handling toxicity, the CSTR system is somewhat protected from toxicity episodes by 

allowing greater dilution of the toxic dose via mixing, while the PF system is less prone to system-
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wide inhibition by restricting the toxic dose to a discreet fluid packet within the system.  This is 

an important consideration for farms employing co-digestion, since feeding of co-substrates often 

occurs intermittingly in relatively large-doses (i.e., many farms in the northeastern U.S. do not use 

holding tanks).  

2.3.2 Digester Systems in Rural Areas of Developing Countries 

Anaerobic digestion is serving an increasingly important role in rural areas of developing countries 

such as China (Daxiong et al. 1990), India (Shyam 2002), Indonesia (Usack et al. 2014), Costa 

Rica (Garfí et al. 2011), and Peru (Ferrer et al. 2011).  In these countries, a large portion of the 

population lives in remote villages that lack access to premium fuel sources such as electricity or 

fossil fuels.  However, procuring fuel for cooking is a necessity for most villagers (Lansing et al. 

2008).  Traditionally, villagers use woody biomass collected from their local environment as a fuel 

source, which is burned using indoor cook stoves.  Unfortunately, indoor biomass combustion is 

detrimental to air quality and poses serious human health risks (Garfí et al. 2012).  Moreover, the 

task of collecting firewood is labor-intensive and time consuming, which has socio-economic 

consequences, since less time is available for pursuing other activities such as education and 

recreation (Usack et al. 2014).  Since many households also own livestock, and thus have access 

to animal manures, anaerobic digestion technology has been promoted as a source of clean cooking 

fuel (i.e., biogas) to replace woody biomass.  These initiatives have received considerable 

government sponsorship and university support for the past several decades.  

Those charged with the design of these household- to village-scale digester systems face particular 

constraints, namely that the systems have to be inexpensive, easy to construct and maintain, and 

durable (Martí-Herrero 2011, Martí-Herrero and Cipriano 2012).  Several models emerged 
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including the Chinese model, which is constructed using concrete in a vertical fixed-dome 

configuration and operated as long-term batch system (Figure 2.2) (Daxiong et al. 1990); the 

Taiwanese model, which is a simple flow-through system consisting of a horizontal polyethylene 

tubular-shaped bag (Figure 2.3) (Lansing et al. 2010b); and finally, the Indonesian model, another 

flow-through system.  This model uses rigid PVC tubing for the digester body and is operated like 

a typical PF system (Figure 2.4) (Usack et al. 2014).   

Figure 2.2: Chinese model digester (Daxiong et al. 1990) 
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Figure 2.3: Taiwanese model digester (Lansing et al. 2008) 
 

Figure 2.4: Indonesian model digester (Usack et al. 2014) 

 

The major drawbacks of the Chinese model are its comparatively high capital cost and complex 

construction and the need to periodically dredge the system (Daxiong et al. 1990, Garfí et al. 2014).  

While the Taiwanese model digester is considerably cheaper and easier to install, field studies have 

revealed that the polyethylene reactor bags become brittle over time when exposed to sunlight. 

They are prone to breakage, and therefore require periodic replacement, which is costly (Garfí et 

al. 2014).   
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Finally, a major drawback of both the Taiwanese and Indonesian flow-through systems is their 

tendency to clog with solids over time, which discourages their continued use by villagers and 

reduces digester performance.  Certainly, some degree of solids accumulation is inevitable, but in 

severe cases it can result in decreased system performance, since the effective volume of the 

digester is decreased, and thereby shortening the hydraulic retention time (HRT) of the system.  

Manure contains high levels of lignocellulosic solids, which tend to settle and persist due to their 

low biodegradability.  Finally, clogging can be exacerbated when the resting angle of the digester 

deviates from horizontal, since the settled solids will tend to pool at the digester outlet and restrict 

flow (Usack et al. 2014).   

2.3.3 Mono-Digestion of Dairy Manure 

The majority of U.S. farm-based anaerobic digestion projects involves dairy manure as the 

principal substrate (EPA 2014b).  Dairy manure is particularly conducive to anaerobic digestion 

because it has near neutral pH, high buffering capacity, sufficient nutrient and trace metal 

concentrations, and high organic matter content.  However, the organic matter in dairy manure is 

mostly in the particulate form (~80% of total COD), and thereby dependent on hydrolysis, making 

organic overloading less likely (Usack and Angenent 2015).  Moreover, the organic solids are 

composed primarily of lignocellulosic fibers (40 – 60%) (Boe and Angelidaki 2009, Labatut et al. 

2014), which are resistant to hydrolysis and partly explain the relatively low biogas yield found 

experimentally at typical loading rates (200-250 mL CH4·gram VSadded
-1) relative to the theoretical 

yield (400-470 mL CH4·gram VSadded
-1) (Castrillón et al. 2011, Hartmann et al. 2000, Møller et al. 

2004).   
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Several studies have investigated the effect of mechanical pretreatment (e.g., maceration, 

pulverization, blending, and ultrasound) on the biodegradability of manure fibers (Angelidaki and 

Ahring 2000, Castrillón et al. 2011, Hartmann et al. 2000).  Generally, biogas yields increase as 

the size of fiber particles is reduced.  Mechanical pretreatment helps break apart the lignocellulose 

complex creating greater surface area, and therefore allows greater enzymatic access for hydrolysis 

(Angelidaki and Ahring 2000, Fan et al. 1982).  For example, Hartmann et al. (2000) investigated 

the effect of mechanical maceration on the biogas yield of manure and observed up to a 25% 

increase in biogas production (Hartmann et al. 2000). 

However, energy generation from farm-based anaerobic digestion systems treating solely dairy 

manure is often not economical due to the relatively low value of methane and the marginal 

payback for on-site electricity generation (Banks et al. 2011b).  An effective approach to improve 

the economic return of a digester system is to blend industrial organic wastes, such as food waste, 

with the manure to obtain greater methane yield and receive gate-fees from the industries supplying 

the wastes (Bishop and Shumway 2009, El-Mashad and Zhang 2010).  An economic evaluation 

by Bishop and Shumway (2009) of dairy farm anaerobic digestion determined that gate-fees 

constitute the highest source of net present value (i.e., NPV) for digester systems, with electricity 

production the second greatest contributor (Bishop and Shumway 2009).  It was also demonstrated 

that without gate-fees the co-digestion scenario would have a negative NPV even when the boost 

in revenue resulting from greater energy generation is included (Bishop and Shumway 2009).   

2.4 Co-Digestion of Dairy Manure and Organic Wastes 

2.4.1 Effect on Digester Performance and Stability 
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Anaerobic co-digestion is simply defined as the mixture of two or more organic substrates for 

treatment by anaerobic digestion.  Conventionally, organic co-substrates are classified according 

to their relative composition of proteins, carbohydrates, and lipids since this will have implications 

for the treatment approach.  Generally, the main concerns when treating protein-, carbohydrate-, 

and lipid-rich substrates are ammonia toxicity, acidification, and LCFA accumulation, 

respectively.  Theoretically, the methane yield of lipids (i.e., 990 mL CH4·gram-1) is greater than 

that of proteins (i.e., 634 mL CH4·gram-1), which is greater than that of carbohydrates (415 mL 

CH4·gram-1) (Alves et al. 2009).  In most cases, co-substrates used for co-digestion on dairy farms 

are more biodegradable compared to dairy manure, and therefore will increase the methane yield 

of the anaerobic system when co-digested.  However, the amount of additional methane that can 

be generated from co-digestion will vary considerably between substrate types, digester 

configuration, operational parameters, and the acclimatization state of the biomass (Alvarez et al. 

2010).   

Anaerobic co-digestion has been extensively studied and much literature exists to document the 

effects of various co-substrate mixtures and associated operational parameters on the performance 

and stability of the anaerobic digestion process.  Studies show co-digestion is a practicable 

technology that may improve the methane yield and increase the stability of the anaerobic 

digestion system compared to single substrate digestion (Fang et al. 2011a, Kaparaju and Rintala 

2005, Zhang et al. 2012).  Several factors are cited for the realized benefits of co-digestion, which 

include optimizing the carbon-nitrogen ratio (C/N) of the substrate mixture (Wang et al. 2012), 

remedying nutrient or trace element limitations (Zhang et al. 2012), conferring buffering capacity 

(Kaparaju and Rintala 2005), or diluting/neutralizing inhibitory compounds (Fang et al. 2011b).  

However, incidences of decreased performance and stability have also been reported.  Relevant to 
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this study, co-substrates that possess, or give rise to, inhibitory or toxic chemical compounds, such 

as long-chain fatty acids (Neves et al. 2009b), ammonia (Garcia and Angenent 2009), and other 

salts (Fang et al. 2011b), may contribute to decreased performance.  Also, certain physical 

mechanisms, such as foaming and flotation, disrupt the steady operation of anaerobic digestion 

systems and may cause biomass washout (Hejnfelt and Angelidaki 2009, Hwu et al. 1998).   

In a study that I performed for this dissertation, three organic waste types: 1) food waste; 2) alkaline 

hydrolysate; and 3) crude glycerol, were selected as co-substrates to be blended with dairy manure 

in a co-digestion system.  These wastes are characterized as having high methane producing 

potential and are expected to increase methane yield from farm-based anaerobic digestion system 

treating dairy manure.  However, these co-substrates also harbor particular qualities that have been 

known to be inhibitory to the anaerobic digestion process, which necessitates continuous digestion 

studies at the laboratory-scale.  

2.4.2 Food Waste Co-digestion: Literature Review 

Food waste is a common co-substrate applied in farm-based co-digestion schemes due to its high 

biodegradability, favorable nutrient balance, widespread availability, and its inherent connection 

to farms engaged in food production (Zhang et al. 2007).  Several studies have demonstrated that 

co-digestion of animal manure with food waste results in greater performance and stability than 

can be achieved by the digestion of either substrate individually (Alvarez and Lidén 2008, Li et al. 

2009, Zhang et al. 2012).  In most cases, food wastes do not pose serious threats to the stability of 

the anaerobic digestion process when co-digested with animal manure as most are hydrolysis 

limited.  However, the term “food waste” encompasses a wide spectrum of composition types, 

some of which can be detrimental (Zhang et al. 2007).  For example, Banks et al. (2011) found 
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that food waste from a domestic kitchen contained high levels of proteins, which led to the 

accumulation of ammonia (Banks et al. 2011a).  Also, other studies have found that certain food 

wastes contain high levels of salts (Fang et al. 2011b).  Finally, food wastes characterized by high 

hydrolysis rates and low inherent alkalinity could lead to acidification of the anaerobic digestion 

process (Murto et al. 2004).  However, this problem is usually remedied by co-digestion with 

animal manures, which have sufficient alkalinity to buffer the system in face of acid accumulation 

(Kaparaju and Rintala 2005).   

2.4.3 Alkaline Hydrolysate Co-digestion: Literature Review 

Alkaline hydrolysate is produced by the hydrolysis of animal tissue in the presence of alkali and 

high temperature and pressure.  The process yields a sterile aqueous solution (i.e., hydrolysate) of 

high organic strength, which is comprised mostly of sugars, amino acids, fatty acids, and their 

soaps (Das 2008), suggesting that it could be treated by anaerobic digestion.  A preliminary 

characterization of this substrate was conducted by Gottlieb et al. (2001), who found that alkaline 

hydrolysate contained high levels of potassium (19,000 mg·L-1), high nitrogen content (i.e., 3,800 

mg N·L-1 as TKN), and high lipid content (3,700 mg·L-1) (Gottlieb et al. 2002).  The high protein 

and lipid content may lead to instability of the anaerobic digestion process through an 

accumulation of their degradation products, ammonia and long-chain fatty acids (LCFA), 

respectively (Palatsi et al. 2011).  In addition, the high residual salt concentration resulting from 

the alkali treatment process (KOH or NaOH) may inhibit poorly acclimated biomass (Fang et al. 

2011b).  Finally, soap formation from this substrate may cause excessive foaming, which could 

lead to system instability by entrapping and removing biomass (Hejnfelt and Angelidaki 2009). 
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Few studies have investigated the effect of pre-treatments, such as alkaline hydrolysis on 

slaughterhouse or animal byproduct wastes for use in anaerobic digestion treatment.  In one study 

it was found that pasteurization (70°C, 1 h) greatly increased biogas production from mesophilic 

digestion of animal byproducts compared to non-pasteurized animal byproducts when tested in 

batch (Edström et al. 2003).  A similar result was found by Paavola et al. (2006), who compared 

the performance of pasteurized animal byproduct waste (ABW) (70°C for 1 h, particle size 

<12mm) with non-pasteurized animal byproduct waste by co-digestion with dairy manure (80:20 

mixture of manure to ABW on a volatile solids (VS) basis) at 35°C, with an HRT of 20 days and 

an OLR of 2.5 grams VS·Lreactor
-1·Day-1 (Paavola et al. 2006).  The two systems showed signs of 

instability shortly after start-up, and again after the systems were reset.  However, the systems 

stabilized after three hydraulic retention periods, and by this point, the pasteurized ABW produced 

between 14% and 18% more methane than the non-pasteurized ABW.   

In another study, Hejnfelt and Angelidaki (2009) found that the various pretreatments of pork 

slaughterhouse byproducts (70˚C for 1 h; alkaline hydrolysis at 50-100 g NaOH·kgVS-1; 

autoclaving at 133˚C and 300kPa for 20 min), did not significantly change the biodegradability of 

the wastes when tested in batch experiments (Hejnfelt and Angelidaki 2009).  However, from an 

operational standpoint, they found that both the untreated and pre-treated animal slaughterhouse 

byproducts resulted in excessive foaming, assumedly on account of LCFA accumulation, and this 

compromised digester stability (Hejnfelt and Angelidaki 2009).   

Cuetos et al. (2010) found that both untreated and heat- and pressure-treated slaughterhouse waste 

could not be successfully digested at mesophilic temperatures with an HRT of 36 days and an OLR 

of 2.6 grams VS·Lreactor
-1·Day-1 when combined with the organic fraction of municipal solids waste 

(Cuetos et al. 2010).  They observed foaming problems, which they attributed to LCFA 
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accumulation, and they observed high VFA concentrations, which were dominated by propionate 

and higher-chain VFAs.  They also proposed that pre-treatment may make slaughterhouse waste 

less digestible by promoting the production of recalcitrant nitrogenous organics during the 

treatment process (Cuetos et al. 2010).   

Bayr et al. (2012) tested anaerobic digestion using solely slaughterhouse waste in a mesophilic 

CSTR at a 50-Day HRT and an OLR of 0.5 grams VS·Lreactor
-1·Day-1 and achieved a specific 

methane yield of 965 mL CH4·grams VSadded
-1 (Bayr et al. 2012).  They also found that anaerobic 

digestion at an OLR of 2.0 grams VS·Lreactor
-1·Day-1 could not be sustained due to ammonia or 

LCFA inhibition.  However, Edstrom et al. (2003) demonstrated that with sufficient 

acclimatization time, stable digestion on solely animal by-products (pretreated at 70 °C, 1 h) could 

be achieved at an OLR of 5 grams VS·Lreactor
-1·Day-1 with a 22-Day HRT; despite a total ammonia 

concentration exceeding 4000 mg NH3-N·L-1.  However, the VFA concentrations seemed to be 

accumulating toward the end of the operation period suggesting system failure was imminent 

(Edström et al. 2003).  

2.4.4 Crude Glycerol Co-digestion: Literature Review 

Glycerol, or propane-1,2,3-triol, is a byproduct of the trans-esterification process of oils and fats 

in biodiesel manufacturing.  The main constituents of vegetable oils and animal fats are 

triglycerides.  The triglyceride molecule is composed of three fatty acids chains connected to a tri-

hydric alcohol backbone (i.e., glycerol) by ester bonds.  In the trans-esterification process, the 

triglyceride molecule is reacted with an alcohol (e.g., methanol) and a catalyst, such as sodium 

hydroxide (NaOH) or potassium hydroxide (KOH). This cleaves the three fatty-acid chains from 

the glycerol backbone generating free fatty-acid methyl esters (i.e., FAMEs), which are used for 
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biodiesel.  For every 10 liters of biodiesel produced from vegetable oils or animal fats, 

approximately 1 liter of crude glycerol is produced (Blaschek et al. 2010).   

Although crude glycerol has traditionally served as a platform chemical, there was concern that 

after the recent proliferation of the biodiesel industry, the glycerol market would become saturated.  

This would have reduced its market value, and rendered purification uneconomical (Siles López 

et al. 2009, Yazdani and Gonzalez 2007).  Therefore, alternative end-uses have been pursued and 

developed (Chi et al. 2007).  Due to the high-energy density, biodegradability, and long-term 

storage potential of crude glycerol, anaerobic digestion is a potential end-use technology 

(Castrillón et al. 2013).  

The composition of crude glycerol depends greatly on the feedstock oil used in the biodiesel 

manufacturing process as well as the parameters of the production process itself (i.e., catalyst, 

trans-esterification agent) and finally the conversion efficiency (Kolesárová et al. 2011, Robra et 

al. 2010, Thompson and He 2006).  Crude glycerol contains 50–60% glycerol, 12–16% alkali 

soaps, 15–18% methyl esters, 8–12% methanol, and 2–3% water.  However, when used-vegetable 

oil is utilized as feedstock, the composition of crude glycerol can deviate considerably from this 

range of values (Kolesárová et al. 2011).  For example, crude glycerol generated from pure oil 

feedstock biodiesel (e.g., rapeseed, safflower, soybean) may contain a lipid content of ~1–13% 

(w/w) and carbohydrate content of ~75–83% (w/w), while crude glycerol produced from used-

vegetable oil may contain ~60% (w/w) as lipids and ~27% as carbohydrates (Thompson and He 

2006).  A greater risk of LCFA-related inhibition exists for crude glycerol containing higher 

proportions of lipids.   
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Several recent studies have demonstrated the dramatic increase in methane yield that can be 

realized when glycerol is used as co-substrate (Amon et al. 2006b, Astals et al. 2012, Regueiro et 

al. 2012).  However, results vary considerably between studies, due mainly to the compositional 

heterogeneity of this substrate.  Mladenovska et al. (2003) measured a specific methane yield of 

382 ± 35 mL CH4·g VSadded
-1 when blending 2% glycerol trioleate (w/w) with dairy manure 

(Mladenovska et al. 2003).  In another study, the long-chain fatty acid, oleate, was added at 2.0 

grams VS·Lreactor
-1·Day-1 to a basal OLR of 1.7 grams VS·Lreactor

-1·Day-1 as dairy manure, and this 

did not significantly reduce methane yield, however, it was hypothesized that the biomass was 

already acclimated to LCFAs at the point when the oleate was introduced (Baserba et al. 2012).   

Alvarez et al. (2010) co-digested 18% biodiesel waste with swine manure (w/w) and observed a 

very low specific methane yield after a long-lag phase that resulted from some form of inhibition.  

Although a 9% biodiesel waste mixture resulted in a more favorable methane yield, it still exhibited 

a relatively long lag-phase of 10-15 days (Alvarez et al. 2010).  Finally, in a study by Robra et al. 

(2010) in which crude glycerol was blended with cattle manure for continuous digestion at 

mesophilic temperatures with manure:glycerol mixture ratios of 95:5, 90:10, 85:15 (w/w), it was 

found that the 85:15 mixture caused system failure, while the other two mixtures could be digested 

successfully (Robra et al. 2010).  

2.5 Life-Cycle Assessment and Economic Analysis of Farm-based Biogas Systems 

2.5.1 Overview of Life Cycle Assessments and Techno-Economic Analyses 

The purpose of a life cycle assessment (LCA) is to provide a standard methodology for 

quantitatively assessing the environmental impacts associated with a product, process, or system 

at each stage of the life of the item.  This is accomplished by applying mass and energy flows for 
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each component then computing the cumulative environmental impact (Cherubini 2010).  By 

quantifying all the resource inputs, outputs, and environmental burdens at an individual component 

level, LCAs serve as useful tools for identifying “hot-spots” within the system that have a large 

impact on overall performance, and thereby fostering informed decision making and guiding 

optimization efforts (Evangelisti et al. 2014).   

There are two basic types of LCAs, those which assume an attributional approach, and those which 

assume a consequential approach (Thomassen et al. 2008a).  Attributional LCAs are used to 

determine the performance of existing processes or systems by assigning average or current data 

to unit processes, while consequential LCAs are used to determine the effects of making changes 

to an existing process or system.  For example, through the integration of a new technology or a 

change in market demand for the product or services (Rehl et al. 2012).  An attributional LCA 

would be used to determine the amount of greenhouse gas (GHG) emissions from electricity 

production through anaerobic digestion, while a consequential LCA would be used to determine 

the impact of replacing electricity from fossil fuels with electricity from anaerobic digestion.   

Analogously, there are two basic frameworks for assessing the economic performance of a product, 

process, or system throughout its life time.  The first is the life-cycle costing (LCC) analysis, 

which, like attributional LCAs, aims to establish the profitability of processes or systems, from 

basic accounting of the cash flow over the course of the lifetime of the product including capital 

costs, operating revenue and costs, and end-of-life revenue and costs (Zhang et al. 2013).  The 

second approach, referred to as techno-economic analysis (TEA), combines an economic 

evaluation with the technical design of a process or system to understand the consequences of 

implementing one or several competing process technologies or system configurations in terms of 

economic feasibility (Murphy et al. 2004).  A TEA requires technical information regarding 
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process-specific material and energy flows, and efficiencies in addition to the data needed for LCC 

analysis (Sanscartier et al. 2011).  For this reason, TEA is a more appropriate tool than LCC 

analysis for modeling and designing new projects.   

TEA and LCA can be combined to evaluate both the economic and environmental performance of 

a process or system, sometimes referred to as an “environomic” analysis (Gerber and Maréchal 

2012).  It is important in such an analysis that the data applied for the environmental and economic 

aspects are consistent in terms of scope, design, process efficiencies, material and energy sourcing, 

allocation method, and cost values.  There is the option in an environomic analysis to keep the cost 

and environmental impact scores separate, or to combine them into an overall score by assigning 

a monetary cost to the environmental damage categories (e.g., carbon tax = $0.08·kg CO2eq-1) (De 

Schryver et al. 2009).  The advantage of this approach is that it reduces the number of decision 

criteria in optimization oriented LCA-TEA, however, it is often difficult to estimate the real costs 

of various environmental impacts, which contributes additional uncertainty to the model (Papa et 

al. 2013).  

One of the major drawbacks of LCA or TEA is the difficulty of making reliable comparison 

between studies, even amongst similar processes or systems (Cherubini 2010, Patterson et al. 

2011).  LCA-TEAs rely heavily on parameter assumptions or estimates that are often very site-

specific or market dependent, or which involve a high degree of uncertainty (Sills et al. 2013).  

Moreover, model development involves subjective decisions, such as how to allocate 

environmental burdens amongst co-products, where to draw system boundaries, and which 

environmental impact categories to report and how they should be weighted (Cherubini and 

Strømman 2011, Gnansounou et al. 2009).  For example, LCAs involving agricultural production 

processes are particularly variable due to differences in climate, soil conditions, and harvesting 
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methods between sites (Börjesson and Berglund 2007, Cherubini 2010).  In some cases, it is 

possible to normalize, or “harmonize,” model parameters across LCA studies to allow 

comparisons.  However, data availability is often a limiting factor in such endeavors (Lenzen and 

Munksgaard 2002, Whitaker et al. 2012).   

2.5.2 LCA and TEA Model Development Process 

There are four basic steps in the development of a life-cycle model: scope and goal definition, life-

cycle inventory analysis, life-cycle impact assessment, and interpretation (Cherubini 2010).  The 

“scope and goal definition” step involves defining the main function of the system being 

investigated and establishing a system boundary that encompasses all the relevant components 

contributing to the impacts.  Also, other model parameters, including cut-off limits, environmental 

impact categories, depreciation schedules, tax and discount rates, should be defined at this step 

(Curran 2012).  In the case of farm-based anaerobic digestion, for example, the main function of 

the system could be energy production (power or heat), waste treatment (COD or solids 

destruction), fertilizer production, or revenue.  This means that all the remaining products and 

services produced by the system have to be relegated as co-products.   

However, this poses a problem when it comes to assigning environmental burdens amongst these 

products and services (Weidema 2000).  With anaerobic digestion, for example, if power 

generation is selected as the main product of the system and heat a co-product, what share of the 

total GHG emissions are to be allocated (i.e., “charged”) to electricity production versus heat 

production?  Many allocation methods have been proposed for product/co-products impact sharing 

including, but not limited to, using the basis of mass, energy/exergy content, or economic value 

(Hennig and Gawor 2012, Muench and Guenther 2013, Patterson et al. 2011).  Allocation can 



32 
 

cause misleading results if the environmental burdens are assigned disproportionately between 

products, and the best approach for dealing with allocation is still being debated (Muench and 

Guenther 2013).  Many argue it is better to avoid allocation when possible, and this can be achieved 

by “system expansion” (Weidema 2000).  In system expansion, the system boundary is expanded 

to incorporate all the co-products of the system, so that the main product represents the sole output 

from the system, and the avoided environmental impacts associated with the production of the co-

products are treated as credits to the system.   

Another aspect of the scope definition is to decide its extent in terms of the product life-cycle.  A 

common extent applied is “cradle-to-grave.” This scope encompasses the whole life-cycle of the 

product including raw material extraction, manufacturing, and construction, as well as the material 

and energy flows consumed during the use-phase, all the way to the dismantling and disposal (i.e., 

grave).  The disposal phase may or may not include material recycling.  Another popular LCA 

framework, especially for product manufacturing industries, is “cradle-to-gate,” which avoids 

defining the end-use of a product or service.  This approach also ignores the impacts associated 

with dismantling and disposal, which is warranted if the impacts are deemed negligible compared 

to the production phase (Foley et al. 2010).  Finally, a “well-to-wheels” framework is typically 

used in the transportation fuel industry (Beer and Grant 2007, Gnansounou et al. 2009).   

After the goal and scope have been defined, the next step is to compile an inventory of all the 

process material and energy flows used in the lifetime of the system, and to quantify their relative 

contribution to the production of the functional unit of the system (Curran 2012).  Each unit of 

material or energy involved has its own specific environmental impact associated with its 

production, which can be found in various life-cycle inventory databases such as EcoInvent, NREL 

(National Renewable Energy Laboratory, USA), and ELCD (European Life Cycle Database).  For 
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example, according to the NREL database, for every kg of galvanized steel used in construction, 

approximately 2.6 kg of fossil CO2 and 3.79E-3 kg NOx are generated, amongst many other 

emissions.  The environmental impacts contributed by each process are then totalized to produce 

a final score for the system in the life-cycle impact assessment step.   

Since there can be literally hundreds of different emissions associated with the production of any 

one material or product, the convention is to group the emissions into broader categories to 

facilitate model interpretation.  For example, carbon dioxide (CO2), methane (CH4), and nitrous 

oxide (N2O) are all greenhouse gasses that contribute to global warming.  As a result, they are 

often reported as a combined Global Warming Potential score in CO2-equivalents after accounting 

for their relative GHG potency (Møller et al. 2009).  Other impact categories include 

eutrophication potential, acidification potential, ozone depletion, land use and degradation, and 

eco-toxicity.  One can take this grouping process one step further and combine these “midpoint” 

categories in terms of their damage to broader issues as “endpoint” categories, such as ecosystem 

quality (Poeschl et al. 2012a).  For example, EcoIndicator99 is a common endpoint damage 

assessment method that groups midpoint impact categories according to their effect on three 

endpoint categories: human health, resource depletion, and ecosystem quality.  The ecosystem 

quality endpoint category, for example, includes such midpoint categories as global warming, 

acidification, eutrophication, and land use.  Some models, like EcoIndicator99, also allow the 

model developers to apply different weights to these endpoint categories based on their perceived 

importance.  However, weighting introduces further uncertainty (Papa et al. 2013).   

The final step of a life cycle analysis is interpretation of the model.  Typically, analysts are looking 

to compare multiple systems in terms of their environmental or economic performance, but are 

also interested in identifying the component processes that contribute significantly to specific 
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performance criteria to facilitate system optimization.  The use of sensitivity and uncertainty 

analysis can be used in this step to identify the key parameters in a product life-cycle (Sills et al. 

2013).  

2.5.3 Sensitivity and Uncertainty Analysis 

Once a life-cycle model has been created and the key processes have been identified, a logical next 

step toward optimization is to perform a sensitivity and/or uncertainty analysis to evaluate how 

much and to what extent the performance of a system may change in response to changes in 

specific model parameters.  A system parameter is considered sensitive, when a small change in a 

specific parameter causes a very large change in system performance.  For example, in the case of 

farm-based anaerobic digestion systems, it has been shown that global warming potential (GWP) 

is very sensitive to fugitive emissions of biogas from the digester, due to the GHG potency of 

methane (De Vries et al. 2012b, Patterson et al. 2011).  Moreover, because it is very difficult to 

precisely measure the fugitive emissions of biogas, this parameter is also considered to have high 

uncertainty, and therefore a wide range in GWP performance exists between LCA models just due 

to fugitive emissions (Møller et al. 2009). 

A sensitivity analysis is performed by constraining all parameters except the one of interest, then 

varying its value to determine the resulting effect on the model.  An uncertainty analysis is an 

attempt to quantify the variability and range of outcomes inherent to a model due to the variability 

of model inputs.  Unlike sensitivity analyses, an uncertainty analysis may account for the 

distribution of variability over a range of expected values by fitting a statistical distribution (e.g., 

uniform, triangular, normal, lognormal) for each input parameter, then testing a random set of 

simulations (e.g., using Monte Carlo), to determine a composite outcome distribution.  However, 
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a major challenge of distribution-based uncertainty analyses is to procure sufficient data to 

properly fit a complex distribution model (Williams et al. 2009), so very often, simple, triangular 

distributions that require only three critical point values (i.e., the minimum-value, most likely 

value, and maximum-value) are used (Sills et al. 2013).  The best and worst case scenarios may be 

determined by technical limitations, such as mass/energy balances or process efficiencies, or may 

simply represent the range of values observed in published literature or industry.   

2.5.4 LCA of Farm-Based Co-Digestion: Literature Review 

Life-cycle assessments involving agricultural applications of anaerobic digestion are particularly 

susceptible to uncertainty (Cherubini and Strømman 2011).  However, studies generally show 

anaerobic digestion of manure results in reduced environmental impacts (especially, GHG 

emissions) relative to the reference system involving raw manure storage and application, mostly 

due to the displacement of fossil fuel energy, mineral fertilizers, and avoided emissions from 

manure storage (De Vries et al. 2012a, De Vries et al. 2012b, Hamelin et al. 2011).  Also, co-

digestion greatly improves the energy balance of most anaerobic digestion systems (Banks et al. 

2011b, Hamelin et al. 2011, Zhang et al. 2013).  

However, studies have shown the environmental benefits of anaerobic digestion can be negated by 

poorly performing sub-processes.  For example, De Vries et al. (2012a) conducted a sensitivity 

analysis in which they increased fugitive methane emissions from 1% to 5% of total biogas 

production, and this resulted in a change in GHG emission rate of 11–75 kg CO2-eq·tonnewaste
-1, 

which at the high-end was nearly enough to offset all GHG emission savings (De Vries et al. 

2012a).  Also, Poeschl et al. (2012a,b) demonstrated that the added fuel consumption and chemical 

fertilizer input associated with corn silage cultivation, harvesting, and transportation as an energy 
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crop for co-digestion resulted in 15X greater GHG emissions per ton compared to dairy manure 

(Poeschl et al. 2012a, b).  Moreover, it was recognized in this study and others, that emissions 

associated with fuel combustion from co-substrate transport will eventually outweigh the benefits 

of displaced energy from biogas utilization, and this threshold distance depends on the energy 

density of the co-substrate (Chevalier and Meunier 2005, Patterson et al. 2011, Poeschl et al. 

2012a).   

In addition, co-digestion introduces greater nutrients to the system, which results in greater farm-

scale environmental emissions; mainly during digestate processing (e.g., storage, liquid/solid 

separation, and land application) (Hamelin et al. 2011, Rehl and Müller 2011).  Digestate continues 

to release methane after leaving the digester and, when exposed to air, and can lead to N2O 

formation from ammonia oxidation.  Therefore, digestate handling is a key process in the life-

cycle and has been the focus of several studies (De Vries et al. 2012b, Hamelin et al. 2011, Rehl 

and Müller 2011), but due to the difficulty in accurately measuring emission rates, is subject to 

considerable uncertainty (Møller et al. 2009).  Another implication is that greater nutrient loads 

require additional land area for application with the concomitant transportation costs.  Since 

digestate is approximately 95% water, each of these studies investigates the use of liquids/solids 

separation or nutrient extraction technologies to cut down on transportation. However, several 

trade-offs may exist including: increased parasitic energy use, increased emission rates during 

processing, and nutrient loss (De Vries et al. 2012b, Hamelin et al. 2011, Poeschl et al. 2012b, 

Rehl and Müller 2011).  

2.5.5 Combined Cooling, Heat, and Power Systems: Literature Review 
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The application of CHP in biogas plants has become standard practice. However, the use of 

combined cooling, heat, and power systems (CCHP) via absorption chilling cycles have mainly 

been limited to the industrial and energy sectors, and has not been applied for farm-based biogas 

systems despite intrinsic cooling demands on the farm (e.g., milk chilling and refrigeration, cow 

cooling).  Absorption chilling cycles are passive cooling systems that can accommodate the low-

quality heat streams produced by CHPs, delivered either as hot water or low temperature and 

pressure steam (Bruno et al. 2009, Gebreslassie et al. 2012).  They can also be configured as 

directly fired systems using natural gas or propane.   

Instead of an electrically driven vapor-compression cycle, absorption chillers use a two component 

mixture, or “working pair,” with differential vapor pressures such as water and ammonia or 

lithium-bromide (LiBr) and water, as the absorbent and refrigerant, respectively.  Water-ammonia 

systems are typically used for sub-freezing refrigeration applications, while LiBr-water systems 

are used for above freezing refrigeration applications (Bruno et al. 1999).  Most absorption chillers 

are configured as single-effect systems consisting of one evaporator-absorber pair to provide 

refrigeration at a single temperature, but double-effect and even triple-effect systems also exist, 

involving two or three pairs of evaporators and absorbers allowing two or three refrigeration 

temperatures from a single heat source, respectively (Bruno et al. 1999).   

The low electricity requirement of absorption chillers is the main advantage of these systems, 

which translates to a low operating cost.  However, they have other advantages including quieter 

operation from few moving parts, low maintenance, and their use of environmentally benign 

refrigerants (Le Lostec et al. 2013).  Major drawbacks of absorption chillers are their high capital 

costs compared to compression chillers (Gebreslassie et al. 2012).  For example, the capital cost 

of a single-effect water-ammonia chiller is approximately $700/kW, while a vapor compression 
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chiller may be $150/kW (Herold 1995).  The large number of heat exchangers used in absorption 

chilling systems is responsible for the high capital cost of these systems (Misra et al. 2003).  For 

this reason, research efforts aiming to make absorption chillers more economical have focused on 

optimizing the size and configuration of the heat exchange components by exergy analysis 

(Gebreslassie et al. 2009, Gebreslassie et al. 2012, Misra et al. 2003, Misra et al. 2006).   

Another major drawback of absorption chillers is their low coefficient of performance (COP) 

compared to conventional compression chillers (Herold 1995).  The COP of an absorption chiller 

is around 0.65 for a single-effect system and 1.0 for a double-effect system, compared to 3.0-6.0 

for a typical vapor compression chilling system.  For these reasons, applications of absorption 

chillers have been restricted to very special cases where: 1.) electricity-prices are very high and 

natural gas prices are very low, or 2.) low-quality waste heat is available.   

Absorption chillers have not been applied for CCHP on farms, however, CCHP is a well-

established technology and many other successful applications exist.  An example of a CCHP 

application in New York State is the Syracuse University Green Data Center, which uses the 

exhaust gas from twelve natural gas microturbines as the heat source to power double-effect 

absorption chillers, whose chilled water is used to provide space cooling for mainframe computers 

(Gibson 2011).  Another example is SUNY Hudson Valley College, which uses the waste heat 

from a reciprocating engine powered with biogas from a neighboring landfill supplemented with 

natural gas to provide residential air conditioning (CDH Energy Corp 2011).   

Bruno et al. showed in a case study that an absorption chiller coupled to micro-turbines combusting 

biogas at a sewage treatment plant could be effectively used to provide chilled water to dewater 

biogas and pre-cool the combustion air feeding the micro-turbines to improve process efficiency 
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(Bruno et al. 2009).  This study also involved a preliminary economic and CO2 emissions analysis 

(only the use-phase considered).  They found compression chillers are more economically viable 

than absorption chillers at an assumed natural gas/electricity cost ratio of five.  They also found it 

resulted in fewer CO2 emissions (Bruno et al. 2009).  However, this case-study involved a two-

stage anaerobic digestion system (mesophilic-thermophilic), whose parasitic heating demand 

exceeded the thermal output of the micro-turbines by as much as ~18% in some cases, and thereby 

required supplemental boiler heating using natural gas (Bruno et al. 2009).  Thus, most of the heat 

used to power the absorption chillers ultimately needed to be replaced by boiler heat.  The energy 

balance in this case study is not typical for biogas-CHP systems.   

Studies involving farm-based biogas CHP systems typically report a parasitic heat demand of 6-

44% for single-stage mesophilic systems (Berglund and Börjesson 2006, Chevalier and Meunier 

2005).  Also, an LCA study involving biogas-powered CCHP was conducted by Chevalier and 

Meunier (2005), in which the biogas was generated by a centralized AD system fed crop residues 

as substrate (Chevalier and Meunier 2005).  They assessed several midpoint environmental impact 

categories, including resource depletion, climate change, acidification, and eutrophication, as well 

as several endpoint categories using the hierarchical EcoIndicator99-(h,a) method (Chevalier and 

Meunier 2005).  They found CCHP via absorption chilling reduced climate change and resource 

depletion impacts compared to vapor-compression chillers powered by grid electricity.  However, 

they found that acidification and eutrophication were only improved when the grid electricity was 

derived from coal or natural gas, rather than nuclear power, indicating the importance of primary 

energy sourcing.  The study may have overestimated the CO2 reduction potential of CHP and 

CCHP by not accounting for fugitive methane emissions, losses from the soil-carbon reservoir, 
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and by crediting the system for avoiding GHG emissions resulting from composting (Chevalier 

and Meunier 2005).   

A series of papers by Poeschl et al. (2010, 2012a,b) applied LCA to several biogas systems, 

following the German model involving dedicated energy crop co-digestion, for a variety of biogas 

energy end-use scenarios, one of which included waste heat utilization by absorption chilling 

(Poeschl et al. 2010a, 2012a, b).  They found the absorption chiller scenario resulted in an 

improved primary energy input to output ratio compared to the reference case (i.e., CHP only), 

and it outcompeted the use of an organic rankine cycle (ORC) to capture waste heat for electricity 

production (Poeschl et al. 2010a).  However, absorption chilling was less favorable than the 

scenarios where heat could be used directly for district heating.   

From an environmental impact standpoint, absorption chilling resulted in the largest reduction in 

GHG emissions and overall environmental impact compared to all other biogas utilization 

scenarios (Poeschl et al. 2012a, b).  GHG emissions were reduced by 70% and the total 

environmental impact by 200%, as scored by EcoIndicator99-(h,a), relative to the reference case 

using only CHP.  The combined effect of improved energy efficiency and displaced electricity for 

conventional chilling systems led to the improved environmental performance (Poeschl et al. 

2012a, b).  However, these studies did not assess the economic feasibility of CCHP.   

In two studies by Gebreslassie et al. (2009, 2012), LCA-TEAs were conducted for the design of 

an individual absorption chilling system (i.e., without a biogas-CHP system) using a multi-

objective optimization approach with the criteria of minimizing cost and environmental impact 

(Gebreslassie et al. 2009), and chiller heat exchange area and environmental impact, respectively 

(Gebreslassie et al. 2012).  From these analyses, one can deduce a clear trade-off between cost and 
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environmental impact, due to the indirect relationship between chiller cost and chiller efficiency 

(granted by larger heat exchange area).   
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CHAPTER 3 

3. Technical Video Article: Continuously-stirred Anaerobic Digester to Convert 

Organic Wastes into Biogas: System Setup and Basic Operation 

 

Usack, J.G., Spirito, C.M. and Angenent, L.T. (2012) Continuously-stirred anaerobic digester to 

convert organic wastes into biogas: system setup and basic operation. Journal of 

Visualized Experiments (65), e3978 

 

3.1 Abstract 

Anaerobic digestion (AD) is a bioprocess that is commonly used to convert complex organic 

wastes into useful biogas with methane as the energy carrier (Dague et al. 1970, Lettinga 1995, 

McCarty and Smith 1986).  Increasingly, AD is being used in industrial, agricultural, and 

municipal wastewater treatment applications (Angenent et al. 2004, De Bere 2000).  The use of 

AD technology allows plant operators to reduce waste disposal costs and offset energy utility 

expenses.  In addition to treating organic wastes, energy crops are being converted into the energy 

carrier methane (Jewell et al. 1993, Weiland 2006).  As the application of AD technology broadens 

for the treatment of new substrates and co-substrate mixtures (Zaks et al. 2011), so does the 

demand for a reliable testing methodology at the pilot- and laboratory-scale. 

Anaerobic digestion systems have a variety of configurations, including the continuously stirred 

tank reactor (CSTR), plug flow (PF) reactor, and anaerobic sequencing batch reactor (ASBR) 

configurations (Tchobanoglous and Eddy 2003).  The CSTR is frequently used in research due to 

its simplicity in design and operation, but also for its advantages in experimentation.  Compared 

to other configurations, the CSTR provides greater uniformity of system parameters, such as 

temperature, mixing, chemical concentration, and substrate concentration.  Ultimately, when a 
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full-scale reactor is designed, the optimum reactor configuration will depend on the characteristics 

of a given substrate among many other non-technical considerations.  However, all configurations 

share fundamental design features and operating parameters that render the CSTR appropriate for 

most preliminary assessments.  If researchers and engineers use an influent stream with relatively 

high concentrations of solids, then lab-scale bioreactor configurations cannot be fed continuously 

due to plugging problems of lab-scale pumps with solids or settling of solids in tubing.  For that 

scenario with continuous mixing requirements, lab-scale bioreactors are fed periodically and we 

refer to such configurations as continuously stirred anaerobic digesters (CSADs). 

This article presents a general methodology for constructing, inoculating, operating, and 

monitoring a CSAD system for the purpose of testing the suitability of a given organic substrate 

for long-term anaerobic digestion.  The construction section of this article covers building the lab-

scale reactor system.  The inoculation section explains how to create an anaerobic environment 

suitable for seeding with an active methanogenic inoculum.  The operating section covers 

operation, maintenance, and troubleshooting.  The monitoring section introduces testing protocols 

using standard analyses.  The use of these measures is necessary for reliable experimental 

assessments of substrate suitability for AD.  This protocol should provide greater protection 

against a common mistake made in AD studies, which is to conclude that reactor failure was caused 

by the substrate in use, when really it was improper user operation (Speece 1996). 

3.2 Graphical Abstract 
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3.3 Introduction 

Anaerobic digestion (AD) is a mature technology involving the biologically mediated conversion 

of complex organic waste substrates into useful biogas with methane as the energy carrier.  There 

are many benefits of anaerobic treatment, including minimal energy and nutrient inputs and 

reduced biosolids production compared to aerobic treatment (Speece 1996).  In addition, the 

versatility of the mixed microbial community inherent to these systems renders a wide variety of 

organic substrates suitable as feedstocks (Angenent and Wrenn 2008, Kleerebezem and van 

Loosdrecht 2007).  Indeed, it is due to these benefits that a growing number of applications for AD 

are being adopted outside of conventional municipal wastewater treatment, particularly in the 

industrial, municipal (e.g., food waste), and agricultural sectors (De Bere 2000, Weiland 2006, 

Werner et al. 2011).  AD experienced its first major proliferation beginning in the 1980s in 

response to the national energy crisis of the previous decade.  As the world faces a growing global 

energy crisis, coupled with environmental degradation, greater focus is now being placed on 

biofuel technologies and the waste-to-energy concept in particular.  For example, 5.5% of U.S. 

total electrical power needs may be met via anaerobic digestion (Zaks et al. 2011). 

This has increased the demand for well-controlled experimental research at the pilot- and 

laboratory-scale to assess the suitability of new organic waste materials and waste mixtures for 
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anaerobic digestion (Holm-Nielsen et al. 2009).  We provide a protocol for the construction, 

inoculation, operation, and monitoring of a laboratory-scale anaerobic digester that will be suitable 

for robust assessments.  Anaerobic digesters exist in many different configurations.  A few 

common configurations include the following: continuously stirred tank reactor (CSTR) with 

continuous influent feeding; continuously stirred anaerobic digester (CSAD) with periodic influent 

feeding; plug flow (PF) reactor, upflow anaerobic sludge blanket (UASB) reactor, anaerobic 

migrating blanket reactor (AMBR); anaerobic baffled reactor (ABR), and anaerobic sequencing 

batch reactor (ASBR) configurations (Hoffmann et al. 2008, Tchobanoglous and Eddy 2003).   

The CSTR and CSAD configurations have been widely adopted for laboratory-scale experiments 

due to their ease of setup and favorable operating conditions.  Because of continuous mixing, the 

hydraulic retention time (HRT) is equal to the sludge retention time (SRT).  The SRT is an 

important design parameter for ADs.  The configuration is also conducive to controlled 

experiments because of a greater spatial uniformity of parameters, such as chemical species 

concentrations, temperature, and diffusion rates.  It should be noted, however, that the optimal full-

scale configuration for an anaerobic digester depends on the particular physical and chemical 

qualities of the organic substrate among other nontechnical aspects, such as target effluent quality.  

For example, dilute waste streams with relatively high soluble organic content and little 

particulates, such as brewery wastewater, typically experience greater substrate conversion in a 

high-rate upflow bioreactor configuration (e.g., UASB) rather than a CSAD configuration.  

Regardless, there are fundamental operating parameters that are essential to successful digestion 

and relevant to all configurations, which justify a generic explication using this configuration. 
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Indeed, every AD system containing a diverse, open community of anaerobic microbes will 

serially metabolize the substrate to methane (the final end-product with the lowest available free 

energy per electron).  The metabolic pathways involved in this process constitute an intricate food 

web loosely categorized into four trophic stages: hydrolysis; acidogenesis; acetogenesis; and 

methanogenesis.  In hydrolysis, complex organic polymers (e.g., carbohydrates, lipids, and 

proteins) are broken down to their respective monomers (e.g., sugars, long-chain fatty acids, and 

amino acids) by hydrolyzing, fermentative bacteria.  In acidogenesis, these monomers are 

fermented by acidogenic bacteria to volatile fatty acids (VFAs), hydrogen, and alcohols, which in 

acetogenesis, are further oxidized to acetate and hydrogen by homoacetogenic and obligatory 

hydrogen-producing bacteria, respectfully (Angenent et al. 2004).  In the final step of 

methanogenesis, acetate and hydrogen are metabolized to methane by acetoclastic and 

hydrogenotrophic methanogens.  It is important to recognize that the overall AD process, by 

relying on an interconnected series of metabolisms by different groups of microbes, will depend 

on the successful function of each member before the system as a whole will perform optimally.   

The design and construction of an AD bioreactor system should always take into consideration the 

requirement to completely seal the bioreactor.  Small leaks in the top of the bioreactor (separating 

the headspace) or in the gas-handling system may be difficult to detect, and therefore the system 

should be pressure tested before use.  After ensuring a leak-free setup, failures with anaerobic 

digester studies often stem from errors during inoculation, culturing, and day-to-day operation.  As 

a result, digesters have a reputation as being intrinsically unstable and prone to unexpected failure.  

However, with proper management, full-scale digesters have been operated under stable conditions 

for decades (Werner et al. 2011).  Therefore, our goal is not only to provide a methodology for 
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constructing an AD system, but to also elucidate the processes of inoculation, operation, and 

monitoring of these systems. 

3.4 Protocol 

3.4.1 Digester Construction 

1) Select an operation regime (Table 3.1) and digester vessel that contains all the features shown 

in Figure 3.1 (a cone is not necessary), and of your desired working volume (typically between 

1-10 L).  If your digester vessel is not equipped with a heated-water jacket, place the digester 

in some other temperature-controlled environment, such as a heated water bath or incubation 

chamber.  
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Table 3.1: General operation selection guide and monitoring parameters for CSTR systems 

Operation 

Parameters 

Standard 

Methods 

Index 

Typical Range Extreme Range 

Mesophilic  Thermophilic Mesophilic Thermophilic 

Temperature 2550(A) 
32-37 

˚C 

50-60 

˚C 

20-42 

˚C 

45-65 

˚C 

Organic Loading 

Rate† 
NL 

0.8-2.0 

g VS-L-1-d-1 

1.5-5.0 

g VS-L-1-d-1 

0.4-6.4 

g VS-L-1-d-1 

1.0-7.5 

 g VS-L-1-d-1 

Hydraulic 

Retention Time 
NL 

15 – 35 

Days 

< 15 ; > 35 

Days 

Carbon:Nitrogen 

Ratio† 
NL 25:1 > 25:1 

Monitoring 

Parameters 

Standard 

Methods 

Index 

Optimum Range Suboptimum Range 

pH‡ 
4500-

H+(B) 
6.5 – 8.2 < 6.5 ; > 8.2 

Alkalinity† 2320(B) 
1300 – 3000 

mg CaCO3-L
-1 

< 1300 

mg CaCO3-L
-1 

Volatile Acids‡ 5560(C) 
< 200 

mg Ac-L-1 

> 200 

mg Ac-L-1 

Solids Removal 

Efficiency 
2540(B,E) 

> 50 

% 

< 50 

% 

Biogas Content 2720(C) 
55-70 CH4; 30-45 CO2 

% 

< 55 CH4; > 45 CO2 

% 

  † (Amani et al. 2010) 

  ‡ (Speece 1996) 
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Figure 3.1: Reactor vessel 

 

2) Secure the vessel in a vertical position in an area with sufficient horizontal bench space for 

placement of remaining components (Table 3.2).  
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Table 3.2: Auxiliary reactor components with specifications and comments 

Component 
Specifications (Design 

Considerations) 
Comments 

Temperature-Controlled 

Circulating Water Heater 

Temperature Range: 25-65˚C 

(Heating Capacity, Max. 

Pressure Head, Volumetric 

Flow Rate) 

Heated water must be 

supplied at a sufficiently high 

flow rate and with sufficient 

pressure to fully circulate. 

Sampling Port NA 
Located close to headspace is 

ideal. 

Foam Trap 
Volume: 25% of Reactor 

Volume 

Simple side-arm flask or 

glass jars can be used.  The 

unit should be accessible for 

cleaning. 

Hydrogen Sulfide Scrubber (Gas Contact Time) 

Glass or plastic tubes should 

be used (not metal).  Sizing 

length should provide 

adequate gas contact time. 

Gas Reservoir 

Volume: > 2x Effluent 

Volume; Material: Semi-

Elastic (not Rigid) 

The volume should exceed 

that taken during effluent 

decanting.  The material 

should allow for shrinking 

and expansion. 

Bubbler NA 

The head pressure provided 

by the water level should be 

minimized to limit pressure 

build-up in the gas delivery 

system. 

Gas Meter (Gas Flow Detection Range) 

Plastic gas meters are 

preferred over metal.  The 

gas flow detection range 

should be accurate at 

expected biogas production 

rates. 

  



51 
 

3) Construct the vessel lid (Figure 3.2).  The ports of the influent and effluent tubes should be 

wide enough to prevent clogging.  The tubes inside the bioreactor should be of sufficient length 

to stay submerged in the digester medium during decanting, while extending out from the top 

of the lid to allow attachment of tubing.  The impeller sheathing should extend as far as possible 

into the digester medium (the submerged tubing and sheathing prevent headspace biogas from 

escaping the bioreactor). 

 
Figure 3.2: Basic example of reactor lid design: 

Lid material – pvc/plexiglas 

Fittings material – stainless steel/plastic 

Tubing material – stainless steel/aluminum 

 

4) Apply silicone-based vacuum grease to the contact surface of the lid and clamp it to the digester 

vessel top. 
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5) Secure the variable speed mixer parallel to the vertical axis of the digester using a ring-stand 

and clamps, then affix impeller shaft.  Because of mixer motor vibrations and movement it is 

important to use an independent and free moving stand. 

6) Connect a section of flexible tubing to both the influent and effluent tubes and then connect 

another section of tubing to the gas port to be used as the gas line. 

7) Connect the biogas line to each of the various components, which can be placed above the 

digester on shelving.  The components should be connected in this order: sampling port, foam 

trap, H2S scrubber, gas reservoir, bubbler, gas meter, and ventilation line (Figure 3.3).  To 

facilitate isolation or removal of individual components for troubleshooting or cleaning 

purposes, consider adding valves and connecter fittings between components.  Make sure that 

the gas outlet is properly ventilated to the outside or a chemical hood because biogas is 

explosive. 
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Figure 3.3: System diagram showing component arrangement 

 

a) The gas sampling port should be positioned near the reactor headspace. 

b) The foam trap can be constructed using a simple flask or bottle, and should be at least 25% 

of the reactor volume.  It should contain two ports, one for the biogas inlet line and the 

other for the biogas outlet line.  These ports can be made by drilling two holes in a rubber 

stopper through which rigid tubing is inserted. The biogas inlet tube should extend to a 

greater depth than the biogas outlet tube (Figure 3.4).  Foam trapping is necessary to 

protect the gas handling system from possible digester foam. 
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Figure 3.4: Basic example of foam trap design:  

Jar material – plastic/glass 

Tube material –plastic/glass 

 

c) The H2S scrubber consists of a long glass tube, with an inner diameter greater than 2 cm, 

filled with steel wool with a biogas inlet and outlet port on either end.  The steel wool 

should be packed well to provide enough surface area for stripping, but not so tightly that 

biogas flow is blocked.  Scrubbing is necessary to protect metal components in the gas 

meter from corrosive chemicals. 
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d) The gas reservoir can be made out of any collapsible, air-tight material, such as a gas bag, 

with a volume exceeding twice the targeted feed volume.  This is necessary to prevent a 

pressure drop during decanting effluent and possible air suction into the headspace. 

8) If the system will be temperature-controlled by a circulating water heater, connect the heater 

to the heating jacket using flexible tubing.  Place the unit above the liquid level of the heating 

jacket.  Set the heater to the appropriate temperature for mesophilic or thermophilic digestion 

(Table 3.1). 

9) Perform a leak test of the system by detecting leaks with soapy water.  Start by filling the 

digester tank with water, then slightly pressurize the influent line with a gas to a pressure less 

than 5 psig.  First, clamp the biogas line and effluent lines to check for leaks around the reactor 

lid, and then remove the biogas line clamp to test for leaks for the entire gas handling system.  

Note: Over-pressurization of the influent line will force water out through the impeller 

sheathing tube. 

10) Turn on the impeller and heating element and let it run overnight to ensure that the mixer and 

heater can sustain continuous operation.  The rotational speed of the impeller should be fast 

enough to ensure complete mixing of the reactor media.  Common mixer problems include 

misalignment, excessive friction of the shaft, and inadequate securing of the motor to the ring-

stand. 

3.4.2 Digester Inoculation and Conditioning using an Active Methanogenic Biomass 

1) It is more practical and less time-consuming to inoculate digesters with active methanogenic 

biomass from the mixed-liquor or effluent of an operating digester that is treating a similar 

substrate than to attempt to develop a sufficient biomass from an incipient culture.  Store the 
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active methanogenic biomass (inoculum) in a closed container in a refrigerator at 4 °C while 

preparing the digesters.  Ideally, the inoculum should be stored for as little time as possible 

and there should be enough to completely fill the entire volume of the digester.  However, 

certain anaerobic biomass (such as granular biomass) can be stored for very long periods.  

Dilute the inoculum with water that was flushed with an anaerobic gas to the appropriate 

volume if necessary. 

2) Flush the empty digester system with anaerobic gas for several minutes by connecting it to the 

feeding tube, clamping the effluent line, and taping the space between the mixer axle and 

sheath to prevent excessive loss of anaerobic gas. 

3) During the flushing period, make sure to flush-out the gas reservoir. 

4) After flushing is complete, connect a funnel to the feeding tube and add the inoculum making 

sure to mix the inoculum periodically to ensure uniformity. 

5) Reconnect the anaerobic gas to the feeding tube, turn-on the mixer, and flush the digester liquor 

for at least 15 min.  Then disconnect the gas, clamp the feed tube and unclamp the gas reservoir.  

This digester is now in operation. 

6) Allow the digester to operate for a couple of days before commencing feeding and monitor the 

production of biogas.  During this time, perform total solids and volatile solids concentration 

analysis for the inoculum (Table 3.1).  If the solids concentration is considerably greater than 

that of the target mixed liquor concentration, remove and dilute digester contents accordingly 

before commencing feeding.  This is done to prevent excessive washout of biomass during the 

operating period that may increase the Food to Microorganism (F/M) ratio too sharply 

throughout the startup period. 
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7) Determine the organic fraction of the substrate by measuring either the total and volatile solids 

concentration, biological or chemical oxygen demand, or total organic carbon of the substrate.  

Use this value to calculate a conservative initial organic loading rate (OLR). 

8) The operator should gradually increase the OLR until a target value is reached (start-up period).  

One approach during the start-up period is to fix the organic strength of the feed, and then 

reduce the hydraulic retention time (HRT) incrementally until the target OLR is achieved (a 

process that may take several months to a year depending on the quality of the inoculum and 

the substrate used).  Increasing the OLR too quickly will lead to excessive concentrations of 

volatile fatty acids (VFAs) (>2,000 mg·L-1 as acetate) (Figure 3.5).  The operator should 

reduce the OLR if VFA concentrations increase to suboptimum levels (Table 3.1).  If the VFA 

concentrations are too high, the contents of the bioreactor may need to be diluted with water. 
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Figure 3.5: Typical system response to a high organic loading rate (OLR) during reactor 

start-up.  Beginning with an OLR of 1.35 g VS·L-1·Day-1 caused the accumulation of total 

volatile fatty acids (TVFA).  The acid accumulation caused a decrease in pH followed by a 

reduction in biogas yield.  By lowering the OLR to 1.15 g VS·L-1·Day-1, both systems were 

able to recover and establish a sufficient methanogenic biomass concentration to tolerate a 

1.35 g VS·L-1·Day-1 OLR.  

 

9) Allow the digester a period of three HRTs at the target OLR before experimentation to establish 

a stable base-line condition. 

3.4.3 Digester Operation 

1) Effluent decanting always precedes substrate addition to the digester, so immediately before 

decanting, prepare the feed mixture and store at 4 °C until it is time to feed.  Feeding substrate 

and decanting effluent for this system is conducted on a semi-continuous basis (i.e., periodic 
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feeding and decanting while most of the biomass and mixed liquor stays in the bioreactor).  

The frequency in which the digester is fed/decanted is the prerogative of the operator.  In 

general, feeding/decanting more frequently and at regular intervals will promote greater 

digester stability and consistency in performance between feeding cycles. 

2) Decant effluent from the digester by connecting the effluent tubing to a pump (side-arm flask 

under vacuum is one possibility of decanting) and remove an equal volume compared to the 

feed volume.  Store the effluent at 4°C for later analysis.  Note: Many of the analyses are time 

sensitive.  For example, the pH should be measured immediately because CO2 escapes from 

the solution, increasing the pH. 

3) Remove the feed mixture from the refrigerator.  Connect a funnel to the feed tube and pour in 

the feed (substrate) making sure to mix it periodically to ensure that the solids get carried in 

with the bulk fluid. 

4) Perform troubleshooting steps outlined in Table 3.3, if necessary.  
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Table 3.3: Troubleshooting protocol for digester operation 

ERROR SYMPTOM POSSIBLE SOLUTIONS 

Frequent clogging of feeding or 

effluent tubes 

 Use larger diameter tubing and/or fittings. 

 Reduce particle substrate size (e.g., using a 

blender or sieve). 

 Mix feed more frequently while feeding. 

 Ensure that digester contents are fully mixed. 

Excessive foaming  Reduce the OLR 

 Reduce the mixing intensity in the digester. 

 Increase the headspace in the digester by 

reducing the active digester volume. 

Inconsistent biogas yield between 

digester replicates 

 Verify that no leaks are present in the gas 

handling system of either digester. 

 Check that the gas meter and heating element 

are functioning properly and are calibrated.  

 Verify that the feed mixtures are prepared 

equivalently. 

Inconsistent or highly variable solids 

concentration in the effluent between 

digester replicates Figure 3.6 

 Verify that the digester contents are 

adequately mixed. 

 Ensure that the reactor effluent decanting line 

is equivalent between reactors. 

Reduced methane content in biogas  Verify that the pH is within the optimal range 

for methanogenesis (i.e., 6.5 to 8.2).  If not, 

supplement with acid or alkalinity as 

appropriate. 

 If significant nitrogen is detected in the 

biogas (i.e., >10%), check for leaks near the 

sampling port. 

 Regularize the periodicity of biogas sampling. 

 Verify that the VFA concentration is within 

the optimal range.  If not, follow 

troubleshooting steps listed for chronically 

high volatile fatty acid concentrations. 

Chronically high volatile fatty acid 

concentration Figure 3.5 

 Reduce the OLR.  

 Overcome nutrient or trace metal deficiencies 

by supplementation. 

 Verify that the reactor contents are sealed 

from oxygen intrusion. 

 Increase feed cycle frequency. 

 Eliminate hydraulic short circuiting. 

 Overcome alkalinity deficiency by 

supplementation. 
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3.4.4 System Monitoring 

1) Check the digester system and its components frequently during operation.  Particular attention 

should be paid to the mixing and heating systems.  Insufficient mixing will manifest in an 

abrupt decrease in effluent solids concentration as shown in the hypothetical case below 

(Figure 3.6).  Periodically check that the oil or water in the gas meters is at the appropriate 

level and replace the steel wool in the H2S trap as needed.  Note: The steel wool will become 

black and glossy as it reacts with H2S to form iron sulfide. 

 
Figure 3.6: Hypothetical system response to insufficient mixing (Reactor A) compared to a 

sufficiently mixed system (Reactor B).  During poor mixing, solids settle to the bottom of the 

reactor and are not removed during decanting (Days 280 – 290). When mixing is returned to 

sufficient intensity (Day 300), the accumulated solids are gradually removed (Days 305 – 

350), and the system returns to stable solids concentrations. 
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2) Several standard analyses, which are outlined in Standard Methods for the Examination of 

Water and Wastewater (APHA 1995), are required for proper system monitoring.  Perform 

these analyses on digester effluent for diagnosis of system performance and stability.  The 

values should consistently fall within the specified optimum range indicated in Table 3.1. 

a) Measure the biogas production rate and pH every feeding cycle. 

b) Measure the volatile fatty acid concentration, alkalinity, and biogas content multiple times 

a week.  Note: The biogas content should be measured at the same time relative to the 

feeding cycle since its composition will change over the course of the cycle.  Ideally, the 

biogas should be sampled at the end of a feeding cycle, just prior to feeding. 

c) Measure the biological or chemical oxygen demand and total and volatile solids once a 

week or more often to obtain at least three data points for each experimental condition at 

pseudo-steady state conditions. 

3.4.5 Representative Results 

Successful inoculation of the digester is marked by the production of biogas within several days.  

The methane to carbon dioxide ratio of the biogas will increase during the acclimatization period 

as more methanogenic biomass is recruited.  The slow growth of methanogens compared to 

acidogens makes long acclimatization periods and gradual operational changes necessary.  In 

Figure 3.5, we demonstrate the dynamic response of a digester when a high organic loading rate 

(OLR) is introduced too early in the start-up phase.  In this example, there was insufficient 

methanogenic biomass to remove (i.e., utilize) the VFAs evolved from the substrate degradation 

step, acidogenesis.  This led to an accumulation of VFAs, and subsequently, a reduction in the pH.  

To rectify the situation, the OLR was reduced to limit the production of VFAs by acidogens and 
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to allow greater methanogen recruitment before returning to the higher OLR.  The digesters then 

exhibited stable digestion for three hydraulic retention periods. 

Stable digestion or pseudo-steady-state conditions can be assumed when the measured parameters, 

such as the biogas production rates, total VFA concentrations, volatile solids concentrations, and 

pH levels, are consistently maintained within 10% of their average values, for a minimum time 

period of one HRT.  The significance of this allotment is revealed in Figure 3.6, which shows the 

prolonged response of a CSTR system to a hypothetical perturbation caused by insufficient mixing.  

The lack of proper mixing allows the solids to settle in the reactor, which means fewer solids are 

removed during effluent decanting.  Their accumulation results in higher effluent solids 

concentrations after sufficient mixing is restored.  It may take several HRTs to return the digester 

to a normal effluent solids concentration. 

An anaerobic digester is a biological system; thus it will exhibit some internal variability in 

performance.  This variability must be quantified before the experimenter can discern the specific 

effects caused by experimental perturbations imposed on the system (the proper use of statistics is 

required).  Three HRT periods are required before an experimental change is made to the reactor 

system because this is generally considered an adequate period of time to assume stable 

concentrations of chemical species in the mixed liquor (Figure 3.7).  By the end of this interval, 

the experimenter should be able to construct a reliable baseline for each measured parameter. This 

baseline serves as a basis of comparison for future experimentation. 
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Figure 3.7: Theoretical relationship between the concentration of a conservative chemical 

species and the HRT in an ideal CSTR system.  At three HRTs the actual concentration of a 

chemical species [C] in the digester is ~95% that of the initial concentration present in the 

feed [Co]. 

 

The general performance of the digester can be assessed by following the monitoring protocol, 

which requires that various standard analyses be executed routinely.  This schedule provides 

adequate temporal resolution to identify precursors to most system problems and the lee time to 

prevent them.  Furthermore, the results of these diagnostic tests are meant to be used in conjunction 

with Table 3.1 to identify suboptimum performance.  Table 3.3 provides solutions to many of the 

problems typically encountered when setting-up a digester.  In the event that a problem cannot be 

rectified by following the instructions outlined therein, the operator should consult other resources, 

such as a reference text pertaining to anaerobic biotechnology. 
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3.5 Discussion  

The anaerobic digestion system presented in this article provides a general introduction and some 

basic guidelines for the treatment of most substrates in an experimental context.  The wide variety 

of substrate types, digester configurations, operating parameters, and also the unique ecology of 

the mixed-microbial community underlying these systems precludes outlining hard quantitative 

metrics that can be applied universally.  Despite all this variability, all anaerobic digestion systems 

follow a well-characterized series of biological degradation pathways, which are mediated by 

physical and chemical processes whose principles are well understood and can be applied to all 

systems.  It is from these fundamental principles, along with well-documented operating 

observations reported in the literature, that we report these optimum ranges for system parameters 

and proper system operation methodologies.  The cited parameters are interrelated and play 

important roles in the anaerobic digestion process.  A thorough understanding of these 

interrelationships greatly improves the ability of the operator to recognize and remedy system 

problems.  The text, "Anaerobic Biotechnology: for Industrial Wastewaters" by Speece provides 

a fairly comprehensive catalog of pertinent operating and monitoring topics in anaerobic digestion 

for those seeking further insight and explanation (Speece 1996). 
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CHAPTER 4 

4. Improved Design of Anaerobic Digesters for Household Biogas Production in 

Indonesia: One Cow, One Digester, and One Hour of Cooking per Day 

 

Usack, J.G., Wiratni, W. and Angenent, L.T. (2014) Improved design of anaerobic digesters for 

household biogas production in Indonesia: one cow, one digester, and one hour of cooking 

per day. The Scientific World Journal 2014, 8, Article ID 318054. 

 

4.1 Abstract 

A government-sponsored initiative in Indonesia to design and implement low-cost anaerobic 

digestion systems resulted in 21 full-scale systems with the aim to satisfy the cooking fuel demands 

of rural households owning at least one cow.  The full-scale design consisted of a 0.3-m diameter 

PVC pipe, which was operated as a conventional plug-flow system.  The system generated enough 

methane to power a cooking stove for ∼1 h.  However, eventual clogging from solids accumulation 

inside the bioreactor proved to be a major drawback.  Here, we improved the digester configuration 

to remedy clogging while maintaining system performance.  Controlled experiments were 

performed using four 9-L laboratory-scale digesters operated at a temperature of 27 ± 1°C, a 

volatile solids loading rate of 2.0 g VS·L−1·Day−1, and a 21-Day HRT. Two of the digesters were 

replicates of the original design (control digesters), while the other two digesters included internal 

mixing or effluent recycle (experimental digesters).  The performance of each digester was 

compared based on methane yields, VS removal efficiencies, and steady-state solids 

concentrations during an operating period of 311 days.  Statistical analyses revealed that internal 

mixing and effluent recycling resulted in reduced solids accumulation compared to the controls 

without diminishing methane yields or solids removal efficiencies. 
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4.2 Introduction 

The majority of people in Indonesia reside in remote, rural villages.  Many of these villages lack 

access to conventional premium fuel sources such as electricity or fossil fuels.  Consequently, 

many people are forced to use woody biomass as a source of heating energy and cooking fuel.  

Aside from adversely impacting local wooded ecosystems by deforestation, these practices pose 

serious human welfare issues since much of this biomass is burned indoors using poorly ventilated 

furnaces and cook stoves that generate high airborne particle matter (PM) concentrations.  One 

way to overcome limited fuel availability and improve indoor air quality in rural areas is by 

generating biogas from animal manure using anaerobic digestion (AD) for use as a cooking fuel. 

In an AD system, complex organic material is transformed and released as methane and carbon 

dioxide gas (i.e., biogas) by anaerobic bacteria and archaea in the absence of oxygen.  Cow and 

other livestock manures have traditionally served as the feedstock material in rural AD systems. 

However, other organic wastes, such as crop residues or kitchen wastes, can be co-digested with 

livestock manure to improve biogas yields (Lansing et al. 2010a, Lehtomäki et al. 2007).  Biogas 

combustion does not produce PM emissions and for this reason is considered a clean-burning gas 

despite containing trace levels of toxic hydrogen sulfide (H2S).  Indoor air quality assessments 

were conducted by Garfí et al. (2012), and they found that H2S levels remained below detectable 

limits (<2 ppm) following five hours of biogas combustion (Garfí et al. 2012).  They also found 

that PM emissions were reduced considerably when biogas was used in place of firewood (Garfí 

et al. 2012).  Aside from improving air quality, the displacement of firewood with biogas has 

socioeconomic benefits because villagers (mainly women and children) spend less time collecting 

wood and more time pursuing other activities such as education and recreation. 
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In the past, the Indonesian government had supported the installation of community-scale digester 

systems in many remote villages in Indonesia.  These digesters were based on the Chinese model 

and were constructed using concrete in a vertical fixed-dome configuration (Daxiong et al. 1990).  

Unfortunately, the communities quickly abandoned many of these digesters due to improper 

construction, minimal institutional oversight, and poor training of the would-be operators.  Indeed, 

these are just a few examples of the many barriers preventing the diffusion of biogas technology 

to rural communities.  India and China are leading the application of biogas systems for rural areas 

with more than 40 million digesters installed (Lansing et al. 2010a).  However, these programs 

required over 50 years of sustained governmental sponsorship (Daxiong et al. 1990, Lichtman et 

al. 1996). 

Currently, the most popular type of small-scale digester is the Taiwanese model, which consists 

of a horizontal polyethylene tubular bag (Lansing et al. 2008, Shyam 2002).  This system has 

shown promising results in a study in Costa Rica for a mixture of swine waste and cooking oil 

(Lansing et al. 2010a) and in the Andes of Peru for dairy manure (Ferrer et al. 2011).  This type of 

digester is relatively inexpensive and easy to install, but direct sun exposure may reduce the 

flexibility of the polyethylene bag, making it more susceptible to leakage over time (Lansing et al. 

2010a, Lichtman et al. 1996).  Indeed, in a study comparing the fixed-dome digester (Chinese 

model) with the tubular bag digester (Taiwanese model), Garfí et al. (2014) concluded that the 

main drawback of the fixed-dome digester was its relatively high capital cost and complex 

construction (Garfí et al. 2014).  While the tubular bag digester was less expensive and easier to 

install, it could incur considerably more maintenance cost through periodic replacement of the 

polyethylene bag (Garfí et al. 2014). 
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Based on these historical lessons, the feasibility of a small-scale digester for use in individual 

households in Indonesia was explored as an intermediate step in developing a nationwide energy 

infrastructure based on AD.  Therefore, a second wave of implementation was carried out under 

specific design constraints, which mandated that the digesters were: (i) inexpensive; (ii) easy to 

maintain; (iii) durable; and (iv) efficient in converting organic wastes into biogas.  The design 

conceived by Purnomo and Pertiwiningrum (2008) met these criteria and was selected (Purnomo 

and Pertiwiningrum 2008).  These digesters (Indonesian model) were constructed from 0.3-m 

diameter PVC tubes and operated as conventional plug-flow digesters (Figure 4.1).  

 
Figure 4.1: Field-scale Indonesian model digester. Pictures of a typical household biogas 

system: (A) the PVC digester, (B) the biogas collection bag, and (C) a traditional household 

cook stove fueled with biogas from the household digester. 

 

Ultimately, 21 of these digesters were installed and tested in rural areas of Indonesia with cow 

manure serving as feedstock (1–3 cows per household).  These systems produced enough biogas 

on a daily basis to fuel a cook stove for ~1 hour.  However, a major drawback of this design was 

a tendency to clog with solids internally over time, which caused diminished methane yields and 

interrupted operation.  The repeated occurrence of clogging discouraged many villagers from its 
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continued use.  In fact, a follow-up survey of village participants revealed that 15 of the 21 

digesters were abandoned within 3 years.  In this study, our objective was to improve the 

Indonesian model digester design to reduce clogging while maintaining system performance. 

Some degree of solids accumulation is inevitable in plug-flow and other flow-through systems, 

including the Taiwanese model, due to limited mixing within these systems.  This can be especially 

problematic when cattle manure is used as the primary feedstock due to the high lignocellulosic 

biosolid content in this waste (Labatut et al. 2011).  Indeed, these materials have a tendency to 

settle within the digester and are slow to degrade.  As a result, the effective volume is reduced, and 

therefore the hydraulic retention time (HRT) of the digester system is shortened, which leads to 

lower substrate conversion.  Mechanical mixing can be used to re-suspend settled solids and 

thereby mitigate solids accumulation and clogging.  However, it also promotes hydraulic short 

circuiting within the plug-flow digester, which can reduce substrate conversion and consequently 

methane yield.  In this study, we assessed the effectiveness of two manually operated, simple 

measures by introducing: (1) a mixing device and (2) effluent recycling as design modifications to 

reduce solids accumulation in the Indonesian model digester system. 

4.3 Materials and Methods 

4.3.1 Reactor Set-Up 

Four 9-L, laboratory-scale digesters were constructed from 1.3-m transparent PVC pipes with 

internal diameters of 10 cm.  Two, 3.8-cm PVC elbows served as the influent and effluent ports at 

both ends.  Two digesters were scale replicates of the Indonesian model design and represented 

the controls (Rcontrol-1, Rcontrol-2) (Figures 4.2A and 4.2B).  One experimental digester was equipped 

with an internal mixer (Rmixer), consisting of a mixing rod that was operated manually by pulling a 
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cord through the PVC elbows back and forth several times (Figure 4.2C).  This digester was mixed 

immediately before and after feeding.  The other experimental digester was operated with effluent 

recycle (Rrecycle), by which the first catchment of effluent was returned to the influent port 

following feeding.  Otherwise, the reactor construction was the same as that for Rcontrol-1 and Rcontrol-

2.  Daily biogas production was measured using a tube-displacement gas meter (Figure 4.2A).  The 

tube-displacement gas meters were calibrated using a standard gas meter (Actaris Meterfabriek, 

Delft, The Netherlands).  
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Figure 4.2: System diagram and digester designs: (A) system diagram showing the layout of 

the various components ((a) digester vessel; (b) gas sampling port; (c) foam trap; (d) bubbler; 

(e) displacement gas meter; (f) biogas exhaust; (g) gas meter counterweight)); (B) 

construction schematic of the laboratory-scale Indonesian model digester used for Rcontrol-1, 

Rcontrol-2, and Rrecycle ((a) influent port - 3.8-cm I.D. PVC elbow; (b) biogas outlet line; (c) 

digester body - 10.0-cm I.D. PVC pipe; (d) sampling port; (e) effluent port - 3.8-cm I.D. PVC 
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elbow)); (C) construction schematic for Rmixer, which is the same as in (B), but a mixing rod 

has been added ((a) mixing wire and (b) internal mixing rod). 

 

4.3.2 Reactor Operation 

The inoculum consisted of dairy manure, which had been diluted to approximately 40 g VS·L−1.  

After achieving some methane production, all digesters were fed dairy manure that was diluted 

with tap water to an average volatile solids (VS) concentration of 42.1 ± 6.9  g VS·L−1.  The manure 

was obtained from AA Dairy, Candor, NY.  The fresh manure was screened (0.5 cm) before being 

stored at −20°C.  The digesters were fed at an organic loading rate of ~2.0 g VS·L−1·Day−1 and a 

hydraulic residence time (HRT) of 21 days, each Monday, Wednesday, and Friday, for a total 

operating period of 311 days.  The digesters were maintained at a temperature of 27 ± 1°C, 

established by the temperature-controlled room in which they were placed.  A one-way ANOVA 

test comparing mean solids concentrations (total solids (TS), volatile solids (VS), and fixed solids 

(FS)) fed to the digesters revealed no significant difference between systems (p-value ≥ 0.2064, 

for all solid fractions), which substantiates comparisons between digester performances during 

steady-state conditions. 

4.3.3 Analyses 

Biogas production was measured daily and corrected to standard temperature and pressure (25°C; 

1 atm).  The pH and digester effluent solids concentrations were measured each feeding cycle.  

Additional measurements, such as total volatile fatty acid (TVFA) concentration, and soluble 

chemical oxygen demand were performed on a weekly basis.  All analyses were conducted in 

accordance with APHA standard methods (APHA 1995).  Biogas methane content was measured 

using gas chromatography equipped with a flame ionization detector (FID) (SRI 8610 C, Torrance, 

CA, USA).  Helium was used as carrier gas, with an injector and detector temperature of 105°C, 
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and a constant oven temperature of 40°C.  Individual volatile fatty acids (iVFAs) concentrations 

were also measured by gas chromatography using FID (HP 5890 Series II).  Helium was used as 

carrier gas, with injector and detector temperatures of 200°C and 275°C, respectively.  Individual 

VFA species were separated using a capillary column (NUKOL, Fused Silica Capillary Column, 

15-m x 0.53-mm x 0.50-μm film thickness; Supelco Inc., Bellefonte, PA), under a ramp 

temperature program (initial temperature 70°C for 2 minutes; temperature ramp 12°C per minute 

to 200°C; final temperature 200°C for 2 minutes).  Due to the asymmetric feeding schedule, the 

data are shown as weekly averages to compensate for inter-weekly variation in performance 

metrics. 

Statistical analysis of performance data was conducted using JMP PRO 10 Software (SAS Inc., 

USA).  One-way analysis of variance was used to determine whether parametric variables differed 

among digester systems, while the Tukey-Kramer HSD model for comparing multiple means was 

used to make pairwise comparisons.  The steady-state period used for statistical analysis was 

restricted to the period following Day 63, representing three HRTs after inoculation.  On a few 

occasions, the biogas outlet line became blocked with sludge and we excluded performance data 

corresponding to these incidents from statistical comparisons.  We allowed for one complete HRT 

before assuming steady-state conditions following these events.  Note that the plugging issues 

experienced in this study (at the biogas outlet line) were different in nature from the plugging 

issues experienced with the large-scale systems (internally) and were due to size scaling effects.  

Indeed, the headspace height in the laboratory-scale systems is 10 cm less than in the field-scale 

systems, which allowed foam within the digester to contact the biogas outlet port. 

4.4 Results and Discussion 
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4.4.1 Digester Start-Up Dynamics 

Each of the digesters exhibited minimal methane production for several weeks following 

inoculation with dilute dairy manure before feeding even started.  To diagnose this problem, 

samples from each digester were taken and analyzed for individual VFA species.  As expected, 

high concentrations of VFAs were detected in all systems (Figure 4.3).  

 
Figure 4.3: Concentrations of iVFA species after inoculation with dairy manure; Rcontrol-1 = 

red colored bar; Rcontrol-2 = blue colored bar; Rmixer =green colored bar; Rrecycle = violet 

colored bar.  Error bars represent standard deviations.  

 

The dominant VFA molecule was acetate (C2) (4.32 – 4.54 g·L−1). However, longer-chain VFAs 

were also present at fairly high concentrations, which suggests possible inhibition to methanogens 

(Pind et al. 2003).  Of the longer-chain VFAs detected, propionate (C3) (1.32 – 1.46 g·L−1) and 
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butyrate (C4) (0.91 – 1.00 g·L−1) were most prevalent.  In conventional AD systems, roughly 75% 

of methane formation occurs through acetoclastic methanogenesis with the remainder following 

from hydrogenotrophic methanogenesis (Speece 1996).  Acetate is generated by acetogenic 

bacteria through syntrophic oxidation and β-oxidation of longer-chain VFAs (Garcia and 

Angenent 2009).  The acetate must be removed as quickly as it is produced by acetoclastic 

methanogenesis or syntrophic acetate oxidation to prevent product accumulation and allow β-

oxidation metabolism to proceed. 

The observed VFA accumulation after inoculation was most likely caused by organic overloading 

of the system by the manure, whereby the rate of acetate formation exceeded the utilization rate 

by methanogens.  The methanogens may have been inhibited or, because of their relatively slow 

growth rate, were present at too low a concentration.  Eventually, methane production did initiate 

and the accumulated VFAs began to be consumed at which point, feeding and normal operation 

began (i.e., Day 0).  Within 63 days of the operating period (after feeding had commenced), the 

VFAs were reduced to concentrations characteristic of stable conditions (Figure 4.4), suggesting 

that the biomass had acclimated and grown to concentrations sufficient enough to handle the 

organic loading rate that we employed (Usack et al. 2012).  The digesters maintained their stability 

for the remainder of the study. 
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Figure 4.4: Total volatile fatty acid concentrations (as acetic acid) for all digester systems 

during the operation period; Rcontrol-1 = ; Rcontrol-2 = ; Rmixer = ; Rrecycle = . 

 

During the start-up period (i.e., Days 0 – 63), a noticeable difference in performance was observed 

between digester systems as each approached steady-state conditions.  As anticipated, Rmixer 

produced greater effluent solids concentrations and lower methane yields initially compared to the 

other systems due to the effect of mixing (Figures 4.5 and 4.6).   
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Figure 4.5: Total solids concentrations in the effluent of all digester systems during the 

operation period, Rcontrol-1 = ; Rcontrol-2 = ; Rmixer = ; Rrecycle = .  Error bars represent 

the standard deviation of the weekly average value.  
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Figure 4.6: Average methane yield for all digester systems during the operation period; 

Rcontrol-1 = ; Rcontrol-2 = ; Rmixer = ; Rrecycle = .  Error bars represent the standard 

deviation of the weekly average value. 

 

By mixing, Rmixer diverged from ideal plug-flow (PF) behavior in which discreet packets of fluid 

move serially from the inlet to the outlet with minimal fluid exchange (i.e., only molecular 

diffusion) to that of a completely-mixed system in which reactor contents are uniformly dispersed 

(Tchobanoglous and Eddy 2003).  Substrate conversion kinetics and performance are generally 

better in PF systems compared to completely mixed systems because the biomass is subject to a 

higher initial substrate concentration and hydraulic short circuiting is minimized (Tchobanoglous 

and Eddy 2003).  Despite these disadvantages, Rmixer eventually achieved methane yields and 

effluent solids concentrations comparable to the other digester systems.  Finally, although effluent 
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recycling would also encourage greater mixing, Rrecycle did not show any lag in performance at the 

beginning of the operating period. 

4.4.2 Comparison of Digester Performance during Steady-State Conditions 

The average specific methane yields were comparable between digesters systems (Table 4.1), with 

the average steady-state values ranging from 0.14 to 0.15 L CH4·g VS−1·Day−1.  In fact, ANOVA 

revealed no difference in mean specific methane yield between digester systems (all pairwise 

comparisons yielded p-values ≥ 0.1673) during the steady-state period (Days 63–311).   
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Table 4.1: Performance and chemical characteristics of the dairy manure feedstock and 

digester influents and effluents; n.d. = not determined.  Biogas and methane production rates 

correct to standard temperature and pressure (25°C; 1 atm).  Errors represented as standard 

deviations. 

    
Dairy 

Manure 

Rcontrol-1 Rcontrol-2 Rmixer Rrecycle 

    
Influent 

Effluen

t 
Influent 

Effluen

t 
Influent 

Effluen

t 
Influent 

Effluen

t 

Total Solids 

(TS) 

134.3 ± 

20.1 

48.9 ± 

7.5 

33.8 ± 

5.4 

49.0 ± 

6.7 

34.5 ± 

3.6 

47.3 ± 

6.9 

36.2 ± 

4.2 

49.1 ± 

6.9 

36.9 ± 

4.9 

g·L
-1   n = 7 n = 90 n = 25 n = 81 n = 24 n = 84 n = 26 n = 100 n = 29 

Volatile 

Solids (VS) 

117.1 ± 

19.1 

42.4 ± 

7.2 

27.0 ± 

5.3 

42.5 ± 

6.7 

27.7 ± 

3.5 

40.8 ± 

6.8 

29.4 ± 

4.1 

42.5 ± 

6.8 

29.9 ± 

4.7 

g·L
-1   n = 7 n = 90 n = 25 n = 81 n = 24 n = 84 n = 26 n = 100 n = 29 

Fixed Solids 

(FS) 

17.2 ± 

12.3 

6.4 ± 

0.9 

6.8 ± 

0.5 

6.7 ± 

0.8 

6.9 ± 

0.5 

6.5 ± 

0.8 

6.8 ± 

0.4 

6.6 ± 

1.0 

6.5 ± 

0.9 

g·L-1   n = 7 n = 90 n = 25 n = 81 n = 24 n = 84 n = 26 n = 100 n = 29 

Total COD n.d. 

60.9 ± 

11.0 

41.1 ± 

11.9 

56.6 ± 

10.2 

33.6 ± 

9.5 

64.1 ± 

14.5 

35.0 ± 

10.5 

56.6 ± 

10.8 

38.2 ± 

14.9 

g 

O2·L-1    n = 8 n = 9 n = 8 n = 9 n = 8 n = 9 n = 8 n = 9 

Soluble COD n.d. 

9.3 ± 

2.7 

3.3 ± 

1.4 

8.6 ± 

2.5 

3.5 ± 

1.4 

9.1 ± 

3.3 

3.2 ± 

1.5 

9.1 ± 

3.9 

3.1 ± 

1.3 

g 

O2·L-1     n = 29 n = 20 n = 29 n = 20 n = 29 n = 20 n = 29 n = 20 

Volatile Fatty 

Acids 

2.00 ± 

0.50 n.d. 

0.67 ± 

0.54 n.d. 

0.51 ± 

0.32 n.d. 

0.41 ± 

0.30 n.d. 

0.30 ± 

0.22 

g 

CH3COOH·L-1 n = 3   n = 19   n = 19   n = 19   n = 19 

pH   n.d. 

7.65 ± 

0.48 

7.36 ± 

0.20 

7.57 ± 

0.46 

7.36 ± 

0.20 

7.59 ± 

0.45 

7.33 ± 

0.21 

7.54 ± 

0.45 

7.33 ± 

0.20 

      n = 112 n = 99 n = 114 n = 88 n = 112 n = 86 n = 114 n = 88 

Retained 

Solids n.d. 84.1 ± 1.0 81.1 ± 1.0 71.4 ± 2.8 74.3 ± 0.6 

g TS·Lreactor
-1 n = 3 n = 3 n = 3 n = 3 

Methane 

Content n.d. 58.0 ± 3.0 58.1 ± 2.1 59.0 ± 2.1 59.4 ± 2.1 

%     n = 32 n = 32 n = 32 n = 32 

Biogas 

Production n.d. 0.600 ± 0.070 0.630 ± 0.100 0.550 ± 0.090 0.590 ± 0.080 

LBiogas·LReactor
-1

·Day-1   n = 96 n = 98 n = 98 n = 98 

Methane 

Yield n.d. 0.150 ± 0.030 0.150 ± 0.020 0.140 ± 0.020 0.150 ± 0.030 

LCH4·g 

VS-1·Day-1   n = 82 n = 76 n = 79 n = 94 
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In comparison to other small-scale systems treating cattle manure, these specific methane yields 

are notably lower than those observed by Garfí et al. (2011) (0.196 L CH4·g VS−1·Day−1; tubular 

configuration) and by Ferrer et al. (2011) (0.192–0.226 L CH4·g VS−1·Day−1; tubular 

configuration) (Ferrer et al. 2011, Garfí et al. 2011).  However, in these cases the organic loading 

rates were considerably lower (0.22 – 1.29 g VS·L−1·Day−1) and hydraulic retention periods were 

considerable longer (60 – 90 days) than those employed in this study, which would contribute to 

greater specific methane yields.  When comparing biogas yields, however, the digesters used in 

this study produced substantially more biogas (0.550 – 0.630 Lbiogas·Lreactor
-1·Day−1) compared to 

Garfí et al. (2011) and Ferrer et al. (2011) (0.120 and 0.070 – 0.470 Lbiogas·Lreactor
-1·Day−1, 

respectively) (Ferrer et al. 2011, Garfí et al. 2011). 

Similarly, no difference in mean TS, VS, and FS removal efficiencies was found between digesters 

(all one-way ANOVAs, p-values ≥ 0.07), with VS removal efficiencies ranging from 28.8 to 

35.7%.  This degree of VS reduction is typical for AD systems treating cattle manure in laboratory 

settings at mesophilic temperatures (Lehtomäki et al. 2007, Mladenovska et al. 2003), but is likely 

greater than experienced in the field, which may have lower average temperatures and suffer from 

diurnal and seasonal fluctuations.  In this study, we observed consistently low VFA concentrations 

and fairly high VS concentrations in the effluent during steady-state operation, which suggest that 

the system was limited by hydrolysis (Zeeman 1991).  This is typical for anaerobic digestion of 

cattle manure, since a large fraction of the organic material is cellulosic in composition (i.e., 56% 

of VS), rendering it less biodegradable (Labatut et al. 2011). 

4.4.3 Effect of Mixing and Effluent Recycling on Solids Reduction 
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Despite similar TS, VS, and FS removal efficiencies between digesters, there were marked 

differences in retained solids concentrations.  We define retained solids here as the quantity of 

solids accumulated within the digester during the operating period, which persists despite 

fluctuations in mass inputs and outputs.  The retained solids concentrations (as TS) within the 

digesters were measured at the end of the study period (Table 4.1).  Analysis by ANOVA resulted 

in a strong rejection of the null hypothesis that the mean retained solids concentrations were equal 

between the experimental and control digesters (all pairwise p-values ≤ 0.0006).  Indeed, Rmixer 

and Rrecycle significantly reduced the amount of retained solids in the digesters compared to the 

controls.  Yet, the difference between mixing and recycling conditions was not statistically 

significant.  This implies that both mixing and effluent recycling are effective techniques and either 

can be used to reduce solids retention within the digester. 

The mechanism driving the reduction in retained solids was clearly observed in both Rmixer and 

Rrecycle.  Indeed, the mixing rod in Rmixer acted to dislodge and temporarily re-suspend the solids 

that had settled between feeding cycles, which allowed more to escape in the effluent, while, in 

Rrecycle, the very process of pouring in the recycled effluent created additional turbulence, which 

allowed greater expulsion of solids by bulk transport.  Although there was never an instance of 

clogging in any of the digester systems during the study, we suspect that a reduction of retained 

solids would translate to fewer cases of clogging in the field.  It is also possible that such mixing 

techniques would improve digester performance in cases where the solids retention time is 

excessive and HRT is shortened (Martí-Herrero 2011, Martí-Herrero and Cipriano 2012).  Insight 

from this study also suggests that inclination of the reactor system (i.e., the degree angle from 

horizontal) is an important design parameter, particularly in preventing clogging.  Greater 

inclinations would create higher shear velocities within the digester when the influent is 
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introduced, thereby disrupting bed formation along the digester length.  However, it would also 

promote thicker beds near the digester outlets where clogging occurs.  In our study, the digesters 

were oriented <5° from horizontal, which may explain the absence of clogging.  Finally, although 

specific instances of clogging are not mentioned in the literature for studies involving Taiwanese 

model digesters, potential problems associated with solid retention, especially for shortened HRTs, 

are frequently cited (Garfí et al. 2011, Garfí et al. 2014, Lansing et al. 2008, Lansing et al. 2010a, 

Lansing et al. 2010b).  In Lansing et al. (2010a), VS accumulations of 46.7% above the influent 

VS concentration were observed, which is lower than those observed in this study (Rmixer = 53.9%, 

Rrecycle = 55.3%, Rcontrol-2 = 69.6%, and Rcontrol-1 = 77.8%) (Lansing et al. 2010a).  In that study, 

however, swine manure served as the substrate and the OLR was quite low in comparison 

(0.34 g VS·L−1·Day−1), while the HRT was much longer (40 days) (Lansing et al. 2010a).  

Mechanical mixing and effluent recycling were effective in reducing solids retention in the 

laboratory-scale digesters used in this study.  We expect that similar reductions in solids retention 

could be achieved in the Taiwanese model digester when these mixing techniques are employed.  

Nevertheless, long-term field trials involving the Indonesian, Taiwanese, and Chinese models 

should be conducted to validate their effectiveness when used in the field by native operators. 

4.5 Conclusions 

The results from this study suggest that the use of digester mixing or effluent recycling is an 

effective way to mitigate solids accumulation in Indonesian Model digester systems without 

significantly jeopardizing their performance in terms of methane yield or solids removal efficiency 

making them more reliable and less of a burden to operate because of less maintenance.  Our results 

show that the retained solids concentrations greatly exceed the influent solids concentration, even 

for the experimental digesters.  This implies that internal solids accumulation is inevitable in these 
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digester systems.  Therefore, these digesters may still need to be cleaned periodically; albeit we 

predict that the digesters with digester mixing or effluent recycling will need to be cleaned less 

often than the control digesters.  Thus, the use of mixing or recycling would improve the system 

design and would likely reduce maintenance by village operators considerably.  This may 

encourage greater adoption of this technology in developing countries, thereby improving social 

well-being in these communities.  However, field tests at scale are still needed to determine 

whether the decrease in retained solids concentration is substantial enough to affect a meaningful 

decrease in clogging and yield more successful applications in rural areas. 

4.6 Acknowledgements 

The authors acknowledge the support of the Schlumberger Foundation Faculty for the Future 

Fellowship to Wiratni.  They also thank the New York State Energy Research and Development 

Authority (NYSERDA) for supporting this study through the Anaerobic Digestion Technology 

Training Program (Agreement no. 15609).  



86 
 

CHAPTER 5 

5. Comparing the Inhibitory Thresholds of Dairy Manure Co-Digesters after 

 Prolonged Acclimation Periods: Part 1 – Performance and Operating Limits 

 

Usack, J.G. and Angenent, L.T. (2015) Comparing the inhibitory thresholds of dairy manure co-

digesters after prolonged acclimation periods: Part 1 – Performance and operating limits. 

Water Research 87, 446-457. 

 

5.1 Highlights 

 Three organic wastes were co-digested with dairy manure for more than 900 days. 

 Co-substrate addition improved methane yield compared to manure-only digestion. 

 Food waste co-digestion was stable but methane yields were limited by hydrolysis. 

 Ammonia accumulation from alkaline hydrolysate caused reactor instability. 

 Crude glycerol caused reactor failure at higher OLRs through LCFA inhibition. 

5.2 Abstract 

Co-digestion has been used to improve biogas yields and the long-term stability of anaerobic 

digesters compared to mono-digestion.  However, less is known about the ultimate inhibition from 

co-substrates at their maximum loading rates and mixing ratios because these limits cannot be 

practically tested by existing facilities.  Here, we performed a controlled experiment with long 

operating periods to ensure sufficient acclimation with the goal to observe ultimate inhibition and 

the full benefit that can be gained from co-digestion.  The three substrates: 1) food waste (FW); 2) 

alkaline hydrolysate (AH); and 3) crude glycerol (GY) were individually co-digested with dairy 

manure (MN) for more than 900 days using continuously stirred anaerobic reactors at mesophilic 
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temperatures.  Food waste caused no reduction in performance or stability when co-digested with 

manure up to a total organic loading rate (OLR) of 3.9 g volatile solids (VS)·L−1·Day−1 (MN:FW 

= 51:49; VS basis), resulting in a specific methane yield (SMY) of 297 ± 3 mL CH4·g VS−1 (at 

25°C; 1 atm) for the combined wastes.  Alkaline hydrolysate was co-digested with manure up to a 

total OLR of 2.7 g VS·L−1·Day−1 (MN:AH = 75:25) with a corresponding SMY of 299 ± 6 mL 

CH4·g VS−1.  However, the free ammonia concentration reached levels previously reported as 

inhibitory, and may have led to the observed accumulation of volatile fatty acids at higher loading 

rates.  Crude glycerol co-digestion resulted in an optimum SMY of 549 ± 25 mL CH4·g VS−1 at a 

total OLR of 3.2 g VS·L−1·Day−1 (MN:GY = 62:38).  Stable digestion beyond this level was 

prohibited by an accumulation of long-chain fatty acids and foaming.  These results can be used 

to implement effective co-digestion strategies.  Co-substrates that possess similar inhibiting 

characteristics should be monitored to prevent severe instability at high loading rates and mixing 

ratios. 

5.3 Graphical Abstract 
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5.4 Keywords 

Co-digestion; Biogas; Food waste; Ammonia; Long-chain fatty acids; Dairy manure 

5.5 Abbreviations 

ABW, animal by-product waste; ANOVA, analysis of variance; BMP100, 100-Day biochemical 

methane potential; BMP25, 25-Day biochemical methane potential; C/N, carbon to nitrogen ratio; 

COD, chemical oxygen demand; CT, co-digestion treatment level; FID, flame ionization detector; 

FW, food waste; FS, fixed solids; GC, gas chromatograph; GY, crude glycerol; HRT, hydraulic 

retention time; MLR, mass loading rate; MN, manure; LCFA, long-chain fatty acid; LCFAliquid, 

liquid-associated LCFA; LCFAsolid, solid-associated LCFA; OLR, organic loading rate; ORG-N, 

organic nitrogen; SCOD, soluble chemical oxygen demand; SMY, specific methane yield; SS, 

steady-state; SU, start-up; TCD, thermal conductivity detector; TCOD, total chemical oxygen 

demand; TKN, total kjeldahl nitrogen; TS, total solids; VFA, volatile fatty acid. 

5.6 Introduction 

The use of anaerobic digestion (AD) for the treatment of agricultural wastes, such as animal 

manures, is an effective means to stabilize and control emissions from these wastes while 

simultaneously producing useful energy on farms.  Co-digestion on farms, which blends one or 

more organic wastes with livestock manure, has made AD more feasible in the U.S. by increasing 

methane production, improving system stability, and providing tipping-fees that are paid to the 

farmer in return for accepting this waste (Bishop and Shumway 2009).  Several factors are cited 

for the realized benefits of co-digestion, which include optimizing the carbon-nitrogen ratio (C/N) 

of the substrate mixture (Wang et al. 2012), remedying nutrient or trace element limitations (Zhang 

et al. 2012), improving buffering capacity (Murto et al. 2004), diluting/neutralizing inhibitory 
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compounds (Fang et al. 2011b), and more efficiently utilizing the long sludge retention times in 

farm-based anaerobic digestion with easier-to-degrade substrates to improve biogas yields without 

the need for additional capital costs (Jensen et al. 2014). 

Co-digestion has been successfully implemented at many biogas facilities. However, cases of 

decreased performance and instability have also been reported for various co-substrate types.  For 

example, abrupt changes in substrate composition by including a co-substrate without appropriate 

microbiome acclimation periods may adversely affect performance and stability (Regueiro et al. 

2014, Zhang et al. 2014).  Even after extended acclimatization periods, co-substrates that possess 

inhibitory or toxic chemical compounds, such as long-chain fatty acids (LCFAs) (Hwu et al. 1998, 

Neves et al. 2009b, Palatsi et al. 2011, Shin et al. 2003), ammonia (Angelidaki and Ahring 1994, 

Callaghan et al. 2002, Garcia and Angenent 2009, Regueiro et al. 2012), and other inorganic salts 

(de Baere et al. 1984, Fang et al. 2011b), may contribute to decreased performance.  Also, certain 

physical mechanisms, such as foaming and flotation, have disrupted the AD process and caused 

biomass washout (Hejnfelt and Angelidaki 2009, Hwu et al. 1998).   

Recent developments in high throughput gene sequencing technology have drastically reduced the 

cost and processing time needed for microbial community surveys (Li et al. 2013), and have paved 

the way for new research that attempts to explain, or at least correlate, process performance and 

inhibition with underlying microbial community dynamics (Jensen et al. 2014, Regueiro et al. 

2014, Werner et al. 2014, Zhang et al. 2014).  However, drawing meaningful conclusions is 

difficult, if not impossible, without the use of large datasets comprising extensive operational and 

sequencing data over long operating periods, as from full-scale facilities where monitoring is 

routinely performed (Werner et al. 2011).  However, full-scale facilities do not always allow for 
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properly controlled experiments, especially those that push the operational threshold of the 

digester, so such investigations must be conducted in the laboratory.  

Here, our primary objective was to perform a long-term treatability study at the laboratory scale: 

1) to determine the additional methane yield that can be achieved through co-digestion; 2) to 

identify the maximum loading rate and mixing ratio of the co-substrate before a reduction in 

performance occurs; and 3) to find the causes of the performance reductions for each co-substrate 

at high loading rates and mixing ratios.  Our secondary objective was to collect biomass samples 

and sufficient operational data to allow subsequent microbial community analysis.  We used 

consumer food waste, alkaline hydrolysate, and crude glycerol as potential co-substrates for 

digestion with dairy manure because they: i) have high biochemical methane potentials relative to 

dairy manure and thereby have the capacity to improve methane yield compared to manure-only 

digestion; and ii) possess different inhibitory characteristics capable of reducing the performance 

or stability of the AD process. 

5.7  Background on Co-Substrates 

5.7.1 Food waste 

Food waste is often used as a co-substrate with animal manures in farm-based AD systems due to 

its high biodegradability and its wide availability (Labatut et al. 2011).  Indeed, an estimated 25 

million tons of food scraps are sent to landfill in the U.S. every year, leading to ~13% of 

anthropogenic GHG emissions, yet only 2.2% is recovered for energy (EPA 2009).  Studies have 

demonstrated that co-digestion of animal manure with food wastes results in greater performance 

and stability than can be achieved by the digestion of either substrate individually (Alvarez and 

Lidén 2008, Zhang et al. 2012).  However, food wastes characterized by high hydrolysis rates and 
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low inherent alkalinity potential could lead to acidification of the AD process if added in excess 

of the buffering capacity of manure (Murto et al. 2004). 

5.7.2 Alkaline Hydrolysate 

The alkaline hydrolysis process is used to treat deceased livestock or other animal-tissue wastes 

and involves exposing the animal tissue to a strong alkali solution at high temperature and pressure.  

Although few installations presently exist in the U.S., it represents a possible alternative treatment 

strategy for waste streams requiring hygienization (Das 2008).  The process yields a sterile aqueous 

solution (i.e., hydrolysate) of high organic strength, which is comprised mostly of sugars, amino 

acids, fatty acids, and their soaps (Das 2008), suggesting that it could be treated by anaerobic 

digestion.  However, the high protein and lipid content of animal-tissue wastes may lead to 

instability of the AD process through an accumulation of their degradation products, which are 

ammonia and long-chain fatty acids (LCFA), respectively (Hejnfelt and Angelidaki 2009, Palatsi 

et al. 2011).  In addition, the high residual salt concentration resulting from the alkali treatment 

process (KOH or NaOH) may inhibit poorly acclimated microbiomes (de Baere et al. 1984, Fang 

et al. 2011b).  Finally, soap formation from this substrate may cause excessive foaming, which 

could lead to system instability by entrapping and removing biomass (Hejnfelt and Angelidaki 

2009, Hwu et al. 1998). 

5.7.3 Crude glycerol 

Crude glycerol is a by-product of the biodiesel manufacturing process, which reached a record-

breaking 111 million gallons in 2013 in the U.S. (EIA 2013), resulting in approximately 10 million 

gallons of crude glycerol.  Due to the high-energy density, biodegradability, and long-term storage 

potential of crude glycerol, anaerobic digestion has been identified as a candidate end-use 
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technology (Castrillón et al. 2013).  The glycerol molecule is readily degraded in AD systems and 

studies have demonstrated the dramatic increase in methane yield that can be realized when 

glycerol is used as co-substrate (Astals et al. 2012, Castrillón et al. 2013, Jensen et al. 2014).  

However, the compositional differences found in crude glycerol, particularly the carbohydrate-to-

lipid ratio, make estimating the optimum loading rate difficult.  Moreover, the interplay of the 

rapidly degraded glycerol component, and the LCFA-producing lipid component in crude glycerol 

poses multiple operational challenges, such as acidification and foaming, and one may exacerbate 

the other (Hejnfelt and Angelidaki 2009, Jensen et al. 2014). 

5.8 Methods and Materials 

5.8.1 System Set-Up and Inoculation 

We used four identical, cylindrical continuously-stirred anaerobic reactors made of glass with an 

inner-diameter of 12 cm, and an effective volume of 4.5 L.  Mixing of the reactor contents was 

achieved using a 6.2-cm diameter internal impeller (Model: Lightnin A-310, Rochester, NY) that 

was set to 200 RPM, equivalent to a spatially-averaged velocity gradient (G) of 150 s-1.  A heated 

water jacket surrounding the reactor was maintained at 37±1°C.  Specific information regarding 

the anaerobic digestion system, including a step-by-step video of system construction and 

equipment, is provided by (Usack et al. 2012).  Active inoculum was obtained from a farm-based, 

plug-flow anaerobic digestion system treating dairy manure at 38°C and a hydraulic retention time 

(HRT) of 37 days. 

5.8.2 Substrates 

Fresh dairy manure was obtained from the same farm as the reactor inoculum source.  The 

collected manure was blended for 3 min at the maximum intensity setting (Model CB-5; Waring 
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Co., Winsted, CT) before being stored at -23°C until use.  Four separate manure batches were 

obtained.   

Food waste, which was subjected to mechanical pulverization (particle size <1 cm3), was obtained 

from a student-dining hall and collected on a daily basis during a two-week period.  Daily samples 

were refrigerated at 4°C before being combined in equal parts.  Next, the food waste mixture was 

homogenized by blending for 3 min at the maximum intensity setting and then stored at -23°C 

until use.   

We obtained alkaline hydrolysate from a full-scale alkaline hydrolysis treatment process, which is 

located in the School of Veterinary Medicine at Cornell University.  This treatment process 

involves applying an alkali solution (10% KOH) to deceased animals in a large vessel, which is 

then brought to a temperature of 150°C and a pressure of 275 kPa.  These conditions are sustained 

for 6 h to ensure sterilization and solubilization of the animal tissue.  After cooling and 

depressurization, the pH of the hydrolysate is reduced by using CO2 gas (pH < 8).  Two separate 

batches of hydrolysate were used in this study.  Both batches were collected on-site after pH 

adjustment.  The first batch of hydrolysate was immediately stored at -23°C until use.  We 

subjected the second batch of hydrolysate to heat-assisted evaporative reduction to increase its 

organic strength (i.e., volatile solids concentration (VS)) prior to cold storage at -23°C by placing 

the hydrolysate in a well-ventilated, temperature-controlled room at ~32°C with mixing until a VS 

concentration of 68.6 g VS·L-1 was achieved.  The motivation was to maintain a 25-Day HRT even 

at high organic loading rates (OLR) of this substrate.   

Crude glycerol was obtained from a biodiesel pilot-plant that used waste vegetable oil as feedstock 

(i.e., soybean oil).  Methanol and potassium hydroxide were used in the trans-esterification 
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process.  After collection from the pilot-plant, crude glycerol was transferred into individual 

containers while being rigorously mixed to ensure homogeneity and then stored at -23°C until use. 

5.8.3 Experimental Design 

During the start-up period (Days 1 – 295; SU-I – SU-V), the reactor microbiomes were conditioned 

and acclimated to operate at an organic loading rate (OLR) of 2.0 g VS·L-1·Day-1 and HRT of 25 

days.  Two reactors were used initially and were fed dairy manure on a semi-continuous basis (i.e., 

once every two days) at a fixed organic strength of 50 g VS·L-1.  After an initial incident of volatile 

fatty acid (VFA) accumulation (Days 15 – 60; SU-I – SU-II), the OLR was increased incrementally 

during the start-up period by reducing the HRT (Days 60 – 295; SU-II – SU-V).  Two additional 

reactors were inoculated on Day 267 using effluent from the pre-existing reactors.  To ensure a 

consistent microbial community between the four reactors, they were combined, mixed, and re-

distributed to the reactor vessels immediately before commencing a three HRT-period, steady-

state phase (Days 296–370; SS) before co-digestion. 

Co-digestion of the food waste, alkaline hydrolysate, and crude glycerol began on Day 371.  For 

each co-digestion treatment (CT), the OLR was increased by 10% (VS basis) from the previous 

level of the operating period, through the addition of the co-substrates to the basal VS input from 

dairy manure (2.0 g VS·L-1·Day-1) (CT-I – CT-VII).  The co-substrates were added separately to 

three of the four reactors (in parallel), while the fourth was left as a control (2.0 g VS·L-1·Day-1).  

By adding one co-substrate to three of the four reactors, the total organic loading rate for those 

three reactors increased relative to the control reactor, which was fed only manure.  The manure 

reactor, thus, is a baseline reactor for the farm operator without any co-substrate who can only feed 

the dairy manure produced on the farm.  However, to maintain a similar 25-Day HRT in all the 

reactors, co-substrates were added to the manure substrate less the equivalent volume of dilution 
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water to the manure substrate.  Though not common in practice, this was an experimental control 

measure intended to eliminate the confounding effect of differing HRTs on reactor performance 

and later microbial community comparisons.  At least three HRT periods were granted for each 

treatment.  A summary of the experimental design is provided in Table 5.1, with graphical 

representations of the total OLRs and the specific OLRs in Figure 5.1A and Figure A1.2.1  
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Table 5.1: Experimental design 
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Table 5.1: Continued - 1 

Experimental Period  Steady-State (SS) 

  Digester System Control 

Food 

Waste 

Alkaline 

Hydrolysate #1 

Crude 

Glycerol  

Substrate Proportion        

  

Dairy Manure : Co-Substrate (VS 

Basis) 100 : 0  100 : 0  100 : 0  100 : 0  

  

Dairy Manure (#2): Co-Substrate : 

H2O (Weight Basis) 

46.8 : 0 : 

53.2 

46.8 : 0 : 

53.2 46.8 : 0 : 53.2 

46.8 : 0 : 

53.2 

Operational Parameters        

  Organic Strength (g VS·L-1) 50.00 50.00 50.00 50.00 

  HRT (Days) 25 25 25 25 

  OLR (g VS·L-1·Day-1) 2.00 2.00 2.00 2.00 

  Temperature (°C) 37 37 37 37 

Duration        

  Study Days 296 - 370 296 - 370 296 - 370 296 - 370 

  HRTs 3.00 3.00 3.00 3.00 

Experimental Period  Co-Digestion Treatment I (CT-I) 

  Digester System Control 

Food 

Waste 

Alkaline 

Hydrolysate #1 

Crude 

Glycerol  

Substrate Proportion        

  

Dairy Manure : Co-Substrate (VS 

Basis) 100 : 0  91 : 9  91 : 9  91 : 9 

  

Dairy Manure (#2): Co-Substrate : 

H2O (Weight Basis) 

46.8 : 0 : 

53.2 

46.8 : 3.0 

: 50.2 

46.8 : 12.7 : 

40.5 

46.8 : 0.8 : 

52.4 

Operational Parameters        

  Organic Strength (g VS·L-1) 50.00 55.00 55.00 55.00 

  HRT (Days) 25 25 25 25 

  OLR (g VS·L-1·Day-1) 2.00 2.20 2.20 2.20 

  Temperature (°C) 37 37 37 37 

Duration        

  Study Days 371 - 450 371 - 450 371 - 450 371 - 450 

  HRTs 3.20 3.20 3.20 3.20 
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Table 5.1: Continued – 2  

Experimental Period  Co-Digestion Treatment II (CT-II) 

  Digester System Control 

Food 

Waste 

Alkaline 

Hydrolysate #1 

Crude 

Glycerol  

Substrate Proportion        

  

Dairy Manure : Co-Substrate (VS 

Basis) 100 : 0  83 : 17 83 : 17 83 : 17 

  

Dairy Manure (#2): Co-Substrate : 

H2O (Weight Basis) 

46.8 : 0 : 

53.2 

46.8 : 6.4 

: 46.8 

46.8 : 26.7 : 

26.5 

46.8 : 1.8 

: 51.4 

Operational Parameters        

  Organic Strength (g VS·L-1) 50.00 60.50 60.50 60.50 

  HRT (Days) 25 25 25 25 

  OLR (g VS·L-1·Day-1) 2.00 2.42 2.42 2.42 

  Temperature (°C) 37 37 37 37 

Duration        

  Study Days 451 - 525 451 - 525 451 - 525 451 - 525 

  HRTs 3.00 3.00 3.00 3.00 

Experimental Period  Co-Digestion Treatment III (CT-III) 

  Digester System Control 

Food 

Waste 

Alkaline 

Hydrolysate #1 

Crude 

Glycerol  

Substrate Proportion         

  

Dairy Manure : Co-Substrate (VS 

Basis) 100 : 0  75 : 25 75 : 25 75 : 25 

  

Dairy Manure (#2): Co-Substrate : 

H2O (Weight Basis) 

46.8 : 0 : 

53.2 

46.8 : 

10.1 : 

43.1 46.8 : 42.2 : 11 

46.8 : 2.9 

: 50.3 

Operational Parameters         

  Organic Strength (g VS·L-1) 50.00 66.55 66.55 66.55 

  HRT (Days) 25 25 25 25 

  OLR (g VS·L-1·Day-1) 2.00 2.66 2.66 2.66 

  Temperature (°C) 37 37 37 37 

Duration         

  Study Days 526 - 602 526 - 602 526 - 602 526 - 602 

  HRTs 3.08 3.08 3.08 3.08 
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Table 5.1: Continued – 3 

Experimental Period  Co-Digestion Treatment IV (CT-IV) 

  Digester System Control 

Food 

Waste 

Alkaline 

Hydrolysate #2 

Crude 

Glycerol  

Substrate Proportion        

  

Dairy Manure : Co-Substrate (VS 

Basis) 100 : 0  68 : 32 68 : 32 68 : 32 

  

Dairy Manure (#2): Co-Substrate : 

H2O (Weight Basis) 

46.8 : 0 : 

53.2 

46.8 : 

14.1 : 

39.1 

46.8 : 35.0 : 

18.2 

46.8 : 4.0 : 

49.2 

  

Dairy Manure (#3): Co-Substrate : 

H2O (Weight Basis) 

48.3 : 0 : 

51.7 

48.3 : 

14.1 : 

37.6 

48.3 : 35.0 : 

16.7 

48.3 : 35:0 

: 47.7 

Operational Parameters        

  Organic Strength (g VS·L-1) 50.00 73.21 73.21 73.21 

  HRT (Days) 25 25 25 25 

  OLR (g VS·L-1·Day-1) 2.00 2.93 2.93 2.93 

  Temperature (°C) 37 37 37 37 

Duration        

  Study Days 603 - 726 603 - 726 603 - 726 603 - 726 

  HRTs 4.96 4.96 4.96 4.96 

Experimental Period  Co-Digestion Treatment V (CT-V) 

  Digester System Control 

Food 

Waste 

Alkaline 

Hydrolysate #2 

Crude 

Glycerol  

Substrate Proportion        

  

Dairy Manure : Co-Substrate (VS 

Basis) 100 : 0  62 : 38 62 : 38 62 : 38 

  

Dairy Manure (#2): Co-Substrate : 

H2O (Weight Basis) - - - - 

  

Dairy Manure (#3): Co-Substrate : 

H2O (Weight Basis) 

48.3 : 0 : 

51.7 

48:3 : 

18.5 : 

33.2 

48.3 : 46.0 : 

5.7 

48.3 : 5.3 : 

46.4 

Operational Parameters        

  Organic Strength (g VS·L-1) 50.00 80.53 80.53 80.53 

  HRT (Days) 25 25 25 25 

  OLR (g VS·L-1·Day-1) 2.00 3.22 3.22 3.22 

  Temperature (°C) 37 37 37 37 

Duration        

  Study Days 727 - 806 727 - 806 727 - 865 727 - 806 

  HRTs 3.20 3.20 5.56 3.20 
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Table 5.1: Continued – 4 

Experimental Period  Co-Digestion Treatment VI (CT-VI) 

  Digester System Control 

Food 

Waste 

Alkaline 

Hydrolysate 

#2 

Crude 

Glycerol  

Substrate Proportion         

  

Dairy Manure : Co-Substrate (VS 

Basis) 100 : 0  56 : 44 - 56 : 44 

  

Dairy Manure (#3): Co-Substrate : 

H2O (Weight Basis) 

48.3 : 0 : 

51.7 

48.3 : 

23.4 : 

28.3 - 

48.3 : 6.7 : 

45.0 

Operational Parameters         

  Organic Strength (g VS·L-1) 50.00 88.58 - 88.58 

  HRT (Days) 25 25 - 25 

  OLR (g VS·L-1·Day-1) 2.00 3.54 - 3.54 

  Temperature (°C) 37 37 - 37 

Duration         

  Study Days 807 - 882 807 - 882 - 807 - 882 

  HRTs 3.04 3.04 - 3.04 

Experimental Period  Co-Digestion Treatment VII (CT-VII) 

  Digester System Control 

Food 

Waste 

Alkaline 

Hydrolysate 

#2 

Crude 

Glycerol  

Substrate Proportion        

  

Dairy Manure : Co-Substrate (VS 

Basis) 100 : 0  51 : 49 - 51 : 49 

  

Dairy Manure (#3): Co-Substrate : 

H2O (Weight Basis) 

48.3 : 0 : 

51.7 

48.3 : 

28.8 : 

22.9 - 

48.3 : 8.3 : 

43.4 

Operational Parameters        

  Organic Strength (g VS·L-1) 50.00 97.44 - 97.44 

  HRT (Days) 25 25 - 25 

  OLR (g VS·L-1·Day-1) 2.00 3.90 - 3.90 

  Temperature (°C) 37 37 - 37 

Duration        

  Study Days 883 - 935 883 - 935 - 883 - 889 

  HRTs 2.12 2.12 - 0.08 
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Figure 5.1: Biogas and methane yield.  (A) The organic loading rate used during the 

experiment.  Specific shapes indicate periods where a unique OLR was used for individual 

reactors.  (B) The biogas production for all reactors.  (C) The specific methane yield for all 

reactors.  (D) The methane content of the biogas.  Gas values corrected to standard 

temperature and pressure (25°C; 1 atm).  Red circles represent data from the reactor with 

manure-only digestion (control); green diamonds represent data from the reactor with food 

waste co-digestion; blue squares represent data from the reactor with alkaline hydrolysate 

co-digestion; purple triangles represent data from the reactor with crude glycerol co-

digestion.   
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5.8.4 Analytical Methods 

Conventional analyses to monitor the performance and stability of the reactor systems were 

performed routinely.  Standard Methods for the Examination of Water and Wastewater (19th ed.) 

was used as method source unless noted otherwise (APHA 1995).  Biogas, ambient and reactor 

temperature, ambient pressure, and effluent pH (pH/ISE Model Orion 4-Star Plus; Thermo-

Scientific) were monitored every feeding cycle.  Biogas and methane values were corrected to 

standard temperature and pressure (25°C; 1 atm).  Total solids (TS) and volatile solids (VS), 

alkalinity, volatile fatty acids (VFAs), ammonium (Ammonia Electrode, Model Orion 95-12; 

Thermo-Scientific), and potassium (Potassium Ion Electrode, Model 27504-26; Cole-Parmer) of 

the reactor effluent were measured every two feeding cycles (i.e., every four days).  Bicarbonate 

alkalinity was determined by Equation 5.1 according to (Speece 1996), while free ammonia was 

determined by Equation 5.2 according to Østergaard (Østergaard 1985): 

[Bicarbonate Alkalinity]  =  [Total Alkalinity] – 0.708*[VFA]   ( 1 ) 

Where:  [Bicarbonate Alkalinity] = the computed concentration of 

bicarbonate alkalinity, in g CaCO3·L
-1,  

[Total Alkalinity] = the measured concentration of alkalinity titrated 

to a pH of 4.0, in g CaCO3·L
-1, and [VFA] is the measured 

concentration of total volatile fatty acids, in g acetic acid·L-1. 

[Free Ammonia]   =  [Total Ammonia]·(1+10-pH·(10-pKa)-1)-1 ( 2 ) 

  Where:  pKa = 0.09108 + 2729.92·T-1 

[Free Ammonia] = the computed concentration of ammonia in the 

unionized form, in mg NH3-N·L-1 
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[Total Ammonia] is the measured total concentration of ammonia, 

in mg NH3-N·L-1, and T is the temperature, in °K. 

Biogas composition (methane, carbon dioxide, and nitrogen), individual fatty acids (acetate, 

propionate, i-butyrate, n-butyrate, i-valerate, n-valerate, i-caproate, n-caproate, i-heptanoate, and 

n-heptanoate), and chemical oxygen demand (COD) of the reactor effluent were measured every 

three feeding cycles (i.e., every six days).  Biogas composition was measured using a gas 

chromatograph (SRI 8610C; SRI Instruments, Torrance, CA) equipped with a thermal conductivity 

detector (TCD) under isothermal conditions at (i.e., 105°C), and a packed column (0.3-m HaySep-

D packed Teflon; Restek, Bellefonte, PA), with helium as the carrier gas.  Individual volatile fatty 

acids were measured using a gas chromatograph (HP Hewlett Packard 5890 Series II) equipped 

with a flame ionization detector (FID) with a ramp temperature program (initial temperature 70°C 

for 2 min; temperature ramp 12°C per min to 200°C; final temperature 200°C for 2 min), and a 

capillary column (NUKOL, Fused Silica Capillary Column, 15-m x 0.53-mm x 0.50-µm film 

thickness; Supelco Inc., Bellefonte, PA). The injection port was set to 200°C and the detector to 

275°C.  The C/N ratio was determined using a NC2500 Elemental Analyzer (CE Elantech, Inc.; 

Lakewood, NJ), which was equipped with a Teflon PQS-type column with helium as the carrier 

gas and a combustion chamber temperature of 1000°C, reduction chamber temperature of 780°C, 

and oven temperature of 50°C.   

Lipids were extracted using a 1:1 (v/v) methanol and chloroform solvent solution in a Soxhlet 

apparatus.  Biochemical methane potential assays (BMP) were conducted as described by (Owen 

et al. 1979) (A1.1.1).  Solid-associated and liquid-associated long-chain fatty acid concentrations 

were measured according to the method outlined by (Neves et al. 2009c) (A1.1.2).  The crude 

glycerol substrate was further characterized for total glycerol content, total ester content, soap 
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content, and free fatty acids by an outside laboratory (FOI Laboratories Inc., Vancouver, WA, 

USA) (A1.1.3, Table A1.3.1).  Statistical analysis of reactor data was conducted using JMP PRO 

10 Software (SAS Inc., USA) (A1.1.4), while figures and tables were generated using SigmaPlot 

v12 and Microsoft Excel 2010. 

5.9 Results 

5.9.1 Substrate Characterization 

We performed BMP25 and BMP100 assays with each co-substrate and dairy manure (Table 5.2) to 

validate the criterion that the co-substrates have greater methane yields compared to manure.  Of 

the co-substrates with a 100-Day incubation period (BMP100), crude glycerol generated the most 

methane (628 ± 30 mL CH4·g VSadded
-1), followed by alkaline hydrolysate (AHBatch#1: 449 ± 13 mL 

CH4·g VSadded
-1; AHBatch#2: 453 ± 26 mL CH4·g VSadded

-1) and food waste (341 ± 10 mL CH4·g 

VSadded
-1), compared to an average BMP100 of 227 mL CH4·g VSadded

-1 for the manure batches.  

The BMP25 assay revealed a slower conversion rate for crude glycerol, compared to alkaline 

hydrolysate, and food waste.  Indeed, the food waste and alkaline hydrolysate co-substrates were 

more rapidly converted to methane, yielding ~90% of their methane potential within 25 days, 

compared to ~60% for crude glycerol.  
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Table 5.2: Dairy manure, food waste, alkaline hydrolysate, and crude glycerol substrate 

characterization. Errors are represented as a standard deviation. 
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Table 5.2: Continued – 1 

Substrate Dairy Manure Food 

Waste 

Alkaline 

Hydrolysate 

Crude      

Glycero

l 

  Batch 

Batch 

#1 

Batch 

#2 

Batch 

#3 

Batc

h #1 

Batch 

#2 

Study-Period               

  Days 

145 - 

300 

300 -

697 

697 - 

932 

371 - 

932 

371 - 

603 

603 - 

865 

371 - 

895 

Biochemical Methane 

Potential (BMP-25 Day)           

  mL CH4·g
-1 VSadded 

201 ± 

4 

212 ± 

3 

212 ± 

4 

313 ± 

9 

400 ± 

11 

405 ± 

13 

371 ± 

14 

    n = 3 n = 3 n = 3 n = 3 n = 3 n = 3 n = 3 

Biochemical Methane 

Potential (BMP-100 Day)           

  mL CH4·g
-1 VSadded 

219 ± 

5 

229 ± 

1 

232 ± 

5 

341 ± 

10 

449 ± 

13 

453 ± 

26 

628 ± 

30 

    n = 3 n = 3 n = 3 n = 3 n = 3 n = 3 n = 3 

pH            

   

7.2 ± 

0.2  

7.5 ± 

0.2 

7.5 ± 

0.2 

4.6 ± 

0.1 

7.8 ± 

0.1 

7.9 ± 

0.2 

9.4 ± 

0.2 

    n = 15 n = 15 n = 15 n = 5 n = 3 n = 6 n = 5 

Total Solids (TS)           

  g·L-1 

122.6 

± 1.1 

123.4 

± 1.2 

120.3 

± 1.9 

136.7 

± 1.1 

64.5 

± 0.3 

108.8 

± 0.5 

562.4 ± 

1.9 

    n = 8 n = 12 n = 12 n = 12 n = 8 n = 8 n = 8 

Volatile Solids (VS)           

  g·L-1 

105.5 

± 1.1 

106.7 

± 1.1 

103.6 

± 1.9 

131.7 

± 1.0 

40.4 

± 0.4 

68.6 ± 

0.6 

527.0 ± 

10.3 

    n = 8 n = 12 n = 12 n = 12 n = 8 n = 8 n = 8 

Total COD           

  g O2·L
-1 

135.3 

± 31.8 

157.7 

± 19.5 

129.6 

± 21.5 

206.0 

± 12.7 

77.5 

± 7.7 

129.5 

± 7.1 

1539.3 

± 132.2 

    n = 34 n = 22 n = 12 n = 10 

n = 

16 

n = 

21 n = 12 

Soluble COD           

  g O2·L
-1 

28.0 ± 

2.6 

27.5 ± 

1.5 

23.7 ± 

2.6 

54.6 ± 

2.9 

55.2 

± 5.7 

78.9 ± 

8.9 

818.3 ± 

67.5 

    n = 45 n = 23 n = 12 n = 14 

n = 

12 

n = 

12 n = 14 
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Table 5.2: Continued – 2 

Substrate Dairy Manure Food 

Waste 

Alkaline 

Hydrolysate 

Crude      

Glycero

l 

  Batch 

Batch 

#1 

Batch 

#2 

Batch 

#3 

Batch 

#1 

Batch 

#2 

Study-Period               

  Days 

145 - 

300 

300 -

697 

697 - 

932 

371 - 

932 

371 - 

603 

603 - 

865 

371 - 

895 

Total Alkalinity           

  g CaCO3·L
-1 

14.0 ± 

0.3 

12.3 ± 

0.1 

11.3 ± 

0.1 

1.2 ± 

0.1 

16.0 ± 

0.2 

19.7 ± 

0.7 

24.9 ± 

0.8 

    n = 4 n = 4 n = 4 n = 6 n = 4 n = 3 n = 4 

Total Volatile Fatty 

Acids           

  g CH3COOH·L-1 

8.1 ± 

0.2 

8.4 ± 

0.4 

7.3 ± 

0.3 

1.4 ± 

0.1 

4.8 ± 

0.3 

1.2 ± 

0.1 

11.1 ± 

0.8 

    n = 4 n = 4 n = 4 n = 4 n = 4 n = 4 n = 7 

Total Ammonia           

  g NH3-N·L-1 

1.44 ± 

0.14 

1.29 ± 

0.04 

1.51 ± 

0.23 

0.05 ± 

0.01 

0.94 ± 

0.13 

0.07 ± 

0.02 

0.01 ± 

0.00 

    n = 6 n = 6 n= 6 n = 3 n = 9 n = 7 n = 3 

Potassium Ion:           

  g K+·L-1 

2.64 ± 

0.05 

2.66 ± 

0.03 

2.32 ± 

0.11 

0.48 ± 

0.03 

7.65 ± 

0.46 

8.33 ± 

0.60 

12.00 ± 

0.26 

    n = 3 n = 3 n = 6 n = 6 n = 9 n = 8 n = 3 

Carbon : Nitrogen 

Ratio (C/N)           

  of Dry Matter 

17.6 ± 

1.8 

16.4 ± 

0.5 

20.2 ± 

0.9 

13.0 ± 

0.6 

7.7 ± 

0.1 

10.8 ± 

0.3 

160.0 ± 

14.9 

    n = 3 n = 3 n = 3 n = 3 n = 3 n = 3 n = 3 

Total Lipids           

  g·L-1 

12.1 ± 

0.6 

13.9 ± 

1.0 

11.6 ± 

0.3 

19.6 ± 

0.4 

15.6 ± 

0.2 

32.9 ± 

0.6 

498.8 ± 

33.3 

    n = 4 n = 4 n = 4 n = 4 n = 4 n = 4 n = 4 

Total Kjeldahl 

Nitrogen (TKN)           

  g N·L-1 

7.5 ± 

0.2 

7.0 ± 

0.2 

7.0 ± 

0.2 

7.2 ± 

0.5 

8.2 ± 

0.4 

9.1 ± 

1.0 

0.2 ± 

0.3 

    n = 3 n = 3 n = 3 n = 4 n = 3 n = 3 n = 2 
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Several important and distinguishing qualities of the co-substrates were discovered during their 

characterization (Table 5.2).  In summary, the VS fraction in food waste existed principally in the 

particulate form (SCOD·TCOD-1 = 26.5%), emphasizing hydrolysis in the kinetic conversion of 

this substrate.  The alkaline hydrolysate batches (AHBatch#1, AHBatch#2) had relatively low organic 

strengths with a large fraction of fixed solids (FS·TS-1 = 37.4% and 36.9%, respectively).  Also, 

the relatively high proportion of soluble COD (SCOD·TCOD-1 = 71% and 61%, respectively) 

suggests much of the organic matter had been effectively hydrolysed by the pre-treatment process.  

Furthermore, the initial ammonium concentration was lower in AHBatch#2 than in AHBatch#1 due to 

the evaporative concentration process we performed, which volatilized much of the pre-existing 

ammonia.  However, the organic nitrogen content was mostly conserved (AHBatch#1: org-N·VS-1 = 

15.1%; AHBatch#2: org-N·VS-1 = 10.9%).  Crude glycerol had high organic strength (VS = 

527.0±10.3 g·L-1), which was comprised mostly of lipids (Lipids·VS-1 = 94.6%).  A compositional 

analysis performed on the crude glycerol substrate by an outside laboratory showed that the actual 

percentage of glycerol was low (11%, w/w), with a much greater fraction of fatty acid esters (48%, 

w/w) (Table A1.3.1). 

5.9.2 Effects of Co-Substrates on Reactor Performance and Stability 

5.9.2.1 Comparison of Performance between Co-Substrates 

One-way ANOVA analysis comparing performance and effluent quality metrics between reactor 

systems did not indicate any statistically significant differences immediately prior to the co-

digestion phase (i.e., Days 347 - 371, α = 0.05) except VFA concentration (p-value = 0.0114), 

which ultimately proved inconsequential.  Therefore, changes in reactor performance during the 

co-digestion period can be considered de novo, resulting from co-substrate addition. 
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The average specific methane yield (SMY) at a 25-Day HRT for dairy manure digestion was 199±8 

mL CH4·g VSadded
-1.  All co-digestion treatments increased biogas yield and specific methane yield 

compared to dairy manure digestion alone (Figure 5.1B-C; Table A1.3.2), and were consistent 

with the higher BMP assays for the co-substrates when compared to manure.  Crude glycerol co-

digestion achieved the highest SMY with 549 ± 25 mL CH4·g VSadded
-1 (CT-V), followed by 

alkaline hydrolysate with 299 ± 6 mL CH4·g VSadded
-1 (AHBatch#1; CT-III) and 359 ± 5 mL CH4·g 

VSadded
-1 (AHBatch#2; CT-V), and then food waste with 297 ± 3 mL CH4·g VSadded

-1 (CT-VII) 

(Figure 5.1C).  Moreover, alkaline hydrolysate allowed the highest volume addition of co-

substrate, with 42% (w/w) (AHBatch#1) and 46% (AHBatch#2) added to the feed mixture, followed by 

food waste with 29%, and then crude glycerol with 6.7%.  The methane content for co-digestion 

of crude glycerol and alkaline hydrolysate (65-70%) was considerably higher than for animal 

manure and food waste (55-60%) as these substrates contain relatively higher proportions of lipids 

and proteins, respectively, than the former two substrates (Figure 5.1D, Table 5.2).  Moreover, 

the increased pH caused by ammonia formation and potassium salts in the alkaline hydrolysate 

reactor allowed further biogas enrichment by increasing the solubility of CO2 in the liquid phase 

(Figure 5.2B).  
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Figure 5.2: Various stability parameters of the reactor systems measured in the reactor 

effluent.  (A) The bicarbonate alkalinity concentration, (B) the pH, (C) the total volatile fatty 

acids, (D) the total ammonia concentration, (E) the free ammonia concentration, (F) the 

potassium concentration, and (G) the SCOD concentration.  Red circles represent data from 

the reactor with manure-only digestion (control); green diamonds represent data from the 

reactor with food waste co-digestion; blue squares represent data from the reactor with 

alkaline hydrolysate co-digestion; purple triangles represent data from the reactor with 

crude glycerol co-digestion.  
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5.9.2.2 Effects of Co-Substrate Addition on System Operation and Stability 

The food waste co-substrate showed no indications of causing instability when digested up to a 

total OLR of 3.9 g VS·Lreactor
-1·Day-1 (MN:FW = 51:49, VS basis), and for the most part, the 

effluent quality was not markedly altered, resulting in similar alkalinity, pH, and VFA levels as 

with manure only (Figure 5.2A-C; Table A1.3.3).  However, the degradation of organic nitrogen 

present in the food waste led to a slightly higher concentration of total and free ammonia than 

manure only (Figure 5.2D-E), yet, remained well below inhibitory levels for acclimated biomass 

(Hansen et al. 1998).  Also, the effluent VS concentration began to increase at higher OLRs relative 

to the control (Figure A1.2.2; Figure A1.2.2), without corresponding increases in VFAs, 

potassium, and soluble COD concentration (Figure 5.2C, F-G). 

The co-digestion of AHBatch#1 altered most of the measured environmental parameters, including 

immediate rises in alkalinity, pH, ammonia, potassium, and soluble COD during CT-I (Figure 

5.2A-B, D-G).  However, it was not until using AHBatch#2 that these environmental changes caused 

reactor instability.  A slight VFA accumulation ensued upon first application of AHBatch#2 in CT-

IV (Figure 5.2C).  Although this eventually dissipated, the further increase in organic loading in 

CT-V resulted in a more substantial VFA accumulation and increase in soluble COD concentration 

(Figure 5.2C, G) that persisted until the operating period was terminated (i.e., Day 865).  During 

this episode of VFA accumulation, the VFA species profile shifted from nearly 100% acetate 

(COD basis) at the end of CT-IV (Day 726) to less than 90% acetate, with increasing proportions 

of higher carbon-chain carboxylic acids (Figure 5.3).  Besides acetate, propionate was the most 

dominant carboxylic acid, reaching ~40% of C3-C7 by Day 855. 
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Figure 5.3: Total and individual volatile fatty acid concentrations (C3–C7) in alkaline 

hydrolysate co-digestion reactor effluent during the VFA accumulation event.  Total volatile 

fatty acids concentration (as acetic acid) and individual fatty acids (C3–C7) in alkaline 

hydrolysate co-digestion reactor effluent during the accumulation event (Days 729–861) 

given in terms of their COD-fraction of the total volatile fatty acid concentration. 

 

In the reactor that was co-fed alkaline hydrolysate, the highest free ammonia concentration (~550 

mg NH3-N·L-1) was measured on Day 785 in CT-V (Figure 5.2E).  The VFA concentration 

increased markedly during this period, possibly indicating ammonia inhibition (Figure 5.2C).  

Eventually, the pH decreased in response to the elevated VFAs (Figure 5.2B), which also caused 

a corresponding reduction in free ammonia.  It was at this point that the VFA and free ammonia 

concentrations stabilized at ~3400 mg·L-1 and ~465 mg NH3-N·L-1, respectively.  During this 

period, the system was well-buffered by the inherent alkalinity of the hydrolysate substrate (e.g., 

ammonium and potassium) (Figure 5.2A).  Besides the possible ammonia inhibition, the 

potassium concentration in the effluent increased immediately upon beginning co-digestion with 
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alkaline hydrolysate, and kept rising during the operating period to reach a maximum 

concentration of 7.7 g·L-1 on Day 841 (Figure 5.2F). 

The liquid- and solids-associated LCFAs were quantified from samples taken during the steady-

state period of each treatment (CT-I – CT-VII) and each reactor (A-D) (Figure 5.4; Tables A1.3.4-

A1.3.7).  
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Figure 5.4: Liquid- and solids-associated long-chain fatty acids.  The liquid- and solids-

associated long-chain fatty acid distribution for each reactor system after each treatment at 

steady-state, except for the manure-only digestion and the food waste co-digestion at CT-

VII, which was measured on Day 941 (i.e., after 2.12 HRT periods), and crude-glycerol 

digestion at CT-VII, which were measured on Day 895.  (A) The liquid-associated LCFAs. 

(B) The solids-associated LCFAs. The letters on the horizontal axis represent the reactors, 

where: A = manure-only digestion; B = food waste co-digestion; C = alkaline hydrolysate co-

digestion; and D = crude glycerol co-digestion.  Error bars represent standard deviation of 

the technical replicates. 
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In the reactor treating alkaline hydrolysate, substantial increases in the liquid-associated LCFAs 

(LCFAliquid) occurred during the co-digestion period, reaching a maximum concentration of 1540 

± 60 mg COD·L-1 during CT-V (Figure 5.4A).  The consistently dominant LCFAliquid species was 

myristic acid (C14:0), reaching a concentration of 820 ± 30 mg COD·L-1 (53 % of total LCFAliquid) 

during CT-V, followed by palmitic acid (C16:0) at 410 ± 10 mg COD·L-1 (26%), and stearic acid 

(C18:0) at 110 ± 10 mg COD·L-1 (7%) (Figure 5.4A).  Despite substantial accumulation of liquid-

associated LCFAs, no such accumulation was observed in the solids-associated LCFAs 

(LCFAsolids) (Figure 5.4B).  Solids-associated LCFAs are those adsorbed to an undissolved 

substratum and are reported as mg COD·g TS-1 (Neves et al. 2009c).  Thus, the disproportionately 

low fraction of LCFAs in the solids-phase is likely due to the relatively higher fixed solids 

concentration in the alkaline hydrolysate reactor (Figure A1.2.2C).  Indeed, during CT-V the fixed 

solids concentration in the alkaline hydrolysate reactor was 4.15 times the concentration in the 

manure-only digester, and 3.40 times the concentration in the crude glycerol digester. 

Crude glycerol co-digestion did not have profound effects on the stability parameters of the system 

throughout CT-V.  Only small deviations in alkalinity, potassium, and solids occurred (Figure 

5.2A, F; Figure A1.2.2).  However, the crude glycerol did cause a decrease in ammonia (Figure 

5.2D).  The high C/N ratio and biodegradability of this substrate suggests ammonia was 

incorporated in biomass growth that was needed to sustain the increased carbon degradation, 

explaining the lower ammonia concentration.  A TKN analysis, which represents organic-N and 

inorganic-N, showed no statistical difference between the control and glycerol co-digestion reactor 

effluents in terms of total nitrogen content (p-value = 0.313). However, significantly more nitrogen 

existed as organic-N in the glycerol reactor vs. the control reactor (p-value = 0.009), which 

supports the theory that ammonium was incorporated in biomass. 
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The performance of the reactor treating crude glycerol began to decline shortly after the start of 

CT-VI around Day 780, which was indicated by increasing VS and VFA concentrations in the 

effluent (Figure A1.2.2, Figure 5.2C).  The system remained reasonably stable, although periodic 

foaming occurred.  The foaming was rather predictable, occurring several hours after feeding (i.e., 

batch), and was likely caused by a release of gas following the transitory pH reduction associated 

with acidogenesis of the fresh substrate.  A seventh treatment was attempted (CT-VII: OLR = 3.9 

g VS·Lreactor
-1·Day-1; MN:GY = 51:49, VS basis), but the system failed shortly thereafter.  We 

observed system failure by excessive foaming, a sharp increase in VFAs, and a decrease in 

alkalinity, pH, and methane production (Figure 5.1D, Figure 5.2A-C).  Nearly half of the mixed 

liquor of the reactor was lost from the system within three feeding cycles due to foaming (Days 

883 – 887), and therefore the operating period was terminated because we achieved our goal to 

find the maximum OLR and mixing ratio. 

An analysis of the LCFAliquid fraction for the reactor that was co-fed crude glycerol indicated a 

gradual increase during the course of the co-digestion period (CT-I – CT-VI).  The LCFAliquid 

fraction reached a maximum concentration of 1660 ± 160 mg COD·L-1 at the point of system 

failure (Figure 5.4A).  An increasingly diverse spectrum of higher-order LCFAliquid (i.e., LCFAs 

> C14:0) developed as more LCFAliquid accumulated in the system.  The distribution of LCFAliquid 

at the point of system failure was dominated by myristic acid (C14:0) (26.7%, COD-basis) and 

palmitic acid (C16:0) (18.3%).  Solids-associated LCFAs accumulated during the co-digestion 

period with crude glycerol (CT-I – CT-VI) as well, and reached a maximum concentration of 320 

± 20 mg COD·g TS-1 at the point of system failure, corresponding to 3.8 times the value in the 

control reactor (Figure 5.4B).  Similarly to LCFAliquid, an increasingly diverse spectrum of higher-

order LCFAsolids (i.e., LCFAs > C14:0) developed as more LCFAsolids accumulated in the system.  
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The final distribution of LCFAsolids at the point of system failure was dominated by palmitic acid 

(C16:0) (57.6%, COD basis), followed by myristic acid (C14:0) (9.4%), oleic acid (C18:1) (9.3%), 

and stearic acid (C18:0) (8.8%).  Palmitic acid and stearic acid increased 4.9 and 3.4 times, 

respectively, from their levels in CT-VI (Figure 5.4B). 

5.10 Discussion 

5.10.1 Food waste is a beneficial and low-risk co-substrate. 

The reactor treating food waste and dairy manure showed no deterioration in performance or 

stability throughout the co-digestion period.  Optimum performance occurred during CT-VII, 

corresponding to an OLR of 3.9 g VS·Lreactor
-1·Day-1 (MN:FW = 51:49, VS basis), and an SMY of 

297 ± 3 mL CH4·g VSadded
-1.  These results compare well with those by (Zhang et al. 2012), who, 

at an OLR of 4 g VS·Lreactor
-1·Day-1 and feed composition of MN:FW = 40:60 (VS basis), observed 

a SMY of 306 mL CH4·g VSadded
-1.  Their results suggest we could have achieved higher OLRs 

and food waste mixing ratios.  From an operating standpoint, however, increasing the organic 

strength of the feed mixture beyond the level that was applied in CT-VII (%TS = 10.4) could 

compromise hydraulic conveyance or mixing in a full-scale system (Callaghan et al. 2002).  

Furthermore, the trends observed for specific methane yield and volatile solids removal (Figure 

5.1C, Figure A1.2.3) seems to approach a maximum whereby additional organic loading would 

have resulted in diminished performance and effluent quality.  Indeed, the high particulate fraction 

in the food waste together with negligible VFA and SCOD accumulation at higher OLRs suggests 

substrate conversion was not limited by methanogenesis, and the increasing concentration of 

residual VS in the effluent was caused by the non-biodegradable fraction of the substrate at the 

applied HRT.  Overall, the food waste used in this study was very amenable to farm-based co-
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digestion with dairy manure, since it improved methane yield and allowed high loading rates 

without appreciable detriment to effluent quality. 

5.10.2 Alkaline hydrolysate permits high mass loading rates, but requires microbiome 

acclimation 

The alkaline hydrolysate substrate that was used in this study is comparable to animal by-product 

wastes (ABW), such as slaughterhouse waste, and particularly ABW that underwent similar 

physicochemical pre-treatment steps.  An important source of variation between pre-treated and 

raw ABW would be the degree to which the organic fraction of the substrate was hydrolysed in 

the pre-treatment process.  The relatively high fraction of SCOD·TCOD-1 in this substrate suggests 

much of the organic content had been hydrolysed.  Thus, the evolution rate of ammonia and LCFAs 

from this substrate was likely augmented by the hydrolysis of their precursors during the pre-

treatment process. 

The organic strength of alkaline hydrolysate was fairly low, which meant that the second batch 

had to be concentrated by evaporation.  This was done for experimental purposes and would not 

be practical for a full-scale system; therefore, here, we did not consider the performance data 

pertaining to AHBatch#2, and instead focused on AHBatch#1.  In this case, alkaline hydrolysate is 

readily digested up to an OLR of 2.66 g VS·Lreactor
-1·Day-1 (MN:AHBatch#1 = 75:25, VS basis), 

which resulted in a SMY of 299 ± 6 mL CH4·g VSadded
-1.  This SMY is greater than that by (Alvarez 

and Lidén 2008), who obtained 260 ± 20 mL CH4·g VSadded
-1 when treating a 50:50 (VS basis) 

mixture of cattle and swine manure with raw slaughterhouse waste at an OLR of 1.1 – 1.3 g 

VS·Lreactor
-1·Day-1, and that by (Luste et al. 2012), who obtained 260 ± 10 mL CH4·g VSadded

-1 in 

a 52:48 (VS basis) mixture of cattle slurry and raw ABW waste at an OLR of ~3.0 g 

VS·Lreactor
-1·Day-1.  (Luste et al. 2012) also applied thermal pre-treatment (70°C; 1 h) to the feed 
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mixture, which increased the SMY to 290 ± 10 mL CH4·g VSadded
-1, which is comparable to our 

findings.  The alkaline hydrolysis pre-treatment process promotes solubilization of particulate 

organics, which would have improved the biodegradability of the AH relative to raw ABW.  

Indeed, the soluble COD fraction of AHBatch#1 (138% g SCOD·g VS-1) was greater than the raw 

ABW used by (Luste et al. 2012) (92% g SCOD·g VS-1).  However, other differences in substrate 

composition and their operational approach cannot be excluded.  Moreover, in some cases, similar 

pre-treatments have been shown to have little or even negative effects on methane yields despite 

their resulting increases in the soluble fraction of the treated substrate (Cavaleiro et al. 2013, 

Hejnfelt and Angelidaki 2009). 

Our work shows that this substrate needs to be introduced to a reactor system gradually to allow 

sufficient microbiome acclimatization to ammonia as the ultimate inhibiting parameter because 

the free ammonia concentration reached a concentration of 344 ± 28 mg NH3-N·L-1 by the end of 

CT-III, which exceeds the inhibitory concentration of 80 – 150 mg NH3-N·L-1 reported for 

unacclimated biomass (Braun et al. 1981, de Baere et al. 1984).  Yet with acclimation, free 

ammonia thresholds as high as 700 – 1100 mg NH3-N·L-1 have been achieved (Angelidaki and 

Ahring 1994, Hansen et al. 1998). 

5.10.3 High concentrations of free ammonia were the most likely cause of ultimate inhibition 

at high mixing ratios of alkaline hydrolysate 

The potassium concentration in the reactor treating alkaline hydrolysate reached 7.7 g K+·L-1 and 

was strongly correlated with the observed VFA accumulation (Figure 5.2C, F).  However, this 

concentration was still considerably less than the IC50 value of 28 g K+·L-1 determined by (Fang et 

al. 2011b) for manure co-digestion.  There was also an LCFA accumulation in the liquid-phase 

(1540 ± 60 mg COD-LCFA·L-1), yet no accumulation was observed in the solids-phase (Figure 
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5.4B).  Other studies suggest that the mechanism of LCFA inhibition is controlled by adsorption 

of LCFAs onto biomass rather than transitory LCFAs in the liquid-phase (Neves et al. 2009b, 

Palatsi et al. 2012, Pereira et al. 2001).  Moreover, individual liquid-associated LCFA 

concentrations (i.e., C16:0 – C18:2) were lower than those reported as inhibitory in other studies 

(Lalman and Bagley 2000, 2001, Pereira et al. 2001, Shin et al. 2003), while the free ammonia 

concentrations were well-within the inhibitory range reported in the literature ((Angelidaki and 

Ahring 1994), (Callaghan et al. 2002, Garcia and Angenent 2009), (Hansen et al. 1998)).   

Both potassium and LCFAs were positively correlated with the VFA accumulation, yet for free 

ammonia, in addition to being highly correlated, it exhibited a lock-stepped interaction with the 

VFAs, which also seems in agreement with our performance results.  For instance, the VFA 

concentration curve underwent a change in inflection on Day 780 (Figure 5.1C, Figure 5.3), 

which suggests some physiological or thermodynamic threshold had been crossed.  This sharp 

increase in VFAs coincided with the maximum free ammonia concentration measured (i.e., 552 

mg NH3-N·L-1).  At that point, the system seemed to have entered a mode of inhibited steady state 

(Angelidaki and Ahring 1994, Hansen et al. 1998) in which the counteracting VFAs and free 

ammonia achieved an equipoised state by regulating the pH of the system.  During this period, 

acetate accumulated first; followed by higher order short-chain and long-chain fatty-acids (Figure 

5.3), suggesting a potential constraint in β-oxidation metabolism.  The coincidence and 

correlativity of the VFA-ammonia system also suggests ultimate inhibition by ammonia as the 

primary agent rather than potassium or LCFAs, even though we cannot prove this definitively.   

5.10.4 Crude glycerol greatly improves methane output but is restricted to relatively low 

mass loading rates 
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The crude glycerol co-substrate outperformed the other co-substrates in terms of SMY and 

generated 549 ± 25 mL CH4·g VSadded
-1 during CT-V at an OLR of 3.22 g VSadded·Lreactor

-1·Day-1, 

and a substrate proportion of 62:38 (MN:GY, VS basis).  (Mladenovska et al. 2003) measured a 

SMY of 382 ± 35 mL CH4·g VSadded
-1 when blending 2% glycerol trioleate (w/w) with dairy 

manure.  We observed similar results in CT-II of our study, where a SMY of 357 ± 9 mL CH4·g 

VSadded
-1 was achieved at a mixture ratio, which contained 1.8% crude glycerol (w/w).  Although 

the SMY of crude glycerol co-digestion was greater than that of food waste and alkaline 

hydrolysate, the mass loading rate at optimal SMY was comparatively less (5.3% (w/w); CT-V).  

This is similar to the optimal MLR of 4% (w/w) cited by (Astals et al. 2012) and (Castrillón et al. 

2013) for mesophilic co-digestion of crude glycerol waste with swine and cattle manure, 

respectively.   

Thus, crude glycerol could be used to improve SMY; but is restricted to relatively low MLRs.  

Moreover, the slower conversion rate indicated in the BMP25 analysis suggests it may need to be 

introduced gradually to an unacclimated reactor system to allow for the up-regulation of lipase 

enzymes, acclimatization to LCFAs, or specialized species enrichment.  Also, the main effect of 

glycerol co-digestion on effluent quality was the immobilization of ammonia nitrogen in biomass.  

However, the additional biomass did not appear to improve the hydrolysis of manure solids, 

suggesting that the enriched species were somewhat specific to glycerol and lipid degradation. 

5.10.5 Lipid content of crude glycerol and solids-associated LCFAs are critical parameters 

The crude glycerol used in this study has considerably less glycerol and greater lipid-ester content 

than the crude glycerol used in other studies, which makes LCFA inhibition more pertinent 

(Castrillón et al. 2013, Jensen et al. 2014, Regueiro et al. 2012).  The disparity in composition can 
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be attributed to differences in the production process and choice of feedstock oil for biodiesel 

production(Thompson and He 2006). 

Crude glycerol co-digestion became unstable at an OLR of 3.9 g VSadded·Lreactor
-1·Day-1, MLR of 

8.3% (w/w), and a substrate proportion of 51:49 (MN:GY, VS basis).  Excessive foaming and 

sludge flotation occurred immediately upon beginning this treatment.  An effluent sample was 

taken for LCFA analysis on Day 895 after the last day of feeding.  The results reveal a substantial 

increase in both liquid- and solids-associated LCFAs compared to their steady-state concentrations 

in CT-VI for all measured LCFA species.   

The greatest accumulation occurred with palmitic acid (C16:0), which verifies the hypothesis that 

C16:0 represents a bottle-neck species in the mineralization of higher order LCFAs (Lalman and 

Bagley 2000, 2001, Neves et al. 2009b).  Furthermore, the accumulation of LCFAs in the liquid 

phase was only ~6% greater than that seen in the reactor treating alkaline hydrolysate, which 

further suggests the mechanism of LCFA inhibition is associated with LCFA adsorption onto 

solids and biomass and this is a more reliable predictor of LCFA inhibition than LCFAs measured 

in the liquid phase.   

The solid-phase LCFA accumulation may have ultimately inhibited substrate degradation by 

disrupting cellular membrane processes as previously suggested (Palatsi et al. 2012).  Yet, it is 

also possible that the observed VFA accumulation was caused by a loss of biomass through 

foaming and flotation which allowed organic overloading.  However, the measured solids-

associated LCFAs concentration was 330 ± 30 mg LCFATotal COD·g TS-1 for total LCFAs, and 

190 mg LCFAC16:0 COD·g TS-1 for palmitic acid, which exceeds the threshold range of 180 – 220 

mg LCFATotal COD·g TS-1 and 120 – 150 mg LCFAC16:0 COD·g TS-1 reported by (Neves et al. 

2009b).  These particular results support the hypothesis that system failure was precipitated by 
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solids-associated LCFA inhibition, while foaming and flotation merely exacerbated VFA 

accumulation by removing biomass from the system. 

5.11 Conclusions 

 Co-digestion of dairy manure with food waste, alkaline hydrolysate, and crude glycerol 

may be used to improve the performance of farm-based AD systems by increasing methane 

yields. 

 Crude glycerol co-digestion resulted in the greatest methane yield, and allowed for 

reasonably high mixture ratios (VS-basis), but was limited to relatively low mass loading 

rates compared to food waste and alkaline hydrolysate.  The co-digestion process was 

ultimately disrupted by flotation and foaming issues induced by LCFA accumulation.  

 Food waste was co-digested with stable performance at all treatments that we tested, 

achieving the highest mass loading rate and mixture ratio (VS-basis), but the non-

hydrolyzed VS fraction accompanying higher loading rates contributed to greater residual 

VS concentrations reducing effluent quality. 

 Alkaline hydrolysate co-digestion was restricted to relatively low mixture ratios (VS-

basis), but achieved methane yields and loading rates comparable to food waste at these 

ratios.  However, higher mixture ratios resulted in VFA accumulations and free ammonia 

concentrations previously reported to cause inhibition. 

 A comparison of the LCFA fractions between substrates indicates that solids-associated 

LCFAs are a more direct indicator of LCFA inhibition compared to liquid-associated 

LCFAs. 
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CHAPTER 6 

6. A Technical Evaluation of Anaerobic Co-Digestion Implementation on New York 

State Dairy Farms Using an Environomic Life-Cycle Framework 

 

Usack, J.G., Gerber Van Doren, L., Posmanik, R. Tester, J.W., Angenent, L.T. (2016) A technical 

evaluation of anaerobic co-digestion implementation on New York State dairy farms using 

an environomic life-cycle framework. In Preparation for: Applied Energy 

 

6.1 Abstract 

Gate-fees from co-digestion are necessary in New York State (NYS) to make anaerobic digestion 

on dairy farms economically feasible.  Farm operators are compelled to accept greater waste 

volumes and nutrient loads, which increases handling costs and environmental emissions.  To 

better understand the embedded trade-offs of co-digestion, a combined environmental and techno-

economic life-cycle assessment (LCA-TEA) with uncertainty analysis was performed.  The 

Anaerobic Digestion Model #1 (ADM1) was used to simulate the anaerobic digestion process for 

a range of co-digestion mixture ratios with dairy manure.  Ten potential co-digestion substrates 

were compared.  Results showed that under all scenarios, revenue from electricity production and 

substituted fertilizer could not recover capital costs of the biogas plant.  High co-digestion mixture 

ratios were economically favorable, but increased methane emissions on the farm compared to 

manure-only digestion.  Yet, total life-cycle emissions were lower in most co-digestion scenarios 

compared to manure-only digestion due relative reductions in background farm emissions and 

greater electricity and fertilizer offsets.  Gate-fees were the main driver behind overall environomic 

(i.e., combined environmental and economic) performance, and greatly outweighed environmental 
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effects caused by co-substrate composition, nutrient loads, and digester performance.  Dilute co-

substrates with low organic strength, rather than energy-rich substrates, were more economically 

desirable as they allowed high volumetric loading rates.  These results suggest that the main 

environmental benefits of anaerobic digestion: energy production, waste stabilization, and 

environmental impact mitigation, are currently undervalued in NYS.  New policy measures should 

aim to economically incentivize technically and environmentally favorable co-digestion 

management practices, by: 1) providing higher electricity prices; 2) allocating gate-fees based on 

organic strength reduction rather than weight or volume; and 3) cost-sharing for performance 

improving technologies or measures (e.g., installing digestate storage covers).   

6.2 Highlights 

 The environomic life-cycle performance of 10 co-digestion substrates were compared 

 Co-digestion lowers overall environmental impacts compared to manure-only digestion 

 Economic performance of the biogas system is driven primarily by gate-fee revenue 

 High mixture ratios are economically favorable yet increase local methane emissions 

 Environomic performance is most sensitive to substrate organic strength 

6.3 Keywords 

Biogas; co-digestion; dairy; economic; life-cycle; farm emissions 

6.4 Abbreviations 

AD: anaerobic digestion; ADM1: anaerobic digestion model #1; CEPCI: chemical engineering 

plant cost index; CHP: combined heat and power; CoAD: anaerobic co-digestion; COD: chemical 

oxygen demand; C:N: carbon : nitrogen; CSTR: continuously-stirred tank reactor; DAE: 
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differential and algebraic equations; DAF: dissolved-air flotation sludge; DALY: daily adjusted 

life years; EMEP: Environmental Monitoring, Evaluation, and Protection program; EPA: U.S. 

Environmental Protection Agency; FiT: feed-in tariffs; FU: functional unit; GHG: greenhouse gas; 

GWP: global warming potential; HRT: hydraulic retention time; IFSM4.1: integrated farm system 

model 4.1; IPCC: International Panel on Climate Change; LCA: life-cycle assessment; LCI: life-

cycle inventory; LHV: lower heating value; MACRS: modified acceleration cost recovery system; 

N:P: nitrogen : phosphorus; NPK: nitrogen, phosphorus, potassium; NPV: net present value; NYS: 

New York State; NYSERDA: New York State Energy Research and Development Authority; 

O&M: operation and maintenance; ORL: organic loading rate; PDF: potentially disappeared 

fraction of species; SCOD: soluble chemical oxygen demand; SMY: specific methane yield; 

TCOD: total chemical oxygen demand; TEA: techno-economic analysis; USD: United States 

dollars;  USDA: United States Department of Agriculture; VLR: volumetric loading rate. 

6.5 Introduction 

Agricultural production systems are charged with the responsibility of providing affordable, high-

quality food to a growing population amidst escalating societal pressure to reduce energy, water 

consumption, and environmental emissions.  Livestock agriculture is inherently resource intensive 

and environmentally detrimental, yet, the demand for these food items continues to grow globally 

(Daniel et al. 2011).  Anaerobic digestion (AD) is particularly compatible and advantageous when 

used in conjunction with livestock agriculture for energy production, nutrient management, and 

waste stabilization (Zaks et al. 2011).  Through AD, the carbon present in livestock manures and 

other agricultural residues is recaptured as methane, which may be used to produce heat and power 

in a combined heat and power cycle (CHP).  Also, the macronutrients (NPK) are partly mineralized 

and mostly conserved, and may be land applied as a substitute for synthetic fertilizers (Huang et 
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al. 2016).  As an energy production system, AD is reliable and versatile, providing base-load power 

from diverse organic waste streams wherever they are produced.  

In the U.S., AD from livestock operations alone has the potential to generate 5.5% of U.S. 

electricity (Zaks et al. 2011).  Co-digestion (CoAD) of other organic waste streams, such as food 

waste (40 million tons annually (EPA 2014a)) would increase electricity production considerably.  

Countless studies have demonstrated the improved environmental performance of AD compared 

to conventional manure management (Aguirre‐Villegas et al. 2015, Croxatto Vega et al. 2014, De 

Vries et al. 2012b, Ebner et al. 2015, Hamelin et al. 2014, Marañón et al. 2011, Zhang et al. 2013).  

Despite these advantages, however, high capital and operating costs still represent a major barrier 

to further implementation in the U.S., and the services rendered by AD are generally 

undercompensated (Gebrezgabher et al. 2010, Sanscartier et al. 2011, Zaks et al. 2011).  

In NYS, farm-based AD operations are paid the wholesale value of electricity (~$0.03∙kWh-1) for 

any surplus electricity delivered to the grid (i.e., net-metering), making it difficult to recover capital 

from electricity production alone.  Consequently, AD operators rely on co-digestion of externally 

sourced organic wastes to provide additional revenue in the form of gate-fees.  Gate-fees contribute 

considerably more revenue than power production and all other co-product revenue streams (e.g., 

fertilizers, bedding) (Bishop and Shumway 2009, Sanscartier et al. 2011).  Consequently, AD 

operators are incentivized to maximize the loading rate of these co-substrates.  This often results 

in organic overloading, which decreases system stability and performance (i.e., chemical oxygen 

demand (COD)-removal, methane yields), and too often, leads to process failure.  Due to the 

relatively long start-up periods required for AD, this can be very costly, both economically and 

environmentally (Balussou et al. 2012).  Even without process failure, overloaded AD systems 

induce greater residual methane and nutrient emissions from digestates, especially when open 
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storage is employed (Clemens et al. 2006, De Vries et al. 2012b).  Moreover, these additional 

nutrients incur greater downstream handling costs (Börjesson and Berglund 2006, ten Hoeve et al. 

2014). 

Other LCA studies mention the importance of feedstock selection and substrate composition on 

environmental emissions (Aguirre‐Villegas et al. 2015, Börjesson and Berglund 2006, Boulamanti 

et al. 2013, Croxatto Vega et al. 2014, De Vries et al. 2012b, Marañón et al. 2011, Meyer-Aurich 

et al. 2012, Zhang et al. 2013), and acknowledge the possibility that co-digestion increases 

emissions relative to mono-digestion due to larger nutrient loads (Börjesson and Berglund 2006, 

Clemens et al. 2006, De Vries et al. 2012b, Poeschl et al. 2010a).  Similarly, the economic 

consequences of feedstock selection and substrate composition, such as increased handling costs, 

energy yields, and fertilizer value, have also been acknowledged (Gebrezgabher et al. 2010, 

Murphy and Power 2009).   

However, none of the aforementioned studies investigate the environmental and economic 

consequences of specific co-digestion management strategies, or attempt to relate intrinsic 

feedstock qualities with environomic performance.  On a dairy farm, manure production is 

continuous.  The main technical parameter controlled by the operator with co-digestion is the 

applied mixture ratio and organic loading rate (OLR).  Since the digester volume is fixed, this will 

impact the hydraulic retention time (HRT), and therefore the quality of gaseous and liquid effluent 

streams.  Most life-cycle studies over-simplify the AD process, assigning a static value for methane 

yield and effluent quality without considering bio-kinetic or technical constraints.  This is 

acceptable for rough estimates of process performance at conservative loading rates and where the 

modeled AD system mimics that of the AD system from which the data was derived.  However, 
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this approach is not appropriate for high mixture ratios and aggressive loading rates, yet, this is the 

way most farm-based AD systems are being operated in NYS.  

The present study addresses the problem of co-substrate selection and management by employing 

a more robust modeling scheme at the AD process stage.  To do this, the Anaerobic Digestion 

Model #1 (ADM1) is employed.  ADM1 is a dynamic modeling tool developed by the International 

Water Association to characterize AD process performance.  It is a system of differential and 

algebraic equations (DAE) used to model the physicochemical (acid-base reactions, liquid-gas 

transfer), biochemical kinetic processes (disintegration, hydrolysis, acidogenesis, acetogenesis, 

and methanogenesis), and process inhibitions associated with AD (Batstone et al. 2002b).  ADM1 

allows for dynamic feedstock composition and flow-rate inputs, and predicts methane production, 

biogas quality, nitrogen mineralization, and digestate composition, amongst other parameters.  

Moreover, because digestate composition is defined, the ADM1 model framework is here further 

extended to model methane emissions from digestate storage with dynamic volume and seasonal 

temperature changes.  Using this model, the environmental and economic impacts of co-digestion 

management strategy and substrate characteristics relevant to the AD process can be explored. 

6.6 Methods 

6.6.1 Goal and Scope Definition 

The goal of the life-cycle assessment was to determine the environmental and economic 

consequences of implementing co-digestion rather than mono-digestion of dairy manure on a 

1000-cow dairy farm.  Ten potential co-digestion substrates with varied characteristics were 

selected for comparison (Table 6.1).  Three particular characteristics were emphasized: 1) organic 

composition; 2) substrate quality; and 3) nutrient concentration.  Organic composition of a co-
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digestion substrate is defined as the relative proportion of carbohydrates, proteins, lipids, and inerts 

(on a COD-basis).  The inert fraction includes both totally and practically non-biodegradable 

constituents, and is analogous to substrate biodegradability.  Lignin was considered practically 

non-biodegradable in this and other modeling studies (Jabłoński et al. 2015, Koch et al. 2010, 

Lübken et al. 2007, Wichern et al. 2009).  Substrate quality refers to the physical and chemical 

properties of a co-digestion substrate, such as: organic strength (COD concentration), moisture 

content, dilution level, inorganic carbon (i.e., CO2 and HCO3
-), and soluble COD fraction.  Lastly, 

nutrient concentrations include total and inorganic nitrogen (i.e., NH4
+), and total phosphorus.   

The co-digestion substrates were blended with dairy manure over the range of all possible loading 

rates assuming a constant input of dairy manure.  The maximum loading rate was constrained by 

the technical limits of the AD process as determined via simulation in ADM1 (described below).  

Kitchen waste was specifically used as an example co-digestion substrate to demonstrate the 

effects of applied loading rate on farm-level emissions and monetary flows.  Farm-level emissions 

were reported in terms of global warming potential (GWP) because it is often used to evaluate the 

environmental performance of bioenergy systems, and it embodies most of the modeled emissions, 

including: fossil CO2, CH4, N2O, NO, NH3, and NOx.  After-tax net present value (NPV) was used 

to evaluate economic performance.  
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Table 6.1: Substrate ADM1 input parameters 
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Table 6.1: Continued – 1 

Feedstock Material Units 

Dairy 

Manure 

Slurry 

Kitchen 

Waste 

Corn 

Silage 

Grass 

Silage 

Total Solids % 6.1 1 29.1 7 30.1 4 40.0 4 

Volatile Solids % 5.0 1 26.0 7 29.0 4 35.9 4 

Total Nitrogen kg N·m-3 3.4 2 15.3 7 5.7 4 11.6 4 

Total Phosphorus kg P·m-3 0.6 3 1.6 7 0.9 8 1.0 8 

Particulate Composites kg COD·m-3 2.2 1 0.0 7 36.5 4 93.4 4 

Particulate Inerts kg COD·m-3 19.7 1 7.0 7 79.0 4 137 4 

Particulate Carbohydrates kg COD·m-3 18.9 1 177 7 210 4 194 4 

Particulate Proteins kg COD·m-3 8.2 1 118 7 22.2 4 48.5 4 

Particulate Lipids kg COD·m-3 6.8 1 58.4 7 18.7 4 25.4 4 

Short Chain Fatty Acids kg COD·m-3 1.5 1 8.8 7 4.9 4 12.0 4 

Soluble Amino Acids kg COD·m-3 1.8 4 3.9 7 0.0 4 0.0 4 

Soluble Fatty Acids kg COD·m-3 0.5 4 1.9 7 0.0 4 0.0 4 

Soluble Sugars kg COD·m-3 0.0 1 5.9 7 0.0 4 0.0 4 

Soluble Inerts kg COD·m-3 3.8 4 0.2 7 9.5 4 13.1 4 

Inorganic Carbon M 0.06 2 0.04 7 0.00 4 0.00 4 

Inorganic Nitrogen M 0.05 2 0.09 7 0.45 4 0.08 4 

Chemical Oxygen Demand kg O2·m
-3 63.4 1 380 7 380 4 524 4 

Disintegration Rate 1·d-1 0.50 5 0.50 5 0.50 5 0.50 5 

Carbohydrate Hydrolysis Rate 1·d-1 0.31 6 5.22 7 0.31 6 0.31 6 

Protein Hydrolysis Rate 1·d-1 0.31 6 1.86 7 0.31 6 0.31 6 

Lipid Hydrolysis Rate 1·d-1 0.31 6 1.24 7 0.31 6 0.31 6 

0          Estimate      
1          (Labatut 2012)      
2          (Usack and Angenent 2015)      
3          (Angelidaki et al. 1999)      
4          (Zhou et al. 2011)      
5          (Batstone et al. 2002a)      
6          (Lübken et al. 2007)      
7          (Zaher et al. 2009)      
8          (Rotz 2012)      
9          (Biernacki et al. 2013)      
10        (Nuchdang and Phalakornkule 2012)     
11        (Astals et al. 2014)      
12        (Song et al. 2004)      
13        (Parry and Fillmore 2010)      
14        (Pavlostathis and Giraldo‐Gomez 1991)     
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Table 6.1: Continued – 2 

Feedstock Material Units 
Rapeseed 

Oil 

Industrial 

Glycerine 

Green 

Weed 

Silage 

Slaughter 

House - 

Blood 

Total Solids % 98.6 4 64.3 9 26.1 9 18.7 11 

Volatile Solids % 98.6 4 30.7 9 23.2 9 17.8 11 

Total Nitrogen kg N·m-3 0.0 4 1.0 5 5.9 5 26.7 11 

Total Phosphorus kg P·m-3 0.0 0 4.0 10 0.6 8 0.2 11 

Particulate Composites kg COD·m-3 0.0 4 0.0 9 0.0 9 0.0 11 

Particulate Inerts kg COD·m-3 0.0 4 12.4 9 64.3 9 3.3 11 

Particulate Carbohydrates kg COD·m-3 0.0 4 304 9 185 9 4.3 11 

Particulate Proteins kg COD·m-3 0.0 4 6.2 9 41.4 9 1.9 11 

Particulate Lipids kg COD·m-3 2820 4 296 9 15.6 9 4.4 11 

Short Chain Fatty Acids kg COD·m-3 0.0 4 0.0 9 0.0 9 2.2 11 

Soluble Amino Acids kg COD·m-3 0.0 4 0.0 9 0.0 9 182 11 

Soluble Fatty Acids kg COD·m-3 0.0 4 0.0 9 0.0 9 4.1 11 

Soluble Sugars kg COD·m-3 0.0 4 0.0 9 0.0 9 0.1 11 

Soluble Inerts kg COD·m-3 0.0 4 0.0 9 0.0 9 63.7 11 

Inorganic Carbon M 0.0 4 0.0 9 0.0 9 0.03 0 

Inorganic Nitrogen M 0.00 4 0.00 9 0.01 9 0.39 11 

Chemical Oxygen Demand kg O2·m
-3 2820 4 619.0 9 306.3 9 266.0 11 

Disintegration Rate 1·d-1 0.50 5 0.50 5 0.50 5 0.50 5 

Carbohydrate Hydrolysis Rate 1·d-1 0.31 6 1.25 9 0.67 9 0.12 11 

Protein Hydrolysis Rate 1·d-1 0.31 6 0.0018 9 0.0014 9 0.35 11 

Lipid Hydrolysis Rate 1·d-1 0.31 6 0.0086 9 0.051 9 1.04 11 

0          Estimate      
1          (Labatut 2012)      
2          (Usack and Angenent 2015)      
3          (Angelidaki et al. 1999)      
4          (Zhou et al. 2011)      
5          (Batstone et al. 2002a)      
6          (Lübken et al. 2007)      
7          (Zaher et al. 2009)      
8          (Rotz 2012)      
9          (Biernacki et al. 2013)      
10        (Nuchdang and Phalakornkule 2012)     
11        (Astals et al. 2014)      
12        (Song et al. 2004)      
13        (Parry and Fillmore 2010)      
14        (Pavlostathis and Giraldo‐Gomez 1991)     
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Table 6.1: Continued – 3 

Feedstock Material Units 

Slaughter 

House - 

Paunch 

Dissolved-Air 

Flotation Sludge 
Whey 

Total Solids % 11.7 11 36.0 11 6.3 13 

Volatile Solids % 10.6 11 35.3 11 5.9 13 

Total Nitrogen kg N·m-3 0.6 11 1.2 11 0.2 13 

Total Phosphorus kg P·m-3 0.2 11 0.05 11 0.4 13 

Particulate Composites kg COD·m-3 0.0 11 0.0 11 0.0 13 

Particulate Inerts kg COD·m-3 11.0 11 263 11 0.5 13 

Particulate Carbohydrates kg COD·m-3 64.1 11 0.2 11 2.3 13 

Particulate Proteins kg COD·m-3 12.1 11 16.2 11 0.4 13 

Particulate Lipids kg COD·m-3 13.1 11 769 11 1.3 13 

Short Chain Fatty Acids kg COD·m-3 0.9 11 0.7 11 0.0 13 

Soluble Amino Acids kg COD·m-3 2.4 11 0.6 11 5.3 13 

Soluble Fatty Acids kg COD·m-3 0.3 11 2.7 11 19.0 13 

Soluble Sugars kg COD·m-3 1.9 11 0.5 11 32.2 13 

Soluble Inerts kg COD·m-3 0.3 11 0.9 11 6.8 13 

Inorganic Carbon M 0.00 0 0.05 12 0.00 13 

Inorganic Nitrogen M 0.14 11 0.05 11 0.02 13 

Chemical Oxygen Demand kg O2·m
-3 106.0 11 1053 11 67.8 13 

Disintegration Rate 1·d-1 0.50 5 0.50 5 0.50 5 

Carbohydrate Hydrolysis Rate 1·d-1 0.12 11 0.12 11 106 5 

Protein Hydrolysis Rate 1·d-1 0.35 11 0.35 11 0.35 14 

Lipid Hydrolysis Rate 1·d-1 1.04 11 1.04 11 0.31 6 

0          Estimate     
1          (Labatut 2012)     
2          (Usack and Angenent 2015)     
3          (Angelidaki et al. 1999)     
4          (Zhou et al. 2011)     
5          (Batstone et al. 2002a)     
6          (Lübken et al. 2007)     
7          (Zaher et al. 2009)     
8          (Rotz 2012)     
9          (Biernacki et al. 2013)     
10        (Nuchdang and Phalakornkule 2012)    
11        (Astals et al. 2014)     
12        (Song et al. 2004)     
13        (Parry and Fillmore 2010)     
14        (Pavlostathis and Giraldo‐Gomez 1991)    
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The geographic scope prioritized the Northeast U.S., and specifically, Upstate NY in 2014, for 

defining the regional electricity mix, energy prices, livestock intensity, synthetic fertilizer value, 

general farm practices, emission factors, and climate.  The functional unit was defined as the 

treatment of 1000 kg of chemical oxygen demand (COD) by anaerobic digestion.  The system 

boundary was defined as farm-gate–to–farm-gate.  The boundary starts with the pumping of 

manure slurry and the co-digestion substrate into pre-digestion holding tanks, and ends with the 

export of excess digestate from the farm.  Life-cycle processes within the system boundary have 

been aggregated into six main stages: 1) pre-digestion processing; 2) anaerobic digestion; 3) biogas 

utilization; 4) digestate storage; 5) land application; and 6) digestate export.  Within this 

framework, three scenario options were explored: 1) mono-digestion vs. co-digestion; 2) co-

digestion substrate type; and 3) applied mixture ratio for co-digestion (Figure 6.1). 

 
Figure 6.1: Environmental and economic life-cycle boundary of the modeled anaerobic 

digestion system showing the major elemental flows and modeled parameters. 
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The production of waste streams (manure and co-digestion substrates) were assumed unaffected 

by a change in demand for use in AD, and thus all upstream emissions and cash flows associated 

with their production were excluded from the system boundaries (Börjesson and Berglund 2006, 

De Vries et al. 2012b, Hamelin et al. 2014, Poeschl et al. 2012a, b).  Also, end-of-life emissions 

and cash flows of the biogas plant were assumed to be negligible (Foley et al. 2010, Sanscartier et 

al. 2011), and therefore were not included.  Further details regarding all LCI items are available in 

the Supplementary Information section (Table A2.2.1). 

6.6.2 Model Description 

6.6.2.1 Pre-Digestion Processing 

The USDA Integrated Farm System Model 4.1 (IFSM4.1) was used to estimate the volumetric 

production rate and composition of manure (nitrogen, phosphorus, potassium, and total solids 

concentrations) from a conventional (intensive, non-organic) 1000-cow dairy farm in Upstate New 

York using the default farm parameters assigned to this region (Rotz 2012).  The composition and 

production rate of manure was assumed constant over the life time of the biogas plant.  Pre-

digestion processing involved pumping manure slurry and co-digestion substrates into short-term 

(i.e., 4 – 10 day) holding tanks where they were periodically mixed.  The slurry and co-digestion 

substrate were then blended, and if necessary, diluted with water down to 10% total solids, before 

being pumped into the digester.   

6.6.2.2 Anaerobic Digestion 

ADM1 was used to model a single-stage, continuous-flow, mesophilic (35°C) continuously-stirred 

tank reactor (CSTR) with a hydraulic retention time (HRT) of 35 days when digesting manure 
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alone (base-line scenario).  The OLR of the manure-only scenario was 1.81 kg COD·m-3·Day-1.  

The digester volume was fixed.  Therefore, through co-digestion the HRT was reduced 

proportionally with the amount of co-digestion substrate added to manure (down to a minimum 

HRT of 12 days).  The composition of the co-digestion mixture (i.e., manure slurry + co-digestion 

substrate) were defined by weighted average, then implemented in ADM1 as the influent to the 

model AD system (Figure 6.2).   

 
Figure 6.2: The organic composition of the co-digestion substrates (primary axis) based on 

total COD concentration (i.e., organic strength) (secondary axis) 

 

For the simulation, the total influent OLR was incremented by 5% (COD-basis) by increasing the 

amount of co-digestion substrate added to manure.  The model AD system was allowed five HRTs 

at each loading rate to achieve steady-state conditions before performance data was collected.  
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Performance data included biogas yield and composition (i.e., CH4, CO2, H2), as well as digestate 

quality, including organic and inorganic carbon species, and total and ammoniacal nitrogen 

concentrations.  These performance data represent the inputs to the biogas utilization and digestate 

storage process stages.  The maximum loading rate of a co-digestion scenario was defined as either 

the penultimate mixture ratio before process failure occurs, or the mixture ratio corresponding to 

a 12-Day HRT.  Electricity requirements of the digester were modeled relative to the volumetric 

flow rate (VLR) of the influent, while heat requirements were additionally based on specific heat 

capacity, assuming an initial influent temperature of 13°C (annual average for NYS).  

6.6.2.3 Biogas Utilization 

All the captured biogas from the anaerobic digestion stage was used for CHP with a reciprocation 

gas engine.  The CHP was sized based on the lower heating value (LHV) of the biogas and the 

electrical and heat capture efficiency of the CHP.  The capacity factor (i.e., run-time efficiency) of 

the CHP was estimated based on literature values, and ranged from 75 – 94% (Jenkins 1997, 

Meyer-Aurich et al. 2012, Walla and Schneeberger 2008).  The heat captured by CHP was used to 

heat the digester, and the remainder was dumped to the environment via radiators.  The produced 

electricity was first allocated to meet the electricity demand of the biogas plant (e.g., biogas 

conditioning, pumps/blowers, digester mixing), and then to offset farm electricity.  Any surplus 

electricity was fed to the electric grid and credited through net-metering.  Farm electricity demand 

was estimated from literature values (Thomassen et al. 2008a, Upton et al. 2013), and was credited 

the premium value of NYS electricity (i.e., $0.152∙kWh-1), while electricity delivered to the grid 

was credited at wholesale value (i.e., $0.03∙kWh-1).  Lubrication oil consumption by the CHP was 

estimated relative to the quantity of biogas combusted (Boulamanti et al. 2013).  The CHP was 

replaced after 10 years of operation.  
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6.6.2.4 Digestate Storage 

The ADM1 model was extended to estimate residual methane emissions and nitrogen 

transformation during summer and winter storage.  The storage facilities were modeled as open 

lagoons (earthen-lined embankments) with dynamic volume and were assumed to be anaerobic 

(Wightman and Woodbury 2016).  Summer and winter storage were sized to accommodate 14 

days and 180 days of effluent, respectively, including the additional volume contributed by NYS 

precipitation.  Average seasonal temperatures were specified in the ADM1 model to account for 

the effect of temperature on physical-chemical processes (acid-base equilibria, liquid-gas transfer), 

and biochemical parameters (half-saturation constant, maximum specific uptake rates, 

disintegration/hydrolysis constants).  Digestate from winter storage was spread on cropland in 

spring, and digestate from summer storage was spread bi-weekly during the growing season.  

Energy requirements for mixing and pumping during truck loading was estimated using literature 

values (Hamelin et al. 2014).  

6.6.2.5 Land Application 

The nitrogen and phosphorus in digestate were used to displace the synthetic fertilizers, 

ammonium nitrate and triple-super phosphate, respectively, assuming a 20 – 100% fertilizer 

equivalence for nitrogen and 100% for phosphorus (Hansen et al. 2006b).  The livestock intensity 

of the farm was estimated as 0.74 livestock units per hectare, based on data from the 2014 NYS 

agricultural census (NASS 2014).  Digestate was applied at rates necessary to meet the nitrogen 

fertilizer requirements of crop lands (Zhang et al. 2013).  Agricultural lands are exempt from 

phosphorus application bans in NYS, therefore the embedded phosphorus applied in excess of crop 

demand was assumed to be emitted as phosphate at a rate of 5% of total P applied.  Cropland 

cultivation was not expanded to match increased nutrient loads from co-digestion. 
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Methane emissions from agricultural soil were estimated using the model outlined by the 

International Panel on Climate Change 2006 emission factor database (IPCC 2006a), which 

specifies the amount of organic material applied (COD) and its maximum specific methane yield 

(Bo, m
3 CH4∙kg COD-1).  Digestate composition after winter and summer storage was determined 

via ADM1, thus total COD applied and maximum specific methane yield coefficients were 

computed directly using the theoretical COD and methane yields of the organic constituents.  This 

study did not model soil carbon pool changes.  Nitrogen emissions from soil were estimated using 

emission factors from literature and the total and ammoniacal nitrogen concentrations in digestate 

predicted in ADM1.  Labor and diesel fuel inputs were separately modeled for synthetic fertilizer 

and slurry organic fertilizer application to account for differences in fertilizer equivalences.  

6.6.2.6 Digestate Export 

Digestate application to land was constrained by the nitrogen fertilization rate.  All additional 

digestate in excess of nitrogen demand was assumed to be exported from the farm.  Energy 

requirements for mixing and pumping during truck loading of digestate were estimated using 

literature values (Hamelin et al. 2014).  Labor and diesel fuel inputs for digestate export were 

estimated assuming a 5 – 40 km hauling distance using a 12-ton lorry, including empty returns 

(Balussou et al. 2012) (Poeschl et al. 2012b).  The final end-use of digestate after crossing the farm 

boundary was not included in the life-cycle model.  

6.6.3 Life-Cycle Inventory 

The life-cycle inventory (LCI) was compiled using SimaPro 8.1 software (Pré North America Inc., 

Washington D.C.) using process data derived from the EcoInvent v3.1 database where applicable 

(Ecoinvent, Zurich, Switzerland).  The LCI included direct emissions (i.e., originating on the 
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farm), indirect emissions (i.e., originating off the farm), and composite uncertainty ranges derived 

from the literature.  Direct environmental emissions produced on the farm included: methane 

(CH4), dinitrogen monoxide (N2O), nitrous oxides (NOx), nitrate (NO3
-), ammonia (NH3), and 

phosphate (PO4
3-).  Indirect emissions included those associated with the production of off-farm 

energy (e.g., grid-electricity, diesel), materials (e.g., synthetic fertilizer, lubrication oil), and the 

manufacturing of capital assets (e.g., infrastructure, equipment).  

The economic LCI included cost of capital assets and cash flows derived from literature estimates.  

Capital assets included biogas plant infrastructure (e.g., holding tanks, digester vessel, plumbing, 

digestate storage) and equipment (e.g., CHP, pumps, heat exchangers).  Equipment used for crop 

cultivation, such as tractors and tankers, were not included as demand for these equipment would 

not change between scenarios.  The cash flows included gate-fee revenue, net-metered electricity 

revenue, operating material costs (e.g., engine lubrication oil, synthetic fertilizer, and diesel), 

maintenance costs, labor costs, indirect costs, and insurance.  Gate-fees were credited to the farm 

based on the wet weight of the co-substrate, which is the convention in NYS.  All monetary flows 

were actualized to 2014 U.S. currency using Chemical Engineering Plant Cost Index (CEPCI) 

values (Access Intelligence LLC, 2016).   

6.6.4 Life-Cycle Impact Assessment 

Environmental impacts of the AD system were characterized using IMPACT 2002+ v2.12 

methodology.  This methodology includes both midpoint and endpoint impact categories, and 

provides an unweighted single-point score (Jolliet et al. 2003).  To simplify the discussion and 

presentation of results, only endpoint categories (climate change, ecosystem quality, human health, 

resources) and single-score metrics are reported for the aggregated process stages.  A cut-off value 

of 1% at the environmental endpoint level was applied.  Economic performance was compared 
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using an after-tax net-present value (NPV) analysis, assuming a discount rate of 15% and project 

lifetime of 20 years.  Depreciation of capital assets followed the U.S. Federal Modified Accelerated 

Cost Recovery System (MACRS), and an income tax rate of 38% was applied.  The assumed life-

time of biogas plant infrastructure was 20 years, with a complete overhaul of the combined heat 

and power engine (CHP) after 10 years.   

6.6.5 Uncertainty Analysis 

Uncertainty analysis was also conducted, however, emission factor estimates involving 

agricultural systems vary considerably between studies.  To account for between-study 

uncertainty, uncertainty ranges were compiled from relevant studies and used to create composite 

uncertainty distributions (i.e., probability density functions) using Monte Carlo simulation (50,000 

iterations).  The resultant probability distribution functions were fitted as log-normal distributions 

in Matlab R2015a (Mathworks Inc., Natick, MA) using the makedist.m function, then implemented 

in SimaPro.  Uncertainty ranges from the literature used to develop the composite uncertainty 

distributions are provided in the Supplementary Information section (Table A2.2.1). 

6.7 Results and Discussion 

6.7.1  Manure slurry is an ideal basal feedstock for co-digestion and co-substrate 

characteristics affect AD technical performance and process limits 

In the context of this LCA-TEA study, we qualify technical performance of various co-digestion 

scenarios using three metrics: 1) maximum mass loading rate; 2) maximum specific methane yield 

(SMY); and 3) maximum COD removal.  Maximum mass loading rate is important because it 

determines gate-fees and handling costs.  SMY is important for electricity production, while COD 

removal indicates the amount of residual organics reaching digestate storage.  
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Dairy manure slurry was found to be a conducive basal co-digestion feedstock for all co-substrates 

evaluated, permitting maximum co-digestion mixtures ranging from 2.35 to 6.5 times the COD 

input as manure for industrial glycerine and dissolved-air flotation sludge (DAF), respectively.  

The high buffering capacity of manure (i.e., soluble inorganic carbon, CO2 and HCO3
+) and 

inherent alkalinity (i.e., organic-N), resisted acidification when co-digesting carbon-rich co-

substrates with low alkalinity potential, such as industrial glycerine and rapeseed oil (Table 6.1).  

Manure slurry also acted as a nitrogen source for biomass growth in nitrogen-limited co-substrates 

(e.g., rapeseed oil, industrial glycerine, DAF).  However, dairy manure, on its own, was found to 

be the least favorable substrate, having the lowest SMY and COD removal under the modeled 

conditions (Figure 6.3).  The poor technical performance of manure can be attributed to its high 

inert fraction (i.e., lower biodegradability) (Figure 6.2), which arises from its high lignin content 

(Labatut et al. 2014).  

Co-substrate biodegradability was similarly correlated with COD removal efficiency and SMY in 

co-digestion scenarios.  The most biodegradable co-digestion substrates were rapeseed oil, kitchen 

waste, and industrial glycerine (Figure 6.3).  Besides dairy manure, the least biodegradable co-

substrates were the silages (i.e., corn, grass, and green weed), DAF, and slaughter-house blood.  

Although these substrates resulted in lower COD removal and SMY, all but slaughter-house blood 

permitted very high maximum mixture ratios by avoiding organic overloading.  Because of their 

high particulate inert fractions, these co-digestion substrates could be a valuable source of bedding 

if solids-separation were employed.  
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Figure 6.3: The co-digestion mixture ratio (COD-Basis) (primary axis) corresponding with 

the maximum specific methane yield, COD removal efficiency, and mass loading rate 

(secondary axis).  Manure-only digestion is equivalent to a 0.0 mixture ratio. 

 

Differences in maximum technical performance were also affected, albeit to a lesser extent, by 

hydrolysis rates and the degree of substrate solubilization (i.e., soluble/total COD ratio 

(SCOD/TCOD)).  For example, despite having a higher inert fraction, whey out-performed kitchen 

waste (Figure 6.3), because whey is comprised mostly of soluble sugars (i.e., lactose) and soluble 

fatty acids (Table 6.1).  Whey has the second highest SCOD/TCOD ratio at 93%, therefore 

generally, was less affected by hydrolysis limitations than substrates with more particulate COD 

and low hydrolysis rates, such as industrial glycerine and green weed silage (Figure A2.1.1, Table 

6.1).  Slaughter-house blood has the highest SCOD/TCOD ratio at 95%, however, this substrate 

performed less well due its large proportion of soluble inert matter (24% of SCOD) (Figure 

A2.1.1), and because it caused inhibition at higher loading rates.   
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The ADM1 simulation suggested slaughter-house blood co-digestion was ultimately limited by 

ammonia inhibition (Figure 6.4).  Dairy manure slurry contains high nitrogen levels, which under 

the modeled conditions, was already sufficient to cause partial inhibition of the AD process during 

manure-only digestion (represented here as Day 0) (Figure 6.4D).  However, acetate accumulation 

did not occur during manure-only digestion due to the conservative loading rate applied (Figure 

6.4A, E).  Yet, during co-digestion of slaughter-house blood, ammonia inhibition increased to 

levels where acetate and other short-chain fatty acids began to accumulate, which caused 

proportional reductions in SMY and COD removal (Figure 6.4B, D, E).  Maximum SMY and 

COD removal occurred at a relatively low co-digestion mixture ratio (i.e., ~0.3:1 COD-Basis) 

(Figure 6.3).  Still, the AD process was able to tolerate significantly higher mixture ratios, 

operating under “inhibited steady-state conditions” (Usack and Angenent 2015),  before total 

process failure occurred at a mixture ratio of 4.25:1 (COD basis) (Figure 6.3).  Process failure 

occurred when the pH dropped to inhibitory levels (Figure 6.4C).  Leading up to process failure, 

COD removal efficiency continued to decrease, being reduced to ~11% after starting with an 

optimum value of ~52%.  Unique AD process constraints also limited the maximum loading rate 

of the other co-digestion scenarios, which are summarized in Table A2.2.2.   
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Figure 6.4: ADM1 simulation of slaughter house blood co-digestion with dairy manure.  Pane 

(A) gives the applied loading rate (primary axis) and sludge retention time (secondary axis).  

Pane (B) gives the specific methane yield (primary axis) and COD removal efficiency 

(secondary axis).  Pane (C) gives pH (primary axis) and the non-competitive pH inhibition 

to acetoclastic methanogenesis.  The inhibition parameter is presented as unity minus the 

inhibition factor (I) (i.e., 1-I) given as a percent.  Pane (D) gives unionized ammonia 

concentration (primary axis) and the non-competitive NH3 inhibition to acetoclastic 

methanogenesis.  Pane (E) gives the total short-chain fatty acid (C2 – C5) (primary axis) and 

acetic acid concentrations (C2) (secondary axis).  Manure-only digestion is equivalent to a 

0.0 mixture ratio. 
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6.7.2 Aggressive loading rates are needed to make AD economical but decrease AD 

performance and increase methane emissions on the farm 

Results from the previous section demonstrate that the AD process can tolerate co-digestion 

loading rates well in excess of those leading to optimal SMY and COD removal.  In this section, 

we evaluate the effect of applied co-digestion loading rate on farm-level emissions and economic 

performance using kitchen waste as the example co-digestion substrate.  Earlier, we found kitchen 

waste could be co-digested with manure at high mixture ratios (i.e., 5.95) relative to its technical 

optimum (i.e., ~1.65) (Figure 6.3).  Here, we found the environmental optimum (as GWP) 

occurred before the technical optimum, occurring at a mixture ratio of ~0.90 (Figure 6.5A), while 

the economic optimum (indicated as total NPV) coincided with the maximum mixture ratio 

(Figure 6.5B).    
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Figure 6.5: Direct, farm-level environmental emissions (A) and economic performance (B), 

indicated by global warming potential (GWP) and net present value (NPV), respectively, of 

kitchen waste co-digestion at the process level based on applied co-digestion mixture ratio.  

GWP embodies most of the modeled emissions, including: fossil CO2, CH4, N2O, NO, NH3, 

and NOx, expressed in CO2 equivalents.  Technical performance, indicated by chemical 

oxygen demand (COD) removal, of kitchen waste based on applied mixture ratio (A, 

secondary axis).  Manure-only digestion is equivalent to a 0.0 mixture ratio.  Error bars 

represent 95% confidence interval of the modeled uncertainty distribution. 
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The environmental optimum occurred before the technical optimum because kitchen waste 

contains less N per COD than manure (Figure A2.1.2), which reduced GWP in those processes 

more heavily influenced by nitrogen emissions (e.g., N2O, NH3), such as land application.  

However, as the mixture ratio increased, residual methane emissions from digestate storage 

became more significant, which outweighed the benefits of a lowered specific nitrogen load.  

Storage emissions were the greatest contributor to GWP at all but the lowest mixture ratios, where 

land application emissions predominated (Figure 6.5A).   

This trend of increasing methane emissions in storage due to co-digestion is also demonstrated in 

other studies (Börjesson and Berglund 2006, Clemens et al. 2006).  At the highest mixture ratio of 

kitchen waste, residual methane production in storage accounted for ~25% of the total methane 

potential of the co-digestion mixture (Figure A2.1.3), which corresponds with values measured 

experimentally in overloaded AD systems (Angelidaki et al. 2006, Kaparaju and Rintala 2003).  

Pre-digestion processing, anaerobic digestion, and biogas utilization stages contributed little to 

GWP, and became even less significant as the co-digestion mixture ratio increased, except for 

digestate export, which increased slightly (Figure 6.5A).   

It should be mentioned that although fugitive methane emissions from anaerobic digestion and 

biogas utilization were less important here (Figure 6.5A), due to the COD-based functional unit, 

other studies have shown by sensitivity analysis that fugitive emissions drastically influence the 

carbon footprint of the biogas system (Börjesson and Berglund 2006, De Vries et al. 2012b, 

Evangelisti et al. 2014, Hamelin et al. 2014, Patterson et al. 2011).  For example, several studies 

found that in certain cases, high fugitive methane emissions from the biogas plant could lead to a 

net contribution of GWP (Evangelisti et al. 2014), and generate greater emissions compared to 

conventional manure management (Croxatto Vega et al. 2014).  Also, we assumed a fairly 
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conservative transport distance in this model (i.e., mean distance = 22 km, Table A2.2.1), 

however, other studies demonstrate how co-digestion substrate transport emissions may negate the 

environmental benefits incurred through co-digestion when long transport distances are required 

(Poeschl et al. 2010a, 2012a).   

Thus, our results indicate a clear opportunity to reduce environmental damage through the 

implementation of digestate storage covers to capture residual methane emissions.  This residual 

methane could be flared or redirected to the CHP for additional energy production.  This 

opportunity has not gone unnoticed, having been cited in numerous studies.  For example, Poeschl 

et al. estimate methane emissions could be reduced by a factor of 14 through the use of digestate 

storage covers (Poeschl et al. 2012a, b).  Unfortunately, very few AD systems in NYS use storage 

covers.  The reason is undoubtedly economic as there is no immediate financial incentive to justify 

this expense.  Yet, an economic analysis by Wightman & Woodbury (2016), suggest the cost of 

installing a floating storage cover is relatively low considering its environmental benefits (i.e., 

$0.010 – 0.013 per 1000 kg CO2eq mitigated).   

Another relatively cheap alternative to storage covers, albeit less effective, would be to perform 

solid separation of digestate prior to storage, as this would reduce the amount of residual carbon 

reaching storage.  The separated solids could then be used for cow bedding, or as P-enriched 

fertilizer, since proportionately more P is retained with the solids than N (ten Hoeve et al. 2014).  

This partial decoupling of N and P by solid-liquid separation would also allow farm operators to 

more precisely match fertilization requirements, and thereby reduce land application emissions 

arising from over-fertilization.   

From an economic performance perspective, co-digestion was markedly more lucrative than 

manure-only digestion.  This was indicated by an increasing total NPV with increasing co-
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digestion mixture ratios (Figure 6.5B).  The most important revenue stream was gate-fee revenue, 

followed distantly by electricity production (Figure 6.5B).  Electricity revenues actually decreased 

with increasing mixture ratios due to the “whole-sale penalty” of NYS net-metering.  Thus it is 

clear, that without gate-fees, electricity production alone is incapable of recovering the capital and 

operating costs of the biogas plant.  Bishop and Shumway, 2009 and Zhang et al., 2013, arrived at 

similar results, and further demonstrate a short-fall even with the inclusion of additional co-product 

revenue streams including: digestate solids bedding, fertilizer, and carbon credits.   

Co-digestion also conferred economic benefits in the form of avoided costs.  The most significant 

avoided cost was the cost in capital needed for the AD system (i.e., per COD), due to better use of 

digester volume and other process equipment (Figure 6.5B).  In this model, the CHP was sized to 

match biogas production, and therefore the relative cost of biogas utilization decreased only 

slightly with scale.  Avoided land application cost was the second most important contributor to 

profitability.  However, as the mixture ratio increased, the added nutrients brought in by kitchen 

waste increasingly exceeded crop demands, and thereby required more digestate export.  However, 

digestate export expenses remained relatively small (Figure 6.5B).   

These results indicate a clear trade-off between the environmental and economic performance of 

the AD system.  As the co-digestion mixture ratio is increased, improved profitability comes at the 

cost of increased total environmental damage at the farm-level.  Furthermore, due to the low value 

of electricity, economic performance is effectively insensitive to the technical performance of the 

AD process.  Low electricity prices also mean relatively high mixture ratios are needed to accrue 

sufficient gate-fee revenues.  In this case, approximately twice the optimal amount of kitchen waste 

was needed to achieve a positive NPV.  Moreover, since the additional methane from co-digestion 
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would only receive the wholesale price of electricity, it would be more economical to flare this 

biogas, rather than investing in a larger CHP system.  

6.7.3 Life-cycle environmental benefits compensate for increased methane emissions from 

an overloaded AD process  

Co-digestion of organic wastes led to greater methane emissions at the farm-level when the AD 

process was overloaded.  However, when accounting for the indirect benefits associated with 

displaced NYS grid electricity and synthetic fertilizer, and relative reductions in background 

emissions, we found climate change impacts were reduced during co-digestion compared to 

manure-only digestion (Figure 6.6A).  Resource impacts, which account for primary energy 

consumption (Jolliet et al. 2003), were similarly reduced (Figure 6.6D).  Moreover, these impact 

reductions occurred regardless of co-digestion substrate properties or the applied loading rate.  

This suggests that co-digestion, even under the least favorable operating conditions, is still 

preferable to manure-only digestion (Figure 6.6A, D, points outlined in red).   

In fact, for slaughter-house blood, industrial glycerine, and DAF, the point of minimal climate 

change and resource impacts approximately coincided with the maximum mixture ratio for these 

co-digestion substrates (Figure 6.6A, D, points outlined in green).  More often, however, these 

minima occurred at some intermediate mixture ratio, which suggests these impact categories were 

still fairly sensitive to AD process performance.  Climate change impact was relatively more 

sensitive compared to resources impact, since climate change was influenced by both electricity 

production (related to SMY) and residual methane emissions (related to COD removal), whereas 

resources impact was only influenced by electricity production.  This can be seen by comparing 

climate change and resource impacts during slaughter-house blood co-digestion (Figure 6.6A, D), 
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to its SMY and COD removal performance (Figure 6.4B).  The climate change impact trend more 

closely mimics the trend in technical performance compared to the resources impact trend.  
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Figure 6.6: Overall life-cycle environmental performance (direct + indirect emissions) of co-

digestion with each of the ten co-substrates, modeled with Impact 2002+ for damage 

categories: climate change (A), ecosystem quality (B), human health (C), and resources (D); 

and as a combined single-score (E), based on applied co-digestion mixture ratio.  The mixture 

ratio point corresponding with the worst environmental performance is outlined in red, while 

the point with the best environmental performance is outlined in green.  Manure-only 

digestion is equivalent to a 0.0 mixture ratio.  PDF: Potentially disappeared fraction of 

species.  DALY: Daily Adjusted Life Years.  Error bars represent 95% confidence interval 

of the modeled uncertainty distribution. 
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The ecosystem quality and human health impact categories are more sensitive to nutrient emissions 

compared to carbon emissions (Jolliet et al. 2003).  Consistent with other LCA studies, most of 

the nutrient emissions in our model occurred downstream of the AD process during digestate 

storage and land application (data not shown) (Aguirre‐Villegas et al. 2015, Croxatto Vega et al. 

2014).  Except for slaughter-house blood, dairy manure had the highest N & P content (per COD) 

of all the co-substrates evaluated (Figure A2.1.2).  As a result, most co-digestion scenarios 

reduced ecosystem quality and human health impacts compared to manure-only digestion (Figure 

6.6B, C, points outlined in red).  Furthermore, since these impact categories are less insensitive to 

residual methane emissions, the point of minimal impacts very often coincided with the maximum 

mixture ratio (Figure 6.6B, C, points outlined in green).   

Most of the co-digestion substrates had similar nutrient contents per COD (Figure A2.1.2), and 

therefore they led to similar ecosystem quality and human health impact reductions (Figure 6.6B, 

C).  Rapeseed oil, DAF, and industrial glycerine exhibited marginally greater reductions due to 

their extremely low nutrient content compared to other co-digestion substrates (Figure A2.1.2).  

Slaughter-house blood on the other hand, resulting in considerably worse environmental 

performance compared to the other co-substrates due to its extremely high nitrogen content.  In 

fact, slaughter-house blood was the only co-digestion substrate that induced greater environmental 

damage than manure-only digestion (Figure 6.6B, C, points outlined in red).  Here, impacts 

increased initially up to a mixture ratio of 0.65 and 1.1, respectively, before decreasing at higher 

mixture ratios.   

Digestate has proportionally higher nitrogen emission rates and lower fertilizer equivalence 

compared to synthetic fertilizer (Table A2.2.1).  Therefore, the initial increase in ecosystem 

quality and human health damage was induced by greater ammonia emissions from land 
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application as more synthetic nitrogen fertilizer was replaced by digestate.  Once the nitrogen 

fertilizer demand was fulfilled, excess nitrogen was exported with the digestate, and nitrogen 

emissions from land application became proportionally less, and ecosystem quality and human 

health impacts began to decrease.  Although the other co-digestion scenarios are subject to the 

same phenomenon, these co-substrates resulted in fewer nitrogen emissions during digestate 

storage compared to the manure-only scenario, which compensated for the effect of fertilizer 

efficiency (Figure 6.6B, C).   

From a life-cycle perspective, overall environmental performance was relatively insensitive to 

substrate quality or technical performance of the AD process.  This was indicated by the reduction 

in single point score for all co-digestion scenarios (Figure 6.6E).  However, one has to consider 

the environmental opportunity cost of not using these waste streams in other valorization pathways 

(e.g., incineration, gasification, biodiesel production) (Croxatto Vega et al. 2014, Evangelisti et al. 

2014).  Other LCA studies demonstrate co-digestion may be less environmentally favorable 

compared to alternate energy recovery technologies, depending on the technology considered 

(Börjesson and Berglund 2007, Croxatto Vega et al. 2014, De Vries et al. 2012b).  In the context 

of this study, accounting for the opportunity cost of other valorization pathways would shift the 

emphasis from simply producing electricity, to producing electricity efficiently via co-digestion. 

6.7.4 Gate-fees drive economic performance but favors low-quality AD substrates 

Unlike the environmental performance results, the differences in economic performance between 

co-digestion substrates were considerable.  The overwhelming determinant of economic 

performance was gate-fee revenue, which is directly related to the organic strength of the co-

digestion substrate.  This was indicated after running the economic analysis with gate-fees (Figure 

6.7A), and again without gate-fees (Figure 6.7B), then comparing the NPV value.    
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Figure 6.7: Overall life-cycle economic performance, indicated by net present value, of co-

digestion with each of the ten co-substrates with (A) and without (B) gate-fee revenue, based 

on applied co-digestion mixture ratio.  Error bars represent 95% confidence interval of the 

modeled uncertainty distribution. 
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Co-substrates with low organic strength outperformed high strength substrates, since gate-fees 

were awarded based on mass (or volume) input, rather than COD.  Therefore, low organic strength 

co-digestion substrates, such as whey, slaughter house paunch, and slaughter house blood, accrued 

significantly more gate-fee revenue per COD, compared to high organic strength substrates, such 

as rapeseed oil, DAF, and industrial glycerine (Figure 6.7A).  In fact, these high organic strength 

co-digestion substrates performed the worst economically, never achieving a positive net present 

value (NPV) even at their maximum mixture ratios (Figure 6.7A).  Yet, these high organic strength 

co-digestion substrates performed the best environmentally (Figure 6.6), and technically, in terms 

of SMY and COD removal efficiency (Figure 6.3).   

When gate-fee revenues are excluded from the economic analysis, the co-substrates performed 

similarly well (Figure 6.7B).  Yet, even at the most aggressive mixture ratios, no one of the co-

substrates was able to recoup capital and operational expenses.  Finally, when considering the 

combined environmental and economic performance (environomic performance) relative to dairy 

manure (Figure A2.1.4) a similar outcome was observed: all co-substrates improve system 

performance over all mixture ratios; but without gate-fees, the co-substrates perform more or less 

the same.  Slaughter-house blood was one exception, performing markedly worse, while rapeseed 

oil, DAF, and industrial glycerine were the other exceptions, performing considerably better.  

Therefore, although environmental and technical performance become more important in an 

environomic framework, gate-fees still represent the predominant determinant of overall system 

performance.   

Thus, according to this analysis, to achieve the greatest benefit from co-digestion, farm AD 

operators should maximize the loading rate of low-strength, low-biodegradability co-digestion 

substrates containing just enough nutrients to support biomass growth.  However, it should be 
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noted that in LCA studies, the chosen functional unit often has a profound effect on the outcome 

of the analysis.  If energy production had been selected as the functional unit, co-substrate quality 

and AD process performance would more significantly affect environomic performance.  

Finally, opportunities exist to improve the life-cycle environomic performance of the AD system 

merely by addressing manure slurry quality.  For example, farm operators should minimize the 

amount of process water added to manure during collection to increase its organic strength.  

Effluent recycling could also be used in place of process water.  Moreover, the nutrient load of 

manure may be reduced via precision feeding strategies, since nutrients are typically supplemented 

to cattle feed well in excess of dietary needs (Cerosaletti et al. 2004).   

6.8 Conclusion 

The consequences of implementing co-digestion on dairy farms in NYS have been evaluated here 

using LCA-TEA analysis.  We found co-digestion substrate characteristics and choice in co-

digestion management strategy (i.e., applied co-digestion loading rate) significantly influence 

system outcomes.  From a life-cycle perspective, co-digestion is almost always more advantageous 

than manure-only digestion, since dairy manure is, comparatively, a low-quality substrate.  

Moreover, co-digestion adds economic benefits in the form of gate-fees and avoided costs.  Despite 

the benefits of co-digestion, AD operators are still confronted with important trade-offs between 

technical, environmental, and economic performances, when choosing a co-digestion feedstock 

and management strategy.  Some of these co-digestion trade-offs are technically unavoidable, such 

as a reduced effluent quality and increased nutrient handling costs, while others are not, and may 

be addressed at the policy level.   
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The most salient incongruity arises from the practice in NYS of crediting gate-fees based on the 

volume or mass of the feedstock, rather than its organic content (COD load).  Under the current 

allocation scheme, low quality co-digestion substrates with low organic strength and low 

biodegradability, are economically superior to high quality co-digestion substrates, even though 

the latter are more favorable to the environment and the technical performance of the AD process.  

If gate-fees were instead awarded based on (and constrained by) organic strength reduction, this 

would encourage farm AD operators to select co-substrates that are more conducive to the AD 

process, which in turn would improve environmental performance.  Another way to incentivize 

improved technical and environmental performance, while also addressing the problem of 

undervalued electricity, is to use feed-in-tariffs rather than net-metering, where the value of 

electricity is indexed based the technical performance (e.g., COD removal efficiency) of the AD 

system.  However, while the current economic climate persists and overloaded AD systems 

represent the norm, other opportunities should be pursued to help offset the associated 

environmental burdens, such as the use of digestate storage covers, pre-digestate storage solids 

separation, and quality-improving manure collection practices (e.g., precision cattle feeding 

strategies, reduced process water).    
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CHAPTER 7 

7. Harnessing Anaerobic Digestion for Combined Cooling, Heat, and Power on   

 Dairy Farms: An Environmental Life Cycle and Techno-Economic Assessment of  

 Added Cooling Pathways 

 

Usack, J.G., Gerber Van Doren, L., Posmanik, R. Tester, J.W., Angenent, L.T. (2016) Harnessing 

Anaerobic Digestion for Combined Cooling, Heat, and Power on Dairy Farms: An 

Environmental Life Cycle and Techno-Economic Assessment of Added Cooling Pathways. 

In Preparation for: Journal of Cleaner Production 

 

7.1 Abstract 

Anaerobic digestion coupled with combined heat and power (CHP) production on dairy farms is 

environmentally advantageous, however, high capital and operating costs have limited its 

adoption, especially in the U.S., where electricity production and other environment benefits are 

undervalued.  The objective of this study was to evaluate the feasibility of integrating absorption 

refrigeration technology (ABR) for combined cooling, heat, and power (CCHP) on the farm to 

help bridge this economic gap.  A combined environmental life-cycle and techno-economic 

assessment was used to compare various cooling pathways with and without co-digestion.  We 

considered using CCHP to: 1) displace electricity-driven cooling utilities (e.g., milk 

chilling/refrigeration, biogas inlet cooling, generic space cooling), or 2) mitigate heat stress in 

dairy cattle via conductive cooling.  All the cooling scenarios reduced environmental emissions 

compared to CHP-only scenarios, with an appreciable reduction in land occupation when 

conductive cow cooling was employed.  However, not one of the cooling scenarios was 

economically viable.  When cooling power is used to displace electricity-driven cooling cycles, 

economic viability is constrained by low electricity prices and the low coefficient of performance 
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of ABR.  When used for conductive cow cooling, economic viability is constrained by conductive 

cooling effectiveness and efficiency, and in the case of mild climates, limited opportunity to 

generate milk revenue by mitigating heat stress.  Yet, CCHP economic viability may be achieved 

with minor improvements in conductive cooling effectiveness for scenarios involving co-digestion 

and climates with high heat stress levels.  

7.2 Graphical Abstract 

 

 

7.3 Highlights 

 Anaerobic digestion can be used to produce cooling energy on dairy farms. 

 Cooling from CCHP exceeds milk chilling and refrigeration demands. 

 Co-digestion dramatically improves net energy production compared to mono-digestion. 

 CCHP further reduces environmental impacts compared to CHP. 

 Conductive cow cooling may be more viable in climates with high heat stress levels. 
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7.4 Keywords: 

Anaerobic digestion; conductive cooling; tri-generation; heat stress; dairy; net-metering 

7.5 Abbreviations: 

ABR: absorption refrigeration; AD: anaerobic digestion; ADM1: anaerobic digestion model #1; 

ARI: Air-Conditioning and Refrigeration Institute; CHP: combined heat and power; CCHP: 

combined cooling, heat, and power; CoAD: anaerobic co-digestion; COD: chemical oxygen 

demand; COP: coefficient of performance; DAF: dissolved-air floatation sludge; DALY: daily 

adjusted life years; EMEP: Environmental Monitoring, Evaluation, and Protection program; EPA: 

U.S. Environmental Protection Agency; FU: functional unit; GHG: greenhouse gas; HHS: high 

heat stress mitigation efficiency; HRT: hydraulic retention time; IFSM4.1: integrated farm system 

model 4.1; IPCC: International Panel on Climate Change; KW: kitchen waste; LCA: life-cycle 

assessment; LCI: life-cycle inventory; LHS: low heat stress mitigation efficiency; LHV: lower 

heating value; LiBR: lithium-bromide; MACRS: modified acceleration cost recovery system; 

MoAD: manure-only anaerobic digestion; N: nitrogen; NPV: net present value; NYS: New York 

State; NYSERDA: New York State Energy Research and Development Authority; ORL: organic 

loading rate; P: phosphorus; PDF: potentially disappeared fraction of species; SCOD: soluble 

chemical oxygen demand; SMY: specific methane yield; TCOD: total chemical oxygen demand; 

TEA: techno-economic analysis; USD: United States dollars;  USDA: United States Department 

of Agriculture; VLR: volumetric loading rate. 
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7.6 Introduction 

Anaerobic digestion (AD) is particularly suitable for dairy farms because it can be used for manure 

stabilization and energy production by combusting biogas in a combined heat and power cycle 

(CHP).  This energy can be used to offset farm energy needs and surplus electricity can be sold to 

the local power utility via net-metering.  It is estimated that AD on dairy farms alone can satisfy 

5.5% of U.S. electricity needs (Zaks et al. 2011).  However, AD systems have high capital and 

operating costs, which are difficult to recover in the U.S. due to low electricity prices and the 

absence of other economic incentives such as carbon credits (Gebrezgabher et al. 2010, Sanscartier 

et al. 2011).   

Presently, AD feasibility depends on gate-fee revenue earned through co-digestion of locally 

sourced organic wastes from industry (Bishop and Shumway 2009, Sanscartier et al. 2011).  

However, we show in previous work (Chapter 6), that in most cases, high co-digestion loading 

rates are needed to make AD economically viable.  These high loading rates reduce the technical 

performance of the AD process and induce greater farm-level emissions.  Consequently, there is 

cause to explore alternative sources of revenue to lessen this dependence on gate-fees.  

With farm-based AD systems, the waste-heat generated from the CHP process is often only used 

to heat the digester (Aguirre‐Villegas et al. 2015).  This is due to minimal or non-existent demand 

for low-grade heat in rural areas (Lantz 2012).  Yet, other studies have demonstrated considerable 

environmental impact reductions when waste heat is used, say, to displace residential natural gas 

heating (Patterson et al. 2011, Poeschl et al. 2010a, 2012a).  Perhaps a more practical application 

of this waste heat, then, is the production of cooling energy via absorption chilling technology, 

since cooling is an important utility on dairy farms.  Upton et al. (2013) estimated that milk chilling 

and refrigeration constitute 31% of the total electricity demand on a dairy farm (Upton et al. 2013).   
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Combined cooling, heat, and power (CCHP), or tri-generation, is not a new concept, and has been 

used in industries with high refrigeration and electricity demands such as supermarkets and large 

data centers.  CCHP can also be used to cool and dehumidify biogas to achieve higher conversion 

efficiency at the generator (Bruno et al. 2009, Moya et al. 2011).  Also, by replacing electricity-

driven cooling cycles, environmental impacts are further reduced (Bruno et al. 2009, Gebreslassie 

et al. 2009).  In a series of life-cycle studies investigating various biogas production and utilization 

pathways, Poeschl et al. found that CCHP (i.e., external heating and cooling) resulted in the lowest 

primary energy input to output ratio (Poeschl et al. 2010a) and greatest environmental impact 

reductions (Poeschl et al. 2012a, b) compared to: 1) CHP; 2) external heating-only; and 3) 

electricity generation via an Organic Rankine Cycle.   

The cooling energy generated by CCHP can be used to displace electricity-driven cooling cycles, 

and therefore also represents a cost benefit.  However, low electricity prices are still an issue, and 

may not be sufficient to recover the capital cost of the absorption refrigeration system.  For this 

reason, we explore an alternative application for this cooling energy, which involves conductively 

cooling cows to mitigate heat stress and increase milk production.  Heat stress is a major economic 

issue and costs the U.S. dairy industry an estimated $897 million dollars per year ($25 million 

dollars in NYS) (St-Pierre et al. 2003).  In a previous study, we developed a conductive cooling 

system that led to a 6.5% increase in daily milk yields by mitigating heat stress (Perano et al. 2015).  

Also during this study, the cooling energy demand of the conductive cooling system was measured 

allowing us to estimate potential milk savings from an integrated CCHP–conductive cooling 

system.  Since milk production is associated with significant environmental burdens, we anticipate 

such a system will also improve the environmental performance of the biogas plant.  



173 
 

Here, the main objective of this study was to determine the environmental performance and 

economic feasibility of CCHP on dairy farms when used for heat stress mitigation and substitution 

of electricity-driven cooling cycles.  Another objective was to compare manure-only digestion to 

co-digestion using two compositionally varied substrates, kitchen waste (KW) and dissolved-air 

flotation sludge.  The broader impacts of a viable CCHP system would be to 1) alleviate AD 

dependence on gate-fees; 2) improve AD technical performance; and 3) foster greater 

environmental impact reductions compared to CHP-only applications.   

7.7 Methods 

The combined environmental life-cycle and techno-economic assessment (LCA-TEA) model 

framework developed in Chapter 6 was used to evaluate the proposed CCHP system scenarios.  

The only modification to the original LCA-TEA was to incorporate an additional sub-process to 

model an absorption refrigeration cycle for CCHP.  A brief summary of the original LCA-TEA 

model along with a description of the CCHP sub-process is presented here.  Further details 

pertaining to the original LCA-TEA can be found in Chapter 6 and Table A2.2.1.   

7.7.1 Model Framework and Scenarios 

The scope of the LCA-TEA represents a 1000-cow dairy farm in Upstate New York in 2014, which 

employs AD for the treatment of solely dairy manure (i.e., base-case).  The functional unit of the 

AD system was defined as the processing of 1000 kg of chemical oxygen demand (COD).  The 

selected model boundary was farm-gate–to–farm-gate, with six internal process stages: pre-

digestion processing, anaerobic digestion, biogas utilization, digestate storage, land application, 

and digestate export (Figure 7.1).  All upstream emissions and cash flows associated the 

production and transport of co-digestion substrates were excluded from the live-cycle inventory, 
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since these waste streams would be generated regardless of their end-use (Börjesson and Berglund 

2006, De Vries et al. 2012b, Hamelin et al. 2014, Poeschl et al. 2012a, b).  Finally, end-of-life 

emissions and cash flows were not included in the system boundary as they were assumed 

negligible relative to the use-phase of the biogas plant (Foley et al. 2010, Sanscartier et al. 2011). 

Four specific biogas conversion scenarios were investigated (Figure 7.1): 1) CHP-only (no 

cooling); 2) CCHP for conductive cow cooling with low efficiency heat stress mitigation (CCHP-

LHS); and 3) CCHP for conductive cow cooling with high efficiency heat stress mitigation 

(CCHP-HHS); and 4) CCHP for substitution of electrically-driven cooling cycles (CCHP-ELEC).  

The CCHP-ELEC scenario was a hypothetical scenario, which assumed an infinite demand for 

cooling energy either on the farm, or surrounding areas, say for residential air conditioning.  For 

both CCHP–LHS and –HHS scenarios, surplus cooling energy not used for conductive cooling 

(i.e., during the cold season, overnight, and on non-heat stress days) was used to displace 

electricity-driven cooling cycles on the farm within demand limits (i.e., milk chilling/refrigeration, 

biogas inlet cooling).  In addition, each biogas conversion pathway was evaluated under three 

separate AD scenarios: 1) manure-only digestion (MoAD); 2) co-digestion with kitchen waste 

(CoAD-KW); and 3) co-digestion with dissolved air flotation sludge (CoAD-DAF).  Threfore, 

twelve distinct LCA-TEA model scenarios have been assessed. 
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Figure 7.1: Environmental and economic life-cycle boundary of the modeled combined 

cooling, heat, and power system showing the major elemental flows and modeled parameters 

 

7.7.2 Life-Cycle Inventory 

The environmental life-cycle inventory (LCI) was assembled in SimaPro 8.1 (Pré North America 

Inc., Washington D.C.) using process data from EcoInvent v3.1 (Ecoinvent, Zurich, Switzerland) 

when available.  Emissions, energy, and material flows of system processes directly influenced by 

scenario selection were separately modeled using either: 1) the Anaerobic Digestion Model #1 

(ADM1) (i.e., anaerobic digestion and digestate storage); or 2) emission factors derived from the 

literature (i.e., all remaining processes) (Table A2.2.1, A3.2.1).  ADM1 is a dynamic, process-

based model that uses differential and algebraic equations to simulate the anaerobic digestion 

process (Batstone et al. 2002b).  Specific model parameters and feedstock compositions used with 

ADM1 were derived from literature values (Table 7.1).  The economic LCI included all major 
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capital items (e.g., infrastructure and equipment) and monetary flows, which were derived from 

literature values (Table A2.2.1, A3.2.1).  Revenue streams included: electricity, fertilizer, milk, 

and gate-fee revenues, while cost streams included: material costs (e.g., engine lubrication oil, 

diesel, commercial fertilizer) and immaterial costs (e.g., maintenance, labor, indirect, and 

insurance costs).  All monetary flows were normalized to 2014 prices using cost index values 

derived from the Chemical Engineering Plant Cost Index (Access Intelligence LLC, 2016).  
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Table 7.1: Substrate ADM1 input parameters 
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Feedstock Material Units 

Dairy 

Manure 

Slurry 

Kitchen 

Waste 

Dissolved 

Air 

Floatation 

Sludge 

Total Solids % 6.10 1 29.10 7 36.00 8 

Volatile Solids % 5.00 1 26.00 7 35.3 8 

Total Nitrogen kg N·m-3 3.44 2 15.30 7 1.20 8 

Total Phosphorus kg P·m-3 0.55 3 1.61 7 0.05 8 

Particulate Composites kg COD·m-3 2.21 1 0.00 7 0.00 8 

Particulate Inerts kg COD·m-3 19.65 1 6.97 7 262.70 8 

Particulate Carbohydrates kg COD·m-3 18.88 1 176.67 7 0.238 8 

Particulate Proteins kg COD·m-3 8.24 1 117.92 7 16.19 8 

Particulate Lipids kg COD·m-3 6.77 1 58.38 7 768.50 8 

Short Chain Fatty Acids kg COD·m-3 1.53 1 8.75 7 0.70 8 

Soluble Amino Acids kg COD·m-3 1.80 4 3.92 7 0.57 8 

Soluble Fatty Acids kg COD·m-3 0.53 4 1.94 7 2.70 8 

Soluble Sugars kg COD·m-3 0.00 1 5.87 7 0.48 8 

Soluble Inerts kg COD·m-3 3.79 4 0.23 7 0.92 8 

Inorganic Carbon M 0.062 2 0.04 7 0.05 9 

Inorganic Nitrogen M 0.052 2 0.09 7 0.05 8 

Chemical Oxygen Demand kg O2·m
-3 63.38 1 380.65 7 1053.00 8 

Disintegration Rate 1·d-1 0.50 5 0.50 5 0.50 5 

Carbohydrate Hydrolysis Rate 1·d-1 0.31 6 5.22 7 0.12 8 

Protein Hydrolysis Rate 1·d-1 0.31 6 1.86 7 0.35 8 

Lipid Hydrolysis Rate 1·d-1 0.31 6 1.24 7 1.04 8 

0          Estimate     
1          (Labatut 2012)     
2          (Usack and Angenent 2015)     
3          (Angelidaki et al. 1999)     
4          (Zhou et al. 2011)     
5          (Batstone et al. 2002a)     
6          (Lübken et al. 2007)     
7          (Zaher et al. 2009)     
8          (Astals et al. 2014)    
9          (Song et al. 2004)     
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7.7.3 Environmental Impact Assessment and Economic Feasibility  

The environmental impact assessments were conducted in SimaPro using IMPACT 2002+ v2.12 

methodology, which includes both midpoint and endpoint impact categories (Jolliet et al. 2003).  

For the purposes of this study, only the impact categories exhibiting the most significant 

differences between process scenarios were reported.  These included all the damage categories: 

climate change, ecosystem quality, human health, resources, and human health, and only one mid-

point category: land occupation.  Economic feasibility was compared using an after-tax net-present 

value (NPV) analysis, assuming a discount rate of 15%.  The U.S. Federal Modified Acceleration 

Cost Recovery System (MACRS) was used to account for depreciation of capital assets, and an 

income tax rate of 38% was applied.  The project life-time was 20 years for all CCHP infrastructure 

and equipment, except for the generator set, which was 10 years.  Technical, environmental, and 

economic parameter uncertainty ranges were generated by Monte Carlo simulation using 

composite probability distributions originally derived from literature values (Chapter 6, Table 

A2.2.1, and Table A3.2.1).  

7.7.4 The Combined Cooling, Heat, and Power Sub-Process 

All recovered biogas was used for combined heat and power production with a reciprocating gas 

engine.  All on-farm electricity offsets were valued at $0.152∙kWh-1, while surplus CHP electricity 

returned to the NYS electric grid was valued at $0.03∙kWh-1 (EIA 2014).  The heat captured as hot 

water from the CHP cooling jacket and exhaust recuperator was first used to supply heating to the 

digester vessel, and all remaining heat was used to power a single-stage, single-effect absorption 

refrigeration cycle (ABR).  Lithium bromide – water (LiBR-H2O) served as the working pair of 

the ABR, and the chilled water exit temperature was 7°C.  The capacity of the ABR system for 
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each scenario was determined by estimating the coefficient of performance (COP) (i.e., ~ 0.65) at 

standard conditions outlined by the Air-Conditioning and Refrigeration Institute (ARI), and 

assuming a hot water supply temperature of 115°C (ASHRAE 1995).  The electricity-driven 

cooling cycles replaced by ABR were assumed to have an average COP of 3.0 (ASHRAE 1995).  

7.7.5 The Conductive Cow Cooling Sub-Process 

Heat stress frequency was modeled assuming a climate typical of NYS, corresponding to 715 hours 

of heat stress per year (St-Pierre et al. 2003).  Base-line milk production was estimated using the 

IFSM4.1 (Rotz 2012) using default parameters for an Upstate NY dairy farm that uses open-barn 

ventilation.  Milk savings equivalent to 6% the base-line daily milk production were applied when 

conductive cooling was used (Perano et al. 2015).  The conductive cooling system with low heat 

stress mitigation efficiency (LHS) was modeled according to Perano et al. (2015), which involved 

circulating chilled water through modified DCC waterbeds (Dual Chamber Cow Waterbeds, 

Advanced Comfort Technologies Inc., Reedsburg, WI), at a cooling rate of 1.435 kW∙bed-1 (Perano 

et al. 2015).  The conductive cooling system with high heat stress mitigation efficiency (HHS) was 

modelled assuming a cooling rate of 0.400 kW∙bed-1, which was derived from the heat conduction 

model developed by Gebremedhin et al. (2016), for a chilled water temperature of 7°C.  Additional 

details regarding the CHP, ABR, and conductive cooling system are available in the Appendix 

(Table A3.2.1). 

7.8 Results and Discussion 

7.8.1 Co-digestion yields a more positive CCHP energy balance compared to manure-only 

digestion 
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Dairy manure is a relatively low-quality substrate for AD due to its low organic strength (i.e., COD 

concentration) and biodegradability (i.e., inert fraction) compared to most other organic wastes 

(Chapter 6) including DAF and KW (Table 7.2).  In addition to having higher organic strength 

and biodegradability than manure, DAF is composed mostly of lipids, with a small fraction of 

proteins, and virtually no carbohydrates (Figure A3.1.1A).  On a weight basis, lipids have 

appreciably higher methane potential (0.99 m3·kg-1) compared to proteins (0.63 m3·kg-1) and 

carbohydrates (0.415 m3·kg-1) (Alves et al. 2009).  As a result, co-digestion with DAF suffered the 

least parasitic energy loss through the biogas plant (14% of total electricity, 18% of total heat) 

(Figure 7.2, Table A3.2.2).  KW performed similarly well with 18% lost to parasitic electricity 

and 24% to parasitic heat.  Manure-only digestion performed markedly worse with 54% and 68% 

lost to parasitic electricity and heat, respectively.  To improve the energy balance, farm AD 

operators should take measures to increase the organic strength of dairy manure by minimizing 

process water inputs during manure collection (Chapter 6).   

The maximum specific methane yield per COD (SMY) predicted by ADM1 was greater for KW 

(252 m3 CH4∙kgCOD-1) than for DAF (225 m3 CH4∙kgCOD-1) (Table A3.2.2).  KW has an organic 

composition similar to dairy manure, and considerably less lipid content compared to DAF (Table 

7.2, Figure A3.1.1A), yet, resulted in a higher SMY due its greater biodegradability.  Also, the 

higher SMY of KW compensated for the slightly greater parasitic energy loss, resulting in a 

slightly greater net energy balance for electricity, heat, and cooling (Figure 7.2).  In both co-

digestion scenarios, the amount of cooling power made available via CCHP was more than double 

that of manure-only digestion.   

Finally, in all AD scenarios, the anaerobic digestion process stage constituted the greatest energy 

sink compared to all other processes (Figure 7.2).  This process stage requires energy for digester 
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mixing, pumping, and heating.  Pre-digestion processing, which requires influent 

blending/pumping and pre-storage tank mixing, constituted the next largest parasitic electricity 

sink.  Parasitic electricity required for digestate storage mixing (during truck loading) and ABR 

operation were relatively insignificant compared to the other processes.   

 
Figure 7.2: Production and parasitic losses of electricity, heat, and cooling along the biogas 

plant for manure-only and co-digestion (i.e., KW and DAF) scenarios.  The biogas utilization 

process was divided into two component process: 1) CHP and 2) ABR.  Net energy flows 

(production minus parasitic losses) is indicated by black diamonds.  Error bars represent 

standard deviations. 

 

7.8.2 Co-digestion is responsible for the greatest reduction in life-cycle environmental 

impacts  
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Co-digestion with DAF and KW significantly reduced environmental impacts over the farm AD 

life-cycle (Figure 7.3).  These environmental impact reductions were caused mainly by: 1) 

attenuating background farm emissions; and 2) displacing NYS electricity and synthetic fertilizers.  

Background farm emissions are those that arise from routine, conventional dairy farming practices, 

such as temporary manure storage and land application.  For example, most farms cultivate their 

own crops for dairy feed by spreading raw manure (or manure digestate) as an organic fertilizer, 

which induces environmental emissions (e.g., ammonia, phosphate).  Since DAF and KW contain 

considerably less nitrogen (N) and phosphorus (P) per COD compared to dairy-manure (Figure 

A3.1.1B), co-digestion led to reductions in these emissions proportional (approx.) to the applied 

mixture ratio.  The greatest reductions occurred at the land application (green bars) and digestate 

storage process stages where background emissions were the greatest, however, notable reductions 

also occurred at the pre-digestion processing stage.  This effect was more pronounced in the 

climate change, ecosystem quality, and human health categories (Figure 7.3A, B, D, respectively), 

since these impact categories are particularly sensitive to direct N&P emissions.   
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Figure 7.3: Environmental impacts at the damage level determined with IMPACT 2002+ for 

each of the CHP-only scenarios at each process stage.  The environmental damage categories 

include: (A) climate change, (B) ecosystem quality, (C) resources, and (D) human health.  

PDF: Potentially disappeared fraction of species.  DALY: Daily Adjusted Life Years.  Error 

bars represent the 95% confidence interval of the modeled uncertainty distribution.  

 

Moreover, in this model, the amount of N available in the manure-only scenario was not sufficient 

to satisfy crop N demands, therefore commercial nitrogen fertilizer (as ammonium nitrate) was 

needed in addition to digestate.  Since DAF and KW embodied additional nutrients, relatively less 

ammonia nitrate was consumed during co-digestion compared to the manure-only scenario.  This 

displaced fertilizer contributed in small part to the reductions in climate change, ecosystem quality, 

and human health impact categories (Figure 7.3A, B, D, green bars).  However, it constituted the 

greatest reductions in primary resources (Figure 7.3C, green bars), since production of ammonium 

nitrate (i.e. via the Haber-Bosch process) requires large inputs of primary energy.  In the manure-

only scenario, ammonia nitrate inputs accounted for ~80% of the primary resource impacts at the 

land application process stage.  Moreover, because KW had higher N content per COD compared 
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to DAF, KW led to greater reductions in the resource impact category.  This was the only impact 

category where KW co-digestion led to greater total reductions compared to DAF co-digestion 

(Figure 7.3, black diamonds).  

Co-digestion also resulted in greater displacement of NYS electricity (represented here at the stage 

Biogas Utilization-CHP), which also induced significant environmental impact reductions (Figure 

7.3, grey bars).  Since fossil fuels comprise approximately half of the NYS electricity mix (EIA 

2014), the greatest reductions from displaced electricity occurred in the climate change and 

primary resource categories (Figure 7.3A, C).  Moreover, because KW had a higher SMY 

compared to DAF, KW co-digestion resulted in proportionally greater reductions in these impact 

categories.  Finally, climate change impacts were further reduced via co-digestion of DAF at the 

digestate storage process, however, this was not the case for KW co-digestion, which resulted in 

greater climate change impacts compared to manure-only digestion (Figure 7.3A, dark blue).  This 

was caused by differences in residual methane and N2O emissions from storage.   

Both co-digestion scenarios induced greater residual methane emissions compared to manure-only 

digestion.  However, KW induced proportionally more residual methane emissions (110% increase 

compared to manure-only) than DAF (34% increase) even though KW had higher SMY and COD 

removal (Chapter 6).  Although counterintuitive, this is explained by the lower biodegradability 

of DAF, which suggests the removal of degradable COD during DAF co-digestion was greater 

than KW co-digestion, even though removal of total COD was less.  The other factor leading to 

the difference in climate change impacts during digestate storage between DAF and KW, was N2O 

emissions, which were considerably lower with DAF than with KW (70% vs 1% reduction, 

respectively). 
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7.8.3 Substitution of dairy milk and NYS electricity through CCHP induced further 

environmental impact reductions 

Although co-digestion was responsible for the greatest environmental impact reductions, CCHP 

further reduced life-cycle emissions relative to those scenarios involving only CHP (Figure 7.4).  

Conductive cooling scenarios, by mitigating heat stress, induced considerable reductions in all 

impact categories mainly through the substitution of dairy milk.  Since CCHP was also used to 

displace electricity-driven cooling cycles (e.g., milk chilling and refrigeration) during periods of 

no heat stress, additional impact reductions occurred through the substitution of NYS electricity.  

However, substituted electricity often contributed less to overall reductions compared to milk 

production, especially for co-digestion and high-efficiency heat stress mitigation (HHS) scenarios 

(Figure 7.4).   
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Figure 7.4: Environmental impact reduction induced by CCHP through milk and electricity 

substitution relative to its corresponding CHP scenario.  The environmental damage 

categories were assessed using IMPACT 2002+ and include: (A) climate change, (B) 

ecosystem quality, (C) resources, and (D) human health.  PDF: Potentially disappeared 

fraction of species.  DALY: Daily Adjusted Life Years.  Error bars represent the 95% 

confidence interval of the modeled uncertainty distribution.  

 

The exception occurred under manure-only digestion and LHS scenarios where less cooling energy 

was available.  In the low-efficiency heat stress mitigation (LHS) system, cooling production 

through manure-only digestion supplies only 4.2% of the 1000-cow herd with conductive cooling, 

compared to 36.8% and 45.7% through co-digestion of KW and DAF, respectively.  If the AD 

operator were to apply the maximum mixture ratios for co-digestion with KW (i.e., 5.95:1, OLR 

= 12.6 kg COD∙m-3∙Day-1) or DAF (i.e., 6.50:1, OLR = 13.6 kg COD∙m-3∙Day-1) (Chapter 6), the 

CCHP system could supply 86.7% and 96.2% of the herd with conductive cooling, respectively, 

with proportional increases in saved milk production.  Although the conductive cow cooling 

system was active only 715 h per year due to the relatively mild NYS climate, this was enough to 
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surpass the impact reductions associated with displacing electricity-driven cooling demands on the 

farm.   

These are promising figures given that conductive cooling is an incipient technology with space 

for technical improvement.  We assumed a rather high cooling load of 1.435 kWcooling∙bed-1 for the 

low efficiency case based on preliminary data collected from the prototype conductive cooling 

system developed by Perano et al. (2015), which had not been optimized.  However, in a 

subsequent study by Gebremedhin et al. (2016), additional thermodynamic data from the previous 

experiment was used to develop a heat conduction model that uses computational fluid dynamics 

to determine heat flux through the cow waterbeds (Gebremedhin et al. 2016).  They estimate a 

cooling energy demand of 0.306 kWcooling∙bed-1 at a chilled water temperature of 14.5°C and 0.430 

kWcooling∙bed-1 at 4.6°C may be achieved.  At an approximate value of 0.400 kWcooling∙bed-1 for 7°C 

chilled water, this would mean CCHP with KW and DAF could supply up to 132% and 164% of 

the dairy herd with conductive cooling at the technically optimum OLR, respectively.   

The significant environmental impact reductions in the conductive cooling scenarios can be 

attributed to the high resource inputs associated with milk production, and the relatively low COP 

of absorption refrigeration (~0.65) compared to electricity-driven cooling cycles (3.0).  In fact, in 

terms of environmental benefits, we found that the cooling power generated from CCHP is better 

spent when used for conductive cow cooling compared to displaced electricity.  This was true for 

all damage categories except primary resource impacts.  Even under the low-efficiency heat stress 

mitigation (LHS) scenarios, the environmental reductions per kWh were often greater than 

displacing 1 kWh NYS electricity.  For example, 1 kWhcooling allocated for conductive cooling in 
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the LHS scenario avoids 0.11 pdf·m2·yr of ecosystem quality impacts, while 1 kWhelec fed to the 

NYS grid avoids only 0.0027 pdf·m2·yr.   

We also explored a scenario where all the cooling power generated by CCHP was used to displace 

electricity-driven cooling cycles (Figure 7.4, CCHP-ELEC), rather than conductive cooling.  

Results indicate that the cooling load generated by CCHP exceeds all the on-farm cooling demands 

(i.e., milk chilling/refrigeration, biogas inlet cooling) by a fairly large margin (Figure 7.4).  Even 

under manure-only digestion, the cooling demands for milk refrigeration/chilling and biogas inlet 

cooling consumed only 37.4% and 32.8% of the total cooling load generated by CCHP, 

respectively.  While for co-digestion with KW, milk refrigeration/chilling and biogas inlet cooling 

required 4.3% and 29.8%, respectively, and with DAF these cooling demands drop to 3.4% and 

25.0%.  Due to the relatively high environmental impacts associated with electricity production, 

the CCHP-ELEC scenarios resulted in considerable reductions in climate change, resources, and 

human health impact categories (Figure 7.4A, C, D), especially when co-digestion was employed.   

7.8.4 Economic feasibility of combined cooling, heat, and power requires further technical 

improvement and higher electricity prices 

The cash flows associated with the integrated absorption refrigeration and conductive cooling 

system represented a minor fraction (< 5%) of the overall life-cycle cost of the farm biogas plant 

in all CCHP scenarios (Figure 7.5A).  The majority of costs associated with the biogas plant 

stemmed from the capital and operational expenses of the digester and CHP, while the majority of 

revenue was contributed by gate-fees.  Already, electricity production from CHP only contributed 

a minor fraction to total revenue, and therefore electricity from CCHP was even less significant.  
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Figure 7.5: Total monetary flows (as NPV) of the biogas plant by process stage (A).  Cost and 

revenue streams (as NPV) induced by CCHP through milk and electricity substitution 

relative to its corresponding CHP scenario (B).  Error bars represent the standard deviation.  
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When looking at the costs and revenue flows of CCHP specifically, we see that neither CCHP for 

conductive cooling nor electricity displacement was economically viable (Figure 7.5B).  The 

capital costs of absorption refrigeration systems (ABR) are considerably greater than conventional 

cooling systems, and therefore they only become economical when electricity prices are relatively 

high and the source of heat energy is relatively cheap.  In the context of this farm-based CCHP, 

the heat supply was free, yet still, the price of electricity was not sufficient to recoup the capital 

cost of the ABR.  CCHP with co-digestion provided considerably more heat energy and benefits 

from an improved economy of scale, but because of the “whole-sale” electricity penalty of net-

metering, it still did not achieve economic viability.  Even when assuming an infinite demand for 

cooling energy, the electricity price would need to be $0.312∙kWh-1 for manure-only digestion, 

$0.095∙kWh-1 for KW co-digestion, and $0.086∙kWh-1 for DAF co-digestion, to make the CCHP 

system economically viable.  For these reasons, displaced-electricity from CCHP cannot replace 

co-digestion and gate-fees as an alternative source of revenue. 

The cooling scenarios involving conductive cow cooling were more lucrative than electricity 

displacement.  Even under the low efficiency scenario, the value of saved milk from 1 kWhcooling 

used for conductive cooling is $0.049, compared to $0.01 per kWhcooling when used to displace 

wholesale electricity.  This figure would increase to $0.17 per kWhcooling under the high efficiency 

system, which is greater than most premium electricity rates.  In fact, for the HHS-DAF scenario, 

only a 40% further improvement in conductive cooling effectiveness would be necessary to break-

even, while a 55% improvement would be required for HHS-KW.  This could be achieved either 

through increased saved milk yields or further reductions in cooling energy input.  Under the LHS 

and manure-only scenarios, economic viability would be physiologically and technically 
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unattainable, and would require additional market improvements, such as reduced ABR capital 

costs, higher milk prices, or more opportunities to save milk.  

In NYS, heat stress frequency is relatively low (i.e., 715 h∙year-1) compared to other parts of the 

U.S., such as Texas, which experiences 3185 h of heat stress per year (St-Pierre et al. 2003).  This 

means there is less opportunity in NYS to generate milk revenue with conductive cooling.  

Therefore, CCHP with conductive cooling may be more economically viable in warmer climates.  

It is also important to mention that this analysis only considered the economic benefit associated 

with increased milk revenue through conductive cooling.  There are other indirect economic 

benefits associated with heat stress mitigation, although they are difficult to quantify.  For example, 

heat stress in dairy cattle also results in decreased dry matter intake (Collier et al. 1982, Perano et 

al. 2015), increased standing time (Cook et al. 2007), birthing success (Collier et al. 2006, Norman 

et al. 2012), and increases the incidence of cattle disease (Liu et al. 2014) and mortality (Stull et 

al. 2008), all of which have an economic cost.  If these costs are accounted for, CCHP with 

conductive cooling would look more lucrative. 

7.9 Conclusion 

Although we observed marginal reductions in most environmental impact categories for all cooling 

scenarios and considerable reductions in land occupation when conductive cow cooling is applied, 

not one of the cooling scenarios was economically viable.  Thus, CCHP cannot be used to mitigate 

the current dependence of farm-based AD systems on co-digestion and gate-fees.  However, 

conductive cow cooling is a nascent technology with considerable room for technical 

improvement, which could make it economically feasible in the near future, especially in climates 

with high annual heat stress levels.  Alternatively, when cooling power is used to displace 

electricity-driven cooling cycles, feasibility is constrained by the low net-metering prices in NYS.  
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Finally, even with improved conductive cooling performance and higher electricity prices, 

manure-only digestion contributes too little process heat for CCHP to ever be economically viable.  
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CHAPTER 8 

8. Summary and Recommendations for Future Work 

8.1 Summary 

This body of work represents a synthesis of several key topics associated with anaerobic digestion 

(AD) research.  The first topic covered was AD experimental methodology (Chapter 3), which 

involved developing an understanding of the practical aspects necessary to perform long-term 

experimental AD reactor studies.  The knowledge gained in this topic area was used to devise a 

methodology for constructing, inoculating, operating, and monitoring a single-stage, continuously-

stirred anaerobic digester.  The second topic exploits and builds on this practical knowledge by 

incorporating aspects of AD reactor design (Chapter 4).  Here, a long-term experiment using 

laboratory-scale, plug-flow AD reactors was performed to evaluate AD performance (e.g., specific 

methane yield (SMY), and solids retention) after including in-line mixing or effluent recycling in 

the reactor design.  Mixing and effluent recycling reduced solids retention without significantly 

effecting SMY, and may help mitigate clogging issues when these digesters are used in the field.   

Another long-term AD reactor study was performed, however this time, with continuously-stirred 

anaerobic digesters and with an emphasis on identifying process constraints arising from the co-

digestion of different organic wastes with dairy manure (Chapter 5).  Here, AD process 

performance (e.g., SMY and effluent quality) and stability was evaluated after applying 

progressively higher co-digestion mixture ratios.  The study demonstrated that the AD process is 

capable of tolerating co-digestion mixture ratios well in excess of the technically optimum ratio 

with consequent reductions in SMY and effluent quality.  Co-substrate composition was also 

identified as a key factor influencing AD process performance, stability, and nutrient levels.   
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These findings inspired the next topic area, which used an environmental life-cycle and techno-

economic assessment (LCA-TEA) framework to evaluate the effects of co-digestion 

implementation strategy (i.e., applied mixture ratio and co-substrate type) on AD process 

performance, environmental impacts, and economic favorability of a farm-based AD system 

(Chapter 6).  Results indicate a clear trade-off between environmental impacts and economic 

favorability with increasing mixture ratios due to decreased AD process performance and the high 

value of gate-fees, respectively.  The final subject sought to address this economic over-

dependence on gate-fees by evaluating combined cooling, heat, and power (CCHP) as an alternate 

AD biogas utilization pathway (Chapter 7) using LCA.  Here, CCHP was used to generate 

additional revenue from either: 1) conductive cow cooling, which increases milk production, or 2) 

displacing electricity-driven cooling cycles (e.g. milk chilling and refrigeration).  Here, CCHP was 

found to marginally reduce environmental impacts of the AD system, but neither scenario was 

economically viable.  This was due to a combination of factors, including: 1) high capital cost; 2) 

limited heat stress mitigation opportunities in NYS; 3) low electricity value; and 4) in the case of 

manure-only digestion, limited CCHP cooling output.  

The overall conclusion of this dissertation is that AD is a versatile and reliable technology when 

operated conservatively within process limits and when granted time for acclimation.  However, 

it is often very difficult, practically, to maintain/achieve sound technical performance due to two 

prevailing barriers: 1) AD process complexity; and 2) inadequate compensation for AD services; 

such as energy production and waste stabilization.  AD process complexity makes it difficult to 

accurately prescribe the optimal operational strategy or predict process response to operational 

changes solely from first principles.  Long-term reactor studies are often appropriate, but farm AD 

operators usually lack the time and resources needed to carry out these studies.  An alternative to 
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long-term reactors studies is to perform operational changes in situ using conservative initial 

estimates followed by minor adjustments over time (e.g., co-digestion with mixture ratio 

adjustments).  Long acclimatization periods are often necessary following these adjustments.  

However, the second barrier renders this approach economically impracticable.  This lack of 

adequate compensation also compels farm AD operators to exceed conservative operational 

measures at the expense of AD process performance and stability, say by applying aggressive 

loading rates, shortened retention times, or high mixture ratios during co-digestion.   

8.2 Recommendations for Future Work 

Many potential avenues for future research have been recognized during the course of this 

dissertation.  A compendium of some of the more interesting research opportunities are provided 

below for each major chapter.  

8.2.1 Chapter 4: Improved Design of Anaerobic Digesters for Household Biogas 

Production in Indonesia: One Cow, One Digester, and One Hour of Cooking per Day 

For the purposes of this experimental study, the full-scale 21-L Indonesian Model digesters were 

scaled down to a volume of 9-L and were fed only three days a week (i.e., Monday, Wednesday, 

Friday) rather than daily.  It is unclear to what extent scaling-effects or feeding frequency biased 

study outcomes.  Therefore, a similar study could be performed at full-scale with the proposed 

design modifications.  Surveys may also be performed to assess user receptiveness to the 

operational changes.   

8.2.2 Chapter 5: Comparing the Inhibitory Thresholds of Dairy Manure Co-Digesters after 

 Prolonged Acclimation Periods: Part 1 – Performance and Operating Limits 
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Co-digestion has been the subject of many research studies recently.  This is due, in part, to the 

large number of experimental parameters available to the researcher (e.g., reactor configuration, 

co-substrate composition, mixture ratio, loading rate).  Also, microbial community sequencing 

technologies have become increasingly available due to lower cost and processing time.  Although 

many options for future research exist under the umbrella of co-digestion, only the most related 

ones are presented here.   

In our study, the co-substrates were introduced gradually to give the microbial community time to 

acclimate.  However, one might expect a completely different outcome if the substrates were 

introduced more rapidly or as pulses.  It would be interesting to compare the response of the 

microbial community to each of these operational strategies.  Also, one could perform an 

experiment with a microbial community pre-acclimated to a particular embedded stressor, and then 

temporarily suspend exposure to the stressor for various lengths of time to determine community 

“memory”.  Through community analysis, one could determine to what extent this “memory” is 

related to community composition versus intrinsic adaptation.  Moreover, it would interesting to 

test the effect of temperature regime (e.g., psychrophilic, mesophilic, and thermophilic) on 

community dynamics.  For instance, one may expect a psychrophilic biomass to have a better 

“memory” than a thermophilic biomass due to slower growth rates and other bio-kinetic 

parameters.  Results of such a study would provide insight regarding the relative importance of 

community richness and diversity in controlling system resilience to perturbation.  It also has 

practical relevance for AD operations on farms where feedstock are intermittently or variably 

supplied.   

8.2.3 Chapter 6: A Technical Evaluation of Anaerobic Co-Digestion Implementation on 

New York State Dairy Farms Using an Environomic Life-Cycle Framework 
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The AD process stage was the main focus of the LCA-TEA model in this study, however, there 

are many opportunities to explore alternate scenarios in other process stages, either individually or 

in conjunction with AD operational strategies.  Some of the more interesting scenarios include: 1) 

the use of digestate storage covers; 2) liquid-solid separation of digestate; and 3) biogas upgrading.  

A major result of the study was to show how high organic loading rates during co-digestion leads 

to considerable residual methane production during digestate storage.  If storage covers were used, 

this residual methane could be collected and flared, or re-directed for additional combined heat 

and power (CHP) production.  Such a measure would nullify the environmental consequences of 

an overloaded AD process, and in the latter case, confer additional electricity revenue.  Although 

it is unlikely this revenue would be sufficient to recover the added costs of the storage cover and 

marginal cost of the CHP, the environmental benefits per unit cost may be sufficient to stimulate 

policy to support the use of storage covers.  Similarly, one could evaluate the use of liquid-solids 

separation of digestate prior to storage as a means to reduce residual methane emissions and 

provide an additional revenue stream as separated-solids bedding.  Lastly, one could evaluate a 

scenario involving biogas upgrading for injection in the grid or compressed natural gas (CNG) as 

a transport fuel.  CNG may be more advantageous because it would quality for renewable energy 

credits.   

8.2.4 Chapter 7: Harnessing Anaerobic Digestion for Combined Cooling, Heat, and Power 

on Dairy Farms: An Environmental Life Cycle and Techno-Economic Assessment of 

Added Cooling Pathways 

Economic feasibility of the modeled CCHP system was limited by opportunities to use the 

generated cooling power, especially when co-digestion was employed.  Conductive cow cooling 

was more advantageous than electricity substitution due to the higher value of milk compared to 
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net-metered electricity.  However, in New York State (NYS), heat stress severity is relatively mild 

and only occurs several months out of the year.  Therefore, the full-potential of the conductive 

cooling system was not realized.  It would be interesting, then, to model a scenario involving a 

dairy farm exposed to high heat stress conditions, as in the South West United States.  Furthermore, 

one could investigate the feasibility of using various cooling storage technologies to increase the 

available cooling load during heat-stress events, and thereby service a larger fraction of the cow 

herd.  Finally, this study modeled a conventional single-effect, indirectly-fired absorption chilling 

process powered by hot water.  However, many other CCHP configurations are possible including: 

double- and triple-effect, directly-fired, or steam-powered systems, as well as various hybrid 

technologies.  A system optimization study could be performed to determine the most 

advantageous CCHP configurations.   
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APPENDIX 

A1 Chapter 5: Supplementary Information  

A1.1 Analytic Methods Details 

A1.1.1 Biochemical Methane Potential (BMP) Assay 

The methane producing potential of each of the substrates used in the study were measured 

according to the method described by (Owen et al., 1979).  Anaerobic inoculum originating from 

the effluent of the manure-only digester was added to the specified defined media solution 

containing nutrients and trace elements for anaerobic mixed cultures.  The defined media (160 mL) 

was added to 240-mL serum-bottles containing the individual substrates apportioned to an 

inoculum:substrate ratio of 1:1 (VS basis).  Deionized water was added to the substrates to 

establish equal volumes.  Control bottles received only defined media plus deionized water.  The 

bottles were sealed and stored at 37°C for 100 days and continuously mixed at 125 RPM using a 

gyratory shaker (Model G2, New Brunswick Scientific Co., New Brunswick, NJ).  Gas volume 

and composition was measured periodically using the wet-syringe method and GC analysis, 

respectively.  Assays were performed in triplicate. 

A1.1.2 Long-Chain Fatty Acid Analysis 

Liquid effluent samples for long-chain fatty acid analysis were stored at the end of each co-

digestion treatment stage and stored at -20°C before measurement.  Liquid-associated and solids 

associated long-chain fatty acids were extracted according to the methods described by (Neves et 

al., 2009).  Individual LCFA species (i.e., decanoic acid (C10:0); lauric acid (C12:0); myristic acid 

(C14:0); palmitic acid (C16:0); palmitoleic acid (C16:1); stearic acid (C18:0); oleic acid (C18:1); 

and linoleic acid (C18:2)) were measured using a gas chromatograph (HP Hewlett Packard 6890 
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Series I) equipped with a flame ionization detector (FID) with a ramp temperature program (initial 

temperature 100°C for 1 min; temperature ramp 8°C per minute to 200°C; final temperature 200°C 

for 26.5 min).  Helium was used as carrier gas with a split ratio of 50:1 and a flow rate of 1.0 

mL·min-1. Individual LCFA species were separated using a capillary column (SP-2560, 100-m x 

0.25-mm x 0.2-µm film thickness; Supelco Inc., Bellefonte, PA).  The temperature of the inlet and 

detector were 250°C and 275°C, respectively.  A dichloromethane solution containing 1,000 

mg·L-1 pentadecanoic acid (C15:0) was used as the internal standard.  Assays were performed in 

technical duplicate. 

A1.1.3 Crude Glycerol Characterization 

The crude glycerol substrate underwent additional characterization, including an analysis of the 

total glycerol content (method: AOAC 984.22 by HPLC); total ester content (method: EN14103); 

soap content (method: AOCS Cc 17-95); and free fatty acid component analysis by GC.  All 

analyses were conducted by an outside laboratory specialized in biofuel testing (FOI Laboratories 

Inc., Vancouver, WA, USA). 

A1.1.4 Statistical Analysis 

Statistical analysis of reactor data was conducted using JMP PRO 10 Software (SAS Inc., USA). 

The Tukey-Kramer HSD model was used for post-hoc comparisons of multiple parameter means 

between digester systems using an alpha value of 0.05.  Performance between digesters was 

compared using data collected during the final twelve days of a treatment phase. 

A1.2 Supplementary Figures  
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Figure A1.2.1: Experimental design: Graphical representation of the experimental design 

indicating the relative contribution of the substrates to the organic loading rate.  The start-

up periods are designated with the prefix SU; the steady-state period is designated with the 

prefix SS; the co-digestion treatment periods are designated with the prefix CT.  Also, red 

bars represent VS contribution by dairy manure; green bars represent VS contribution by 

food waste; blue bars represent VS contribution by alkaline hydrolysate; and purple bars 

represent VS contribution by crude glycerol. 
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Figure A1.2.2: The total, volatile, and fixed solids concentrations in reactor effluents.  (A) 

The total solids, (B) volatile solids, and (C) the fixed solids concentrations measured in 

reactor effluent.  The start-up periods are designated with the prefix SU; the steady-state 

period is designated with the prefix SS; the co-digestion treatment periods are designated 

with the prefix CT.  Also, red circles represent data from reactors with manure-only 

digestion (control); green diamonds represent data from reactors with food waste co-

digestion; blue squares represent data from reactors with alkaline hydrolysate co-digestion; 

purple triangles represent data from reactors with crude glycerol co-digestion. 
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Figure A1.2.3: Volatile solids removal for each reactor system at pseudo steady-state.  The 

volatile solids removal at each treatment period for all reactor systems during pseudo steady-

state.  The steady-state period is designated with the prefix SS; and the co-digestion 

treatment periods are designated with the prefix CT.  Red bars represent manure-only 

digestion; green bars represent VS contribution by food waste; blue bars represent VS 

contribution by alkaline hydrolysate; and purple bars represent VS contribution by crude 

glycerol.  
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A1.3 Supplementary Tables  
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Table A1.3.1: Additional characterization of the crude glycerol substrate 
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Table A1.3.1: Continued – 1 

Substrate 
Measured Value 

  Crude Glycerol  

Total Glycerin Content     

  % mass 11 

Soap Content   

  % mass, as sodium oleate 18.64 

Total Ester Content   

  % mass 48 

Free-Fatty Acid Profile    

  % mass, of Total Ester Content   

      

  Methyl Butyrate (C4:0) < 0.1 

  Methyl Pentanoate (C5:0) < 0.1 

  Methyl Caproate (C6:0) < 0.1 

  Methyl Heptanoate (C7:0) < 0.1 

  Methyl Caprylate (C8:0) < 0.1 

  Methyl Nonanoate (C9:0) < 0.1 

  Methyl Caprate (C10:0) < 0.1 
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Table A1.3.1: Continued – 2 

Substrate 
Measured Value 

  Crude Glycerol  

Free-Fatty Acid Profile    

  % mass, of Total Ester Content   

      

  Methyl Undecanoate (C11:0) < 0.1 

  Methyl Laurate (C12:0) < 0.1 

  Methyl Dodecenoate (C12:1) < 0.1 

  Methyl Tridecanoate (C13:0) < 0.1 

  Methyl Tridecenoate (C13:1) < 0.1 

  Methyl Myristate (C14:0) < 0.1 

  Methyl Myristoleate (C14:1) < 0.1 

  Methyl Pentadecanoate (C15:0) < 0.1 

  Methyl Pentadecenoate (C15:1) < 0.1 

  Methyl Palmitate (C16:0) 12.6 

  Methyl Palmitoleate (C16:1) < 0.1 

  Methly Heptadecanoate (C17:0) < 0.1 

  Methyl Heptadecanoleate (C17:1) < 0.1 

  Methyl Stearate (C18:0) 4.1 

  Methyl Oleate (C18:1) 29.7 

  Methly Linoleate (C18:2) 43.3 

  Methyl Linolenate (C18:3) 6 

  Methyl Arachidate(C20:0) 0.8 

  Methyl Eicosenoate (C20:1) 0.7 

  Methyl Eicosadienoate (C20:2) 0.6 

  Methyl Eicosatrienate (C20:3) 0.2 

  Methyl Arachidonate (C20:4) < 0.1 

  Methyl Behenate (C22:0) 0.8 

  Methyl Erucate (C22:1) 1.2 

  Methyl Docosadienoate (C22:2) < 0.1 

  Methyl Docosahexaenoate (C22:6) < 0.1 

  Methyl Lignocerate (C24:0) < 0.1 

  Methyl Nervonate (C24:1) < 0.1 

  Unidentified  < 0.5  

  



210 
 

 

 

 

 

 

 

 

 

 

 

 

Table A1.3.2: Performance of the reactor systems for each study period as measured at 

pseudo steady-state. Errors are represented as a 95% confidence interval. 
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Table A1.3.2: Continued – 1 

Experimental Period  Steady-State (SS) 

  Digester System Control 

Food 

Waste 

Alkaline 

Hydrolysate #1 

Crude 

Glycerol  

Performance (at Steady-State)         

  

Biogas Production 

(mL·Lreactor
-1·Day-1) 721 ± 18 756 ± 18 759 ± 12 720 ± 34 

  

Specific Methane Yield (mL 

CH4·g VSadded
-1) 207 ± 5 215 ± 5 216 ± 4 210 ± 8 

  Methane Content (%) 57.6 ± 0.5 56.8 ± 0.6 57.1 ± 0.4 57.6 ± 0.8 

  Total Solids Reduction (%) 40.9 ± 0.6 39.8 ± 0.7 40.4 ± 0.4 39.1 ± 2.5 

  Volatile Solids Reduction (%) 46.2 ± 0.8 45.3 ± 0.7 45.8 ± 0.5 44.8 ± 1.8 

  Total COD Reduction (%) 38.1 ± 5.7 46.3 ± 6.1 39.8 ± 6.7 39.5 ± 7.1 

  Soluble COD Reduction (%) 64.1 ± 0.6 63.5 ± 1.3 63.9 ± 2.6 62.5 ± 1.4 

Experimental Period  Co-Digestion Treatment I (CT-I) 

  Digester System Control 

Food 

Waste 

Alkaline 

Hydrolysate #1 

Crude 

Glycerol  

Performance (at Steady-State)         

  

Biogas Production 

(mL·Lreactor
-1·Day-1) 699 ± 18 867 ± 17 944 ± 16 986 ± 17 

  

Specific Methane Yield (mL 

CH4·g VSadded
-1) 203 ± 7 231 ± 5 257 ± 4 273 ± 5 

  Methane Content (%) 58.4 ± 0.4 58.7 ± 0.6 59.8 ± 0.6 60.8 ± 0.4 

  Total Solids Reduction (%) 39.1 ± 1.1 42.1 ± 0.9 42.0 ± 0.3 42.5 ± 1.0 

  Volatile Solids Reduction (%) 44.2 ± 0.8 47.0 ± 0.9 48.3 ± 0.5 46.4 ± 1.3 

  Total COD Reduction (%) 39.5 ± 9.2 46.0 ± 5.6 43.8 ± 3.8 50.3 ± 2.6 

  Soluble COD Reduction (%) 67.8 ± 0.4 71.9 ± 0.8 73.7 ± 0.5 79.0 ± 0.2 
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Table A1.3.2: Continued – 2 

Experimental Period  Co-Digestion Treatment II (CT-II) 

  Digester System Control 

Food 

Waste 

Alkaline 

Hydrolysate #1 

Crude 

Glycerol  

Performance (at Steady-State)         

  

Biogas Production 

(mL·Lreactor
-1·Day-1) 727 ± 23 1036 ± 18 1158 ± 15 1394 ± 16 

  

Specific Methane Yield (mL 

CH4·g VSadded
-1) 209 ± 8 245 ± 4 295 ± 4 357 ± 5 

  Methane Content (%) 57.6 ± 0.7 57.6 ± 0.6 61.6 ± 0.4 61.8 ± 0.6 

  Total Solids Reduction (%) 36.4 ± 0.8 44.0 ± 0.3 41.8 ± 0.6 43.6 ± 0.4 

  Volitle Solids Reduction (%) 41.7 ± 0.9 49.1 ± 0.4 49.6 ± 0.6 49.5 ± 0.4 

  Total COD Reduction (%) 35.8 ± 2.6 45.6 ± 5.4 47.8 ± 5.3 50.3 ± 4.9 

  Soluble COD Reduction (%) 67.7 ± 0.9 73.6 ± 0.7 75.1 ± 0.7 84.3 ± 0.6 

Experimental Period  Co-Digestion Treatment III (CT-III) 

  Digester System Control 

Food 

Waste 

Alkaline 

Hydrolysate #1 

Crude 

Glycerol  

Performance (at Steady-State)         

  

Biogas Production 

(mL·Lreactor
-1·Day-1) 728 ± 22 1202 ± 22 1259 ± 15 1778 ± 24 

  

Specific Methane Yield (mL 

CH4·g VSadded
-1) 203 ± 6 255 ± 5 299 ± 3 419 ± 6 

  Methane Content (%) 56.2 ± 0.7 56.3 ± 0.3 63.3 ± 0.5 62.7 ± 1.4 

  Total Solids Reduction (%) 35.2 ± 0.5 47.2 ± 0.4 42.4 ± 0.5 45.7 ± 0.2 

  Volitle Solids Reduction (%) 40.7 ± 0.8 52.1 ± 0.5 52.7 ± 0.8 52.0 ± 0.2 

  Total COD Reduction (%) 39.4 ± 5.2 52.7 ± 2.8 53.2 ± 2.6 55.0 ± 7.6 

  Soluble COD Reduction (%) 69.0 ± 1.4 77.8 ± 1.4 72.4 ± 0.7 88.0 ± 0.3 

  



213 
 

Table A1.3.2: Continued – 3 

Experimental Period  Co-Digestion Treatment IV (CT-IV) 

  Digester System Control 

Food 

Waste 

Alkaline 

Hydrolysate #2 

Crude 

Glycerol  

Performance (at Steady-State)         

  

Biogas Production 

(mL·Lreactor
-1·Day-1) 689 ± 18 1317 ± 21 1528 ± 45 2304 ± 40 

  

Specific Methane Yield (mL 

CH4·g VSadded
-1) 190 ± 5 259 ± 4 338 ± 11 507 ± 11 

  Methane Content (%) 55.4 ± 0.2 57.4 ± 0.7 64.9 ± 1.0 64.4 ± 0.6 

  Total Solids Reduction (%) 37.4 ± 0.8 53.8 ± 0.4 39.7 ± 0.7 51.9 ± 0.3 

  Volitle Solids Reduction (%) 42.7 ± 0.7 58.4 ± 0.4 50.5 ± 0.8 57.6 ± 0.3 

  Total COD Reduction (%) 36.4 ± 4.1 57.2 ± 2.7 44.6 ± 5.9 66.0 ± 1.9 

  Soluble COD Reduction (%) 67.7 ± 0.6 81.3 ± 0.4 70.8 ± 0.9 90.7 ± 0.2 

Experimental Period  Co-Digestion Treatment V (CT-V) 

  Digester System Control 

Food 

Waste 

Alkaline 

Hydrolysate #2 

Crude 

Glycerol  

Performance (at Steady-State)         

  

Biogas Production 

(mL·Lreactor
-1·Day-1) 700 ± 11 1558 ± 20 1749 ± 23 2713 ± 68 

  

Specific Methane Yield (mL 

CH4·g VSadded
-1) 197 ± 3 282 ± 4 359 ± 3 549 ± 15 

  Methane Content (%) 56.4 ± 0.3 58.3 ± 0.4 66.9 ± 0.3 66.0 ± 0.5 

  Total Solids Reduction (%) 37.9 ± 0.7 56.2 ± 0.3 36.4 ± 0.5 54.4 ± 0.8 

  Volitle Solids Reduction (%) 43.6 ± 0.7 60.7 ± 0.4 48.2 ± 0.6 60.1 ± 0.6 

  Total COD Reduction (%) 40.0 ± 4.5 64.7 ± 3.3 54.6 ± 2.4 67.8 ± 2.6 

  Soluble COD Reduction (%) 70.2 ± 0.9 84.7 ± 0.2 63.6 ± 1.2 92.8 ± 0.2 
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Table A1.3.2: Continued – 4 

Experimental Period  Co-Digestion Treatment VI (CT-VI) 

  Digester System Control 

Food 

Waste 

Alkaline 

Hydrolysate 

#2 

Crude 

Glycerol  

Performance (at Steady-State)        

  

Biogas Production 

(mL·Lreactor
-1·Day-1) 685 ± 16 1762 ± 18 - 2818 ± 32 

  

Specific Methane Yield (mL 

CH4·g VSadded
-1) 190 ± 5 289 ± 3 - 529 ± 5 

  Methane Content (%) 55.7 ± 0.5 58.1 ± 0.5 - 66.6 ± 0.6 

  Total Solids Reduction (%) 38.1 ± 0.3 56.9 ± 0.5 - 55.4 ± 0.7 

  Volitle Solids Reduction (%) 43.4 ± 0.4 61.1 ± 0.5 - 60.4 ± 0.7 

  Total COD Reduction (%) 37.3 ± 5.7 61.8 ± 2.2 - 71.4 ± 1.7 

  Soluble COD Reduction (%) 68.9 ± 1.3 85.0 ± 0.4 - 92.2 ± 0.3 

Experimental Period  Co-Digestion Treatment VII (CT-VII) 

  Digester System Control 

Food 

Waste 

Alkaline 

Hydrolysate 

#2 

Crude 

Glycerol  

Performance (at Steady-State)         

  

Biogas Production 

(mL·Lreactor
-1·Day-1) 691 ± 14 1995 ± 19 - - 

  

Specific Methane Yield (mL 

CH4·g VSadded
-1) 189 ± 4 297 ± 2 - - 

  Methane Content (%) 55.0 ± 0.5 58.3 ± 0.4 - - 

  Total Solids Reduction (%) 40.2 ± 0.6 56.4 ± 0.2 - - 

  Volitle Solids Reduction (%) 45.9 ± 0.7 60.4 ± 0.5 - - 

  Total COD Reduction (%) 26.6 ± 11.6 63.8 ± 6.0 - - 

  Soluble COD Reduction (%) 69.1 ± 1.6 85.8 ± 0.8 - - 
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Table A1.3.3: Stability of the reactor systems for each study period as measured at pseudo 

steady-state. Errors are represented as a 95% confidence interval. 
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Table A1.3.3: Continued – 1 

Experimental Period  Steady-State (SS) 

  Digester System Control 

Food 

Waste 

Alkaline 

Hydrolysate 

#1 

Crude 

Glycerol  

Stability Parameters (at Steady-

State)         

  pH 7.46 ± 0.02 7.46 ± 0.02 7.46 ± 0.02 7.43 ± 0.02 

  

Total Volatile Fatty Acids (mg 

Acetic Acid·L-1) 180 ± 30 160 ± 20 210 ± 90 140 ± 30 

  Total Alkalinity (g CaCO3·L
-1) 9.0 ± 0.2 8.9 ± 0.3 9.1 ± 0.1 9.0 ± 0.1 

  Total Solids (g·L-1) 34.4 ± 1.1 35.1 ± 1.4 34.9 ± 0.9 35.4 ± 2.2 

  Volatile Solids (g·L-1) 27.1 ± 1.2 27.7 ± 1.3 27.4 ± 1.0 27.9 ± 2.6 

  Fixed Solids  (g·L-1) 7.3 ± 0.2 7.5 ± 0.3 7.5 ± 0.2 7.5 ± 0.2 

  Total COD (g O2·L
-1) 44.7 ± 2.3 38.3 ± 6.5 47.6 ± 10.0 47.2 ± 15.7 

  Soluble COD (g O2·L
-1) 4.42 ± 0.75 4.55 ± 0.70 4.52 ± 1.04 4.63 ± 0.78 

  Total Ammonium (g NH3-N·L-1) 1.20 ± 0.08 1.24 ± 0.10 1.24 ± 0.06 1.20 ± 0.09 

  Free Ammonia (mg NH3-N·L-1) 48 ± 8 45 ± 6 47 ± 6 43 ± 8 

  Potassium (g K+·L-1) 1.57 ± 0.07 1.57 ± 0.16 1.62 ± 0.10 1.60 ± 0.15 
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Table A1.3.3: Continued – 2 

Experimental Period  Co-Digestion Treatment I (CT-I) 

  Digester System Control 

Food 

Waste 

Alkaline 

Hydrolysate 

#1 

Crude 

Glycerol  

Stability Parameters (at Steady-

State)         

  pH 7.50 ± 0.02 7.51 ± 0.03 7.66 ± 0.02 7.50 ± 0.02 

  

Total Volatile Fatty Acids (mg 

Acetic Acid·L-1) 160 ± 40 160 ± 30 170 ±20 140 ± 10 

  Total Alkalinity (g CaCO3·L
-1) 9.2 ± 0.3 9.6 ± 0.2 12.0 ± 0.4 9.2 ± 0.2 

  Total Solids (g·L-1) 34.7 ± 1.7 36.7 ± 1.0 38.1 ± 0.5 36.6 ± 1.3 

  Volatile Solids (g·L-1) 27.5 ± 1.5 29.1 ± 0.6 28.4 ± 0.5 29.2 ± 1.1 

  Fixed Solids  (g·L-1) 7.2 ± 0.6 7.6 ± 0.5 9.7 ± 0.5 7.4 ± 0.9 

  Total COD (g O2·L
-1) 45.5 ± 5.2 42.5 ± 10.5 46.5 ± 4.5 45.9 ± 8.9 

  Soluble COD (g O2·L
-1) 4.17 ± 0.18 4.37 ± 0.75 5.12 ± 0.16 4.29 ± 0.09 

  Total Ammonium (g NH3-N·L-1) 1.27 ± 0.06 1.31 ± 0.09 1.67 ± 0.09 1.20 ± 0.02 

  Free Ammonia (mg NH3-N·L-1) 55 ± 12 57 ± 5 100 ± 13 46 ± 4 

  Potassium (g K+·L-1) 1.59 ± 0.07 1.62 ± 0.09 2.70 ± 0.14 1.79 ± 0.11 
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Table A1.3.3: Continued – 3 

Experimental Period  Co-Digestion Treatment II (CT-II) 

  Digester System Control 

Food 

Waste 

Alkaline 

Hydrolysate 

#1 

Crude 

Glycerol  

Stability Parameters (at Steady-

State)         

  pH 7.53 ± 0.02 7.53 ± 0.02 7.88 ± 0.02 7.53 ± 0.02 

  

Total Volatile Fatty Acids (mg 

Acetic Acid·L-1) 190 ± 20 170 ± 50 230 ± 80 140 ± 20 

  Total Alkalinity (g CaCO3·L
-1) 9.6 ± 0.2 10.2 ± 0.3 15.9 ± 0.3 9.3 ± 0.1 

  Total Solids (g·L-1) 36.7 ± 0.8 38.3 ± 0.5 42.9 ± 1.6 38.8 ± 0.5 

  Volatile Solids (g·L-1) 29.0 ± 0.8 30.3 ± 0.7 29.7 ± 1.5 30.2 ± 0.5 

  Fixed Solids  (g·L-1) 7.7 ± 0.2 8.0 ± 0.2 13.2 ± 0.6 8.6 ± 0.3 

  Total COD (g O2·L
-1) 57.6 ± 9.3 63.5 ± 12.0 59.8 ± 5.4 59.8 ± 13.0 

  Soluble COD (g O2·L
-1) 4.97 ± 0.47 5.45 ± 0.47 7.94 ± 1.04 5.38 ± 0.94 

  Total Ammonium (g NH3-N·L-1) 1.29 ± 0.10 1.48 ± 0.10 2.23 ± 0.09 1.19 ± 0.08 

  Free Ammonia (mg NH3-N·L-1) 57 ± 8 67 ± 6 207 ± 29 53 ± 9 

  Potassium (g K+·L-1) 1.48 ± 0.09 1.54 ± 0.12 3.66 ± 0.23 1.86 ± 0.12 
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Table A1.3.3: Continued – 4 

Experimental Period  Co-Digestion Treatment III (CT-III) 

  Digester System Control 

Food 

Waste 

Alkaline 

Hydrolysate 

#1 

Crude 

Glycerol  

Stability Parameters (at Steady-

State)         

  pH 7.50 ± 0.03 7.54 ± 0.01 8.01 ± 0.03 7.54 ± 0.03 

  

Total Volatile Fatty Acids (mg 

Acetic Acid·L-1) 200 ± 90 170 ± 20 300 ± 40 210 ± 50 

  Total Alkalinity (g CaCO3·L
-1) 9.2 ± 0.2 10.1 ± 0.3 18.7 ± 0.3 9.1 ± 0.1 

  Total Solids (g·L-1) 37.2 ± 1.4 39.5 ± 1.5 48.1 ± 1.6 40.8 ± 0.6 

  Volatile Solids (g·L-1) 29.7 ± 0.6 31.8 ± 0.9 31.4 ± 1.2 31.7 ± 0.7 

  Fixed Solids  (g·L-1) 7.5 ± 1.4 7.7 ± 1.3 16.7 ± 2.2 9.1 ± 1.2 

  Total COD (g O2·L
-1) 50.2 ± 15.8 55.4 ± 13.6 57.6 ± 13.0 61.6 ± 29.4 

  Soluble COD (g O2·L
-1) 4.69 ± 0.60 5.15 ± 0.91 11.24 ± 1.11 5.31 ± 0.57 

  Total Ammonium (g NH3-N·L-1) 1.23 ± 0.06 1.58 ± 0.12 2.60 ± 0.11 1.13 ± 0.15 

  Free Ammonia (mg NH3-N·L-1) 50 ± 8 73 ± 12 344 ± 46 52 ± 8 

  Potassium (g K+·L-1) 1.34 ± 0.12 1.43 ± 0.09 4.10 ± 0.52 1.87 ± 0.13 
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Table A1.3.3: Continued – 5 

Experimental Period  Co-Digestion Treatment IV (CT-IV) 

  Digester System Control 

Food 

Waste 

Alkaline 

Hydrolysate 

#2 

Crude 

Glycerol  

Stability Parameters (at Steady-

State)         

  pH 7.53 ± 0.03 7.61 ± 0.04 8.10 ± 0.01 7.60 ± 0.03 

  

Total Volatile Fatty Acids (mg 

Acetic Acid·L-1) 170 ± 40 170 ± 30 300 ± 70 180 ± 10 

  Total Alkalinity (g CaCO3·L
-1) 9.0 ± 0.3 10.2 ± 0.2 19.9 ± 0.4 8.6 ± 0.3 

  Total Solids (g·L-1) 36.1 ± 0.6 38.7 ± 1.5 55.1 ± 0.9 40.1 ± 0.7 

  Volatile Solids (g·L-1) 28.7 ± 0.5 30.8 ± 1.4 34.3 ± 1.6 31.2 ± 0.8 

  Fixed Solids  (g·L-1) 7.4 ± 0.5 7.9 ± 0.4 20.2 ± 1.2 8.9 ± 0.5 

  Total COD (g O2·L
-1) 50.0 ± 4.7 54.8 ± 8.1 67.9 ± 16.0 54.0 ± 2.4 

  Soluble COD (g O2·L
-1) 4.46 ± 0.29 4.85 ± 0.39 12.80 ± 1.09 5.25 ± 0.27 

  Total Ammonium (g NH3-N·L-1) 1.25 ± 0.11 1.61 ± 0.13 2.26 ± 0.10 0.90 ± 0.08 

  Free Ammonia (mg NH3-N·L-1) 58 ± 10 85 ± 26 338 ± 30 46 ± 9 

  Potassium (g K+·L-1) 1.43 ± 0.13 1.47 ± 0.10 6.03 ± 0.21 2.09 ± 0.07 
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Table A1.3.3: Continued – 6 

Experimental Period  Co-Digestion Treatment V (CT-V) 

  Digester System Control 

Food 

Waste 

Alkaline 

Hydrolysate 

#2 

Crude 

Glycerol  

Stability Parameters (at Steady-

State)         

  pH 7.52 ± 0.03 7.56 ± 0.02 8.18 ± 0.01 7.51 ± 0.03 

  

Total Volatile Fatty Acids (mg 

Acetic Acid L-1) 180 ± 50 190 ± 80 3410 ± 80 190 ± 30 

  Total Alkalinity (g CaCO3·L
-1) 8.6 ± 0.1 10.3 ± 0.1 22.0 ± 0.2 8.3 ± 0.6 

  Total Solids (g·L-1) 36.1 ± 0.8 39.7 ± 1.1 65.3 ± 0.8 45.3 ± 2.1 

  Volatile Solids (g·L-1) 28.3 ± 0.6 31.7 ± 1.3 40.4 ± 3.3 34.9 ± 1.9 

  Fixed Solids  (g·L-1) 8.0 ± 1.1 8.0 ± 0.3 25.2 ± 3.8 10.5 ± 0.5 

  Total COD (g O2·L
-1) 46.3 ± 14.1 50.4 ± 16.9 70.3 ± 12.2 60.0 ± 20.7 

  Soluble COD (g O2·L
-1) 4.22 ± 0.7 4.47 ± 0.28 21.32 ± 1.73 5.02 ± 0.33 

  Total Ammonium (g NH3-N·L-1) 1.24 ± 0.05 1.62 ± 0.04 2.64 ± 0.10 0.76 ± 0.11 

  Free Ammonia (mg NH3-N·L-1) 55 ± 10 76 ± 6 457 ± 24 33 ± 7 

  Potassium (g K+·L-1) 1.50 ± 0.06 1.57 ± 0.14 7.49 ± 0.20 2.38 ± 0.07 
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Table A1.3.3: Continued – 7 

Experimental Period  Co-Digestion Treatment VI (CT-VI) 

  Digester System Control 

Food 

Waste 

Alkaline 

Hydrolysate 

#2 

Crude 

Glycerol  

Stability Parameters (at Steady-

State)        

  pH 7.49 ± 0.03 7.64 ± 0.02 - 7.57 ± 0.03 

  

Total Volatile Fatty Acids (mg 

Acetic Acid·L-1) 200 ± 50 200 ± 50 - 240 ± 30 

  Total Alkalinity (g CaCO3·L
-1) 8.5 ± 0.3 11.0 ± 0.2 - 7.7 ± 0.1 

  Total Solids (g·L-1) 35.7 ± 0.4 42.0 ± 1.4 - 44.4 ± 1.6 

  Volatile Solids (g·L-1) 28.2 ± 0.4 33.6 ± 1.4 - 34.6 ± 1.0 

  Fixed Solids  (g·L-1) 7.5 ± 0.2 8.4 ± 0.1 - 9.8 ± 0.7 

  Total COD (g O2·L
-1) 48.9 ± 5.1 61.1 ± 0.5 - 61.9 ± 14.3 

  Soluble COD (g O2·L
-1) 4.48 ± 1.27 4.92 ± 0.38 - 6.50 ± 1.13 

  Total Ammonium (g NH3-N·L-1) 1.26 ± 0.09 1.82 ± 0.07 - 0.81 ± 0.12 

  Free Ammonia (mg NH3-N·L-1) 54 ± 7 104 ± 10 - 38 ± 7 

  Potassium (g K+·L-1) 1.49 ± 0.23 1.62 ± 0.28 - 2.60 ± 0.30 
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Table A1.3.3: Continued – 8 

Experimental Period  Co-Digestion Treatment VII (CT-VII) 

  Digester System Control 

Food 

Waste 

Alkaline 

Hydrolysate 

#2 

Crude 

Glycerol  

Stability Parameters (at Steady-

State)         

  pH 7.48 ± 0.03 7.64 ± 0.01 - - 

  

Total Volatile Fatty Acids (mg 

Acetic Acid·L-1) 210 ± 30 250 ± 40 - - 

  Total Alkalinity (g CaCO3·L
-1) 8.3 ± 0.2 11.6 ± 0.2 - - 

  Total Solids (g·L-1) 34.7 ± 0.4 45.8 ± 2.0 - - 

  Volatile Solids (g·L-1) 27.3 ± 0.7 36.9 ± 1.8 - - 

  Fixed Solids  (g·L-1) 7.4 ± 0.6 9.0 ± 0.4 - - 

  Total COD (g O2·L
-1) 54.5 ± 8.5 69.6 ± 5.6 - - 

  Soluble COD ( g O2·L
-1) 4.57 ± 0.50 5.50 ± 0.38 - - 

  Total Ammonium (g NH3-N·L-1) 1.16 ± 0.12 1.93 ± 0.15 - - 

  Free Ammonia (mg NH3-N·L-1) 48 ± 18 106 ± 15 - - 

  Potassium (g K+·L-1) 1.56 ± 0.08 1.70 ± 0.09 - - 
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Table A1.3.4: Liquid- and solids-associated long-chain fatty acid distribution in the manure-

only reactor effluent at steady-state.  Technical replicate errors are represented as standard 

deviations. † n.d. = not detected; * Samples corresponding to the seventh treatment level 

were taken on Day 941 (i.e., after 2.12 HRT periods). 
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Table A1.3.4: Continued – 1 

Long-Chain Fatty Acid 

Species 

Steady-State (SS) 
Co-Digestion Treatment I  

(CT-I) 

Liquid-

Phase 
Solids-Phase Liquid-Phase Solids-Phase 

mg COD·L-1 
mg COD·g TS-

1 
mg COD·L-1 mg COD·g TS-1 

Decanoic Acid (C10:0) n.d.† 19.3 ± 0.0 n.d.† 15.8 ± 3.5 

Lauric Acid (C12:0) n.d.† 11.5 ± 4.0 n.d.† 11.1 ± 0.1 

Myristic Acid (C14:0) 67.6 ± 3.1 19.6 ± 8.0 69.7 ± 14.6 17.2 ± 0.1 

Palmitic Acid (C16:0) n.d.† 11.9 ± 0.2 n.d.† 12.9 ± 0.0 

Palmitoleic Acid (C16:1) n.d.† 5.9 ± 0.1 n.d.† 4.9 ± 0.4 

Stearic Acid (C18:0) n.d.† 9.5 ± 4.2 n.d.† 8.1 ± 0.0 

Oleic Acid (C18:1) n.d.† 7.5 ± 3.3 n.d.† 6.2 ± 2.4 

Linoleic Acid (C18:2) n.d.† 10.4 ± 3.6  n.d.† 8.5 ± 2.7 

Total LCFAs 67.6 ± 3.1 95.5 ± 23.4 69.7 ± 14.6 84.7 ± 9.1 

Long-Chain Fatty Acid 

Species 

Co-Digestion Treatment II 

(CT-II) 

Co-Digestion Treatment III 

(CT-III) 

Liquid-

Phase 
Solids-Phase Liquid-Phase Solids-Phase 

mg COD·L-1 
mg COD·g TS-

1 
mg COD·L-1 mg COD·g TS-1 

Decanoic Acid (C10:0) n.d.† 15.9 ± 3.0 n.d.† 15.2 ± 3.2 

Lauric Acid (C12:0) n.d.† 12.0 ± 0.2 n.d.† 11.8 ± 0.1 

Myristic Acid (C14:0) 66.7 ± 15.9 16.6 ± 0.2 70.5 ± 11.5 15.9 ± 0.2 

Palmitic Acid (C16:0) n.d.† 10.1 ± 0.0 n.d.† 10.0 ± 0.0 

Palmitoleic Acid (C16:1) n.d.† 5.2 ± 0.7 n.d.† 4.9 ± 0.3 

Stearic Acid (C18:0) n.d.† 9.4 ± 0.1 n.d.† 9.1 ± 0.9 

Oleic Acid (C18:1) n.d.† 5.2 ± 6.2 n.d.† 4.8 ± 5.9 

Linoleic Acid (C18:2) n.d.† 8.9 ± 2.9 n.d.† 8.4 ± 2.9 

Total LCFAs 66.7 ± 15.9 83.3 ± 13.3 70.5 ± 11.5 80.0 ± 13.4 
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Table A1.3.4: Continued – 2 

Long-Chain Fatty Acid 

Species 

Co-Digestion Treatment IV 

(CT-IV) 

Co-Digestion Treatment V 

(CT-V) 

Liquid-

Phase 
Solids-Phase Liquid-Phase Solids-Phase 

mg COD·L-1 
mg COD·g TS-

1 
mg COD·L-1 mg COD·g TS-1 

Decanoic Acid (C10:0) n.d.† 15.5 ± 2.2 n.d.† 15.4 ± 4.0 

Lauric Acid (C12:0) n.d.† 11.2 ± 1.2 n.d.† 11.8 ± 4.5 

Myristic Acid (C14:0) 62.3 ± 7.5 15.7 ± 1.5 64.2 ± 8.2 19.0 ± 3.0 

Palmitic Acid (C16:0) n.d.† 9.4 ± 0.6 n.d.† 10.6 ± 0.3 

Palmitoleic Acid (C16:1) n.d.† 4.6 ± 0.5 n.d.† 5.5 ± 0.6 

Stearic Acid (C18:0) n.d.† 8.9 ± 0.6 n.d.† 11.0 ± 0.6 

Oleic Acid (C18:1) n.d.† 3.8 ± 3.2 n.d.† 4.1 ± 3.3 

Linoleic Acid (C18:2) n.d.† 8.4 ± 4.1 n.d.† 9.2 ± 3.3 

Total LCFAs 62.3 ± 7.5 77.6 ± 13.8 64.2 ± 8.2 86.5 ± 19.6 

Long-Chain Fatty Acid 

Species 

Co-Digestion Treatment VI 

(CT-VI) 

Co-Digestion Treatment VII 

(CT-VII) 

Liquid-

Phase 
Solids-Phase Liquid-Phase Solids-Phase 

mg COD·L-1 
mg COD·g TS-

1 
mg COD·L-1 mg COD·g TS-1 

Decanoic Acid (C10:0) n.d.† 15.0 ± 2.6 n.d.† 16.3 ± 1.6 

Lauric Acid (C12:0) n.d.† 9.6 ± 0.7 n.d.† 12.7 ± 2.7 

Myristic Acid (C14:0) 64.0 ± 14.2 15.0 ± 2.7 67.2 ± 11.2 18.3 ± 2.6 

Palmitic Acid (C16:0) n.d.† 12.2 ± 0.7 n.d.† 11.7 ± 0.0 

Palmitoleic Acid (C16:1) n.d.† 4.5 ± 0.3 n.d.† 5.3 ± 0.2 

Stearic Acid (C18:0) n.d.† 9.9 ± 1.2 n.d.† 10.4 ± 1.5 

Oleic Acid (C18:1) n.d.† 3.5 ± 2.8 n.d.† 5.6 ± 5.0 

Linoleic Acid (C18:2) n.d.† 7.7 ± 3.4 n.d.† 9.2 ± 3.2 

Total LCFAs 64.0 ± 14.2 77.3 ± 14.4 67.2 ± 11.2 89.6 ± 16.9 
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Table A1.3.5: Liquid- and solids-associated long-chain fatty acid distribution in the food 

waste reactor effluent at steady-state.  Technical replicate errors are represented as standard 

deviations. † n.d. = not detected; * Samples corresponding to the seventh treatment level 

were taken on Day 941 (i.e., after 2.12 HRT periods). 
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Table A1.3.5: Continued – 1 

Long-Chain Fatty Acid 

Species 

Steady-State (SS) 
Co-Digestion Treatment I 

(CT-I) 

Liquid-Phase Solids-Phase Liquid-Phase Solids-Phase 

mg COD·L-1 
mg COD·g TS-

1 
mg COD·L-1 mg COD·g TS-1 

Decanoic Acid (C10:0) n.d.† 18.1 ± 0.8 n.d.† 15.3 ± 3.4 

Lauric Acid (C12:0) n.d.† 11.6 ± 4.2 n.d.† 11.6 ± 0.5 

Myristic Acid (C14:0) 78.3 ± 5.0 18.6 ± 0.8 74.4 ± 7.2 18.2 ± 0.3 

Palmitic Acid (C16:0) n.d.† 11.7 ± 0.2 n.d.† 9.9 ± 0.4 

Palmitoleic Acid (C16:1) n.d.† 5.9 ± 0.3 n.d.† 4.8 ± 0.4 

Stearic Acid (C18:0) n.d.† 7.3 ± 3.0 n.d.† 8.0 ± 0.4 

Oleic Acid (C18:1) n.d.† 5.9 ± 7.5 n.d.† 6.1 ± 2.8 

Linoleic Acid (C18:2) n.d.† 8.8 ± 0.6 n.d.† 7.5 ± 0.3 

Total LCFAs 78.3 ± 5.0 88.0 ± 17.3 74.4 ± 7.2 81.2 ± 8.5 

Long-Chain Fatty Acid 

Species 

Co-Digestion Treatment II 

(CT-II) 

Co-Digestion Treatment III 

(CT-III) 

Liquid-Phase Solids-Phase Liquid-Phase Solids-Phase 

mg COD·L-1 
mg COD·g TS-

1 
mg COD·L-1 mg COD·g TS-1 

Decanoic Acid (C10:0) n.d.† 14.4 ± 4.0 n.d.† 13.4 ± 3.7 

Lauric Acid (C12:0) n.d.† 10.7 ± 0.2 n.d.† 9.9 ± 0.2 

Myristic Acid (C14:0) 78.1 ± 9.2 16.4 ± 4.0 76.6 ± 9.9 15.5 ± 2.0 

Palmitic Acid (C16:0) n.d.† 10.0 ± 0.2 n.d.† 10.3 ± 0.1 

Palmitoleic Acid (C16:1) n.d.† 5.6 ± 3.0 n.d.† 5.3 ± 3.1 

Stearic Acid (C18:0) n.d.† 8.1 ± 0.2 n.d.† 8.4 ± 0.1 

Oleic Acid (C18:1) n.d.† 4.8 ± 0.1 n.d.† 4.1 ± 2.6 

Linoleic Acid (C18:2) n.d.† 7.1 ± 0.6 n.d.† 6.6 ± 0.4 

Total LCFAs 78.1 ± 9.2 77.1 ± 12.3 76.6 ± 9.9 73.6 ± 12.1 
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Table A1.3.5: Continued – 2 

Long-Chain Fatty Acid 

Species 

Co-Digestion Treatment IV 

(CT-IV) 

Co-Digestion Treatment V 

(CT-V) 

Liquid-

Phase 
Solids-Phase Liquid-Phase Solids-Phase 

mg COD·L-1 
mg COD·g TS-

1 
mg COD·L-1 mg COD·g TS-1 

Decanoic Acid (C10:0) n.d.† 14.3 ± 3.8 n.d.† 14.8 ± 4.6 

Lauric Acid (C12:0) n.d.† 11.3 ± 3.3 60.2 ± 6.8 9.8 ± 3.5 

Myristic Acid (C14:0) 74.7 ± 7.1 19.3 ± 0.1 67.0 ± 7.6 20.8 ± 2.0 

Palmitic Acid (C16:0) 56.8 ± 8.6 14.9 ± 0.2 46.7 ± 5.8 11.2 ± 0.1 

Palmitoleic Acid (C16:1) n.d.† 6.2 ± 3.5 n.d.† 7.2 ± 0.5 

Stearic Acid (C18:0) n.d.† 8.6 ± 0.1 n.d.† 7.8 ± 0.3 

Oleic Acid (C18:1) n.d.† 5.9 ± 0.4 n.d.† 7.0 ± 2.6 

Linoleic Acid (C18:2) n.d.† 7.9 ± 0.8 n.d.† 8.8 ± 3.6 

Total LCFAs 131.5 ± 15.7 88.3 ± 12.3 174.0 ± 20.2 87.5 ± 17.3 

Long-Chain Fatty Acid 

Species 

Co-Digestion Treatment VI 

(CT-VI) 

Co-Digestion Treatment VII 

(CT-VII) 

Liquid-

Phase 
Solids-Phase Liquid-Phase Solids-Phase 

mg COD·L-1 
mg COD·g TS-

1 
mg COD·L-1 mg COD·g TS-1 

Decanoic Acid (C10:0) n.d.† 13.7 ± 4.6 n.d.† 15.8 ± 0.0 

Lauric Acid (C12:0) 62.8 ± 5.5 9.0 ± 3.2 65.7 ± 9.6 9.0 ± 0.8 

Myristic Acid (C14:0) 258.0 ± 20.9 20.7 ± 0.3 519.0 ± 30.8 22.8 ± 6.4 

Palmitic Acid (C16:0) 56.5 ± 6.2 12.6 ± 0.2 62.1 ± 6.7 14.8 ± 0.7 

Palmitoleic Acid (C16:1) n.d.† 8.0 ± 2.8 n.d.† 9.5 ± 5.8 

Stearic Acid (C18:0) 50.1 ± 5.3 7.9 ± 0.0 53.2 ± 6.9 9.7 ± 0.8 

Oleic Acid (C18:1) n.d.† 5.8 ± 0.2 n.d.† 7.1 ± 0.5 

Linoleic Acid (C18:2) n.d.† 7.3 ± 0.1 n.d.† 8.7 ± 1.2 

Total LCFAs 427.4 ± 38.0 85.0 ± 11.5 700.0 ± 53.9 97.4 ± 16.3 
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Table A1.3.6: Liquid- and solids-associated long-chain fatty acid distribution in the 

alkaline hydrolysate reactor effluent at steady-state.  Technical replicate errors are 

represented as standard deviations. † n.d. = not detected. 
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Table A1.3.6: Continued – 1 

Long-Chain Fatty Acid 

Species 

Steady-State (SS) 
Co-Digestion Treatment I  

(CT-I) 

Liquid-Phase Solids-Phase Liquid-Phase Solids-Phase 

mg COD·L-1 
mg COD·g TS-

1 
mg COD·L-1 mg COD·g TS-1 

Decanoic Acid (C10:0) n.d.† 15.8 ± 4.5 n.d.† 15.7 ± 4.2 

Lauric Acid (C12:0) n.d.† 11.1 ± 3.6 n.d.† 11.3 ± 0.4 

Myristic Acid (C14:0) 79.3 ± 3.7 17.4 ± 0.9 75.3 ± 10.2 16.6 ± 0.5 

Palmitic Acid (C16:0) n.d.† 10.5 ± 0.1 n.d.† 10.7 ± 0.0 

Palmitoleic Acid (C16:1) n.d.† 5.3 ± 0.1 n.d.† 4.8 ± 0.0 

Stearic Acid (C18:0) n.d.† 6.9 ± 3.4 n.d.† 6.6 ± 3.9 

Oleic Acid (C18:1) n.d.† 5.7 ± 7.2 n.d.† 6.4 ± 4.6 

Linoleic Acid (C18:2) n.d.† 8.0 ± 0.6 n.d.† 7.5 ± 0.6 

Total LCFAs 79.3 ± 3.7 80.6 ± 20.4 75.3 ± 10.2 79.7 ± 14.2 

Long-Chain Fatty Acid 

Species 

Co-Digestion Treatment II 

(CT-II) 

Co-Digestion Treatment III 

(CT-III) 

Liquid-Phase Solids-Phase Liquid-Phase Solids-Phase 

mg COD·L-1 
mg COD·g TS-

1 
mg COD·L-1 mg COD·g TS-1 

Decanoic Acid (C10:0) n.d.† 15.7 ± 1.3 n.d.† 14.7 ± 1.2 

Lauric Acid (C12:0) n.d.† 8.1 ± 0.5 n.d.† 7.5 ± 0.6 

Myristic Acid (C14:0) 263.4 ± 13.5 21.8 ± 4.0 748.6 ± 25.0 30.2 ± 7.1 

Palmitic Acid (C16:0) 59.9 ± 4.6 11.4 ± 2.5 120.6 ± 11.9 9.8 ± 2.6 

Palmitoleic Acid (C16:1) n.d.† 6.0 ± 3.9 n.d.† 5.9 ± 3.8 

Stearic Acid (C18:0) n.d.† 7.0 ± 0.4 n.d.† 6.7 ± 0.1 

Oleic Acid (C18:1) n.d.† 3.9 ± 2.9 n.d.† 4.8 ± 0.6 

Linoleic Acid (C18:2) n.d.† 7.6 ± 0.7 n.d.† 7.1 ± 0.6 

Total LCFAs 323.3 ± 18.1 81.4 ± 16.3 869.2 ± 36.9 86.7 ± 16.6 
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Table A1.3.6: Continued – 2 

Long-Chain Fatty Acid 

Species 

Co-Digestion Treatment IV 

(CT-IV) 

Co-Digestion Treatment V 

(CT-V) 

Liquid-

Phase 
Solids-Phase Liquid-Phase Solids-Phase 

mg COD·L-1 
mg COD·g TS-

1 
mg COD·L-1 mg COD·g TS-1 

Decanoic Acid (C10:0) n.d.† 11.9 ± 1.3 n.d.† 11.9 ± 0.9 

Lauric Acid (C12:0) n.d.† 5.1 ± 0.4 n.d.† 10.9 ± 4.9 

Myristic Acid (C14:0) 880.7 ± 19.2 29.1 ± 3.8 823.9 ± 31.7 21.9 ± 7.8 

Palmitic Acid (C16:0) 126.3 ± 1.4 8.9 ± 2.4 405.0 ± 5.2 11.7 ± 0.0 

Palmitoleic Acid (C16:1) 63.7 ± 19.7 6.3 ± 1.1 66.4 ± 3.2 6.6 ± 0.5 

Stearic Acid (C18:0) 50.0 ± 17.2 5.9 ± 0.8 109.2 ± 6.7 6.6 ± 0.4 

Oleic Acid (C18:1) n.d.† 6.7 ± 0.5 65.4 ± 4.2 2.1 ± 0.6 

Linoleic Acid (C18:2) n.d.† 6.8 ± 0.7 74.0 ± 4.9 8.3 ± 0.9 

Total LCFAs 

1120.7 ± 

57.6 
80.6 ± 11.0 1543.9 ± 55.8 80.0 ± 16.0 

Long-Chain Fatty Acid 

Species 

Co-Digestion Treatment VI 

(CT-VI) 

Co-Digestion Treatment VII 

(CT-VII) 

Liquid-

Phase 
Solids-Phase Liquid-Phase Solids-Phase 

mg COD·L-1 
mg COD·g TS-

1 
mg COD·L-1 mg COD·g TS-1 

Decanoic Acid (C10:0) - - - - 

Lauric Acid (C12:0) - - - - 

Myristic Acid (C14:0) - - - - 

Palmitic Acid (C16:0) - - - - 

Palmitoleic Acid (C16:1) - - - - 

Stearic Acid (C18:0) - - - - 

Oleic Acid (C18:1) - - - - 

Linoleic Acid (C18:2) - - - - 

Total LCFAs - - - - 
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Table A1.3.7: Liquid- and solids-associated long-chain fatty acid distribution in the glycerol 

effluent at steady-state.  Technical replicate errors are represented as standard deviations. † 

n.d. = not detected; * Samples corresponding to the seventh treatment level were taken on 

Day 895. 
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Table A1.3.7: Continued – 1 

Long-Chain Fatty Acid 

Species 

Steady-State (SS) 
Co-Digestion Treatment I 

(CT-I) 

Liquid-Phase Solids-Phase Liquid-Phase Solids-Phase 

mg COD·L-1 
mg COD·g TS-

1 
mg COD·L-1 mg COD·g TS-1 

Decanoic Acid (C10:0) n.d.† 18.4 ± 0.1 n.d.† 15.0 ± 0.5 

Lauric Acid (C12:0) n.d.† 12.6 ± 0.2 n.d.† 10.5 ± 0.1 

Myristic Acid (C14:0) 72.9 ± 15.6 21.0 ± 0.1  69.7 ± 13.0 18.0 ± 0.2 

Palmitic Acid (C16:0) n.d.† 11.4 ± 0.2 n.d.† 18.8 ± 3.1 

Palmitoleic Acid (C16:1) n.d.† 5.7 ± 0.1 n.d.† 4.6 ± 0.3 

Stearic Acid (C18:0) n.d.† 10.0 ± 4.0 n.d.† 9.8 ± 0.2 

Oleic Acid (C18:1) n.d.† 7.4 ± 2.3 n.d.† 10.7 ± 2.3 

Linoleic Acid (C18:2) n.d.† 9.9 ± 3.3 n.d.† 9.6 ± 1.9 

Total LCFAs 72.9 ± 15.6 96.3 ± 10.2 69.7 ± 13.0 97.0 ± 8.7 

Long-Chain Fatty Acid 

Species 

Co-Digestion Treatment II 

(CT-II) 

Co-Digestion Treatment III 

(CT-III) 

Liquid-Phase Solids-Phase Liquid-Phase Solids-Phase 

mg COD·L-1 
mg COD·g TS-

1 
mg COD·L-1 mg COD·g TS-1 

Decanoic Acid (C10:0) n.d.† 15.4 ± 0.2 n.d.† 14.9 ± 3.5 

Lauric Acid (C12:0) n.d.† 10.8 ± 2.6 n.d.† 11.2 ± 1.3 

Myristic Acid (C14:0) 76.9 ± 8.2 19.7 ± 3.0 179.6 ± 21.5 21.6 ± 2.6 

Palmitic Acid (C16:0) 57.7 ± 15.7 23.2 ± 2.2 55.3 ± 14.7 32.2 ± 2.6 

Palmitoleic Acid (C16:1) n.d.† 4.6 ± 0.2 n.d.† 6.7 ± 5.5 

Stearic Acid (C18:0) n.d.† 8.6 ± 0.2 n.d.† 2.8 ± 3.3 

Oleic Acid (C18:1) n.d.† 13.8 ± 1.2 n.d.† 20.2 ± 2.6 

Linoleic Acid (C18:2) n.d.† 11.8 ± 5.2 n.d.† 12.8 ± 4.3 

Total LCFAs 134.7 ± 23.9 108.1 ± 14.8 234.9 ± 36.2 122.4 ± 25.8 

  



235 
 

Table A1.3.7: Continued – 2 

Long-Chain Fatty Acid 

Species 

Co-Digestion Treatment IV 

(CT-IV) 

Co-Digestion Treatment V 

(CT-V) 

Liquid-

Phase 
Solids-Phase Liquid-Phase Solids-Phase 

mg COD·L-1 
mg COD·g TS-

1 
mg COD·L-1 

mg COD·g TS-

1 

Decanoic Acid (C10:0) n.d.† 12.5 ± 2.9 n.d.† 12.7 ± 4.3 

Lauric Acid (C12:0) n.d.† 12.0 ± 2.2 51.8 ± 4.1 14.0 ± 1.9 

Myristic Acid (C14:0) 222.6 ± 23.4 22.7 ± 0.9 189.5 ± 23.1 23.4 ± 11.6 

Palmitic Acid (C16:0) 57.5 ± 7.1 34.6 ± 7.5 47.1 ± 5.9 38.4 ± 1.1 

Palmitoleic Acid (C16:1) n.d.† 6.7 ± 5.7 51.3 ± 7.1 7.1 ± 7.0 

Stearic Acid (C18:0) n.d.† 11.3 ± 0.2 n.d.† 11.3 ± 0.0 

Oleic Acid (C18:1) n.d.† 19.0 ± 2.3 n.d.† 19.3 ± 4.7 

Linoleic Acid (C18:2) n.d.† 12.0 ± 3.3 n.d.† 12.7 ± 3.8 

Total LCFAs 280.0 ± 30.4 130.7 ± 25.0 339.7 ± 40.3 138.9 ± 34.4 

Long-Chain Fatty Acid 

Species 

Co-Digestion Treatment VI 

(CT-VI) 

Co-Digestion Treatment VII 

(CT-VII) 

Liquid-

Phase 
Solids-Phase Liquid-Phase Solids-Phase 

mg COD·L-1 
mg COD·g TS-

1 
mg COD·L-1 

mg COD·g TS-

1 

Decanoic Acid (C10:0) 39.4 ± 5.9 16.8 ± 1.4 134.5 ± 16.8  14.8 ± 3.4 

Lauric Acid (C12:0) 42.8 ± 7.8 14.9 ± 2.2 274.9 ± 21.6 10.0 ± 2.0 

Myristic Acid (C14:0) 248.0 ± 26.7 23.3 ± 2.9 437.2 ± 34.1 30.5 ± 0.1 

Palmitic Acid (C16:0) 84.4 ± 13.0 48.3 ± 3.2 298.5 ± 18.4 187.2 ± 5.5 

Palmitoleic Acid (C16:1) 41.4 ± 5.2 6.9 ± 1.1 133.8 ± 27.7 13.0 ± 2.1 

Stearic Acid (C18:0) 35.8 ± 6.0 12.2 ± 0.1 115.7 ± 9.1 28.7 ± 5.6 

Oleic Acid (C18:1) 40.8 ± 5.9 32.3 ± 0.9 136.1 ± 23.4 29.9 ± 0.7 

Linoleic Acid (C18:2) 41.3 ± 4.7 13.9 ± 3.1 103.3 ± 4.8 10.8 ± 4.1 

Total LCFAs 
573.9 ± 75.2 168.7 ± 14.8 

1633.9 ± 

156.0 
324.9 ± 23.6 

  



236 
 

A2 Chapter 6: Supplementary Information 

A2.1 Supplementary Figures 

 
Figure A2.1.1: Detailed organic composition (COD-Basis) of the ten selected co-substrates as 

used in the ADM1 (primary axis).  The proportion of soluble COD is also indicated 

(secondary axis).  
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Figure A2.1.2: Physical and chemical characteristics of the ten selected co-substrates 

normalized to dairy manure and chemical oxygen demand (COD) (A).  Inorganic carbon 

species include bicarbonate (HCO3
-) and carbonate (CO3

2-).  Inorganic nitrogen includes 

ionized ammoniacal nitrogen (NH4
+) and unionized ammoniacal nitrogen (NH3).   
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Figure A2.1.3: Methane yield at the anaerobic digestion and digestate storage process 

stages as a function of kitchen waste co-digestion mixture ratio (COD-Basis) (primary 

axis).  The fraction of intrinsic methane potential lost as residual methane emissions during 

digestate storage (secondary axis).   
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Figure A2.1.4: Combined environmental and economic (environomic) performance of co-

digestion with each of the ten co-substrates with (A) and without (B) gate-fee revenue, based 

on applied co-digestion mixture ratio. 
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A2.2 Supplementary Tables 
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Table A2.2.1 Major model assumptions 
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Table 6S.1 – Continued – 1 

ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Slurry Pump Pre-

Digestion 

Processing 

Energy Electricity-

Parasitic 

2.5 MJ·ton-1 Uniform [2.0, 3.0]† (Smyth et 

al. 2009) 

† 

Uncertainty 

Estimated  
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Slurry Pump Pre-

Digestion 

Processing 

Monetary Capital Cost C = 

Fm*FT*Cb 

Fm = 2.00 

FT = 

e[b1+b2*(ln 

Q√H)+b3*(ln 

Q√H)^2] 

Cb = 

3.00*e[8.833-

0.6019(ln 

Q√H)+0.0519(ln 

Q√H)^2] 

b1 = 5.1029 

b2 =- -

1.2217 

b3 = 0.0771 

Uniform +/- 20%† (Couper et 

al. 2012) 

† 

Uncertainty 

Estimated; 

C = Capital 

cost, USD; 

Fm = Cost 

factor for 

body 

material: 

stainless 

steel; 

Q = Flow 

rate, gpm; 

H = Head 

pressure, ft; 

FT = Pump 

type: one-

stage, 1750 

rpm, VSC; 

b1,b2,b3 = 

Pump type 

empirical 

coefficients 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Slurry Pump Pre-

Digestion 

Processing 

Monetary Maintenanc

e Cost 

1.995% of 

Capital Cost 

Uniform [1.00, 

2.99]¥ 

(Balussou et 

al. 2012) 

¥ Computed 

from 

tabulated 

values for 

Plant A and 

Plant B. 

Slurry Pump Pre-

Digestion 

Processing 

Monetary Labor Cost 2.91% of 

Capital Cost 

Uniform [1.50, 

4.32]¥ 

(Balussou et 

al. 2012) 

¥ Computed 

from 

tabulated 

values for 

Plant A and 

Plant B. 

Slurry Pump Pre-

Digestion 

Processing 

Monetary Indirect 

Cost 

2.0% of 

Capital Cost 

Uniform [1.6, 2.4]† (Perry 1950) † 

Uncertainty 

Estimated 

Slurry Pump Pre-

Digestion 

Processing 

Monetary Insurance 

Cost 

0.5% of 

Capital Cost 

Uniform [0.4, 0.6]† (Balussou et 

al. 2012) 

† 

Uncertainty 

Estimated 

Pre-Storage Pre-

Digestion 

Processing 

Emission Methane-

Air 

0.051 g 

carbon (as 

CH4)·day-

1·kg-1 VS 

Uniform [0.0408, 

0.0612]† 

(Sommer et 

al. 2007) 

† 

Uncertainty 

Estimated 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Pre-Storage Pre-

Digestion 

Processing 

Emission Methane-

Air 

Storage 

Period: 7 

days 

Uniform-

Composite 

[4, 10] (Croxatto 

Vega et al. 

2014, 

Shelford 

and Gooch 

2012) 

 

Pre-Storage Pre-

Digestion 

Processing 

Emission Ammonia-

Air 

0.024 kg 

NH3-N·kg-1 

Total N 

Triangular Low: 0.016 

Middle: 

0.024 

High: 0.056 

(Meyer-

Aurich et al. 

2012) 

 

Pre-Storage Pre-

Digestion 

Processing 

Emission Nitrogen 

Monoxide-

Air 

0.0001 kg 

NO-N·kg-1 

NH3-N 

Uniform [0.00008, 

0.00012]† 

(Hamelin et 

al. 2014) 

† 

Uncertainty 

Estimated 

Pre-Storage Pre-

Digestion 

Processing 

Emission Dinitrogen 

Monoxide-

Air-Direct 

0.005 kg 

N2O-N·kg-1 

Total N 

Triangular Low: 

0.0025 

Middle: 

.005 

High: 0.01 

(Meyer-

Aurich et al. 

2012) 

 

Pre-Storage Pre-

Digestion 

Processing 

Emission Dinitrogen 

Monoxide-

Air-Indirect 

0.01 kg 

N2O-N·kg-1 

N emitted as 

(NH3 + 

NOX) 

Uniform [0.008, 

0.012]† 

(IPCC 

2006b) 

† 

Uncertainty 

Estimated 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Pre-Storage Pre-

Digestion 

Processing 

Energy Electricity-

Parasitic-

Mixing 

5.2 kWh·m-

3 slurry 

Uniform-

Composite 

[4.16, 

6.24]† 

(Water 

Environmen

tal 

Federation 

2009) 

† 

Uncertainty 

Estimated 

 

Pre-Storage Pre-

Digestion 

Processing 

Energy Electricity-

Parasitic-

Mixing 

40 kWh·m-3 

slurry 

Uniform-

Composite 

[32, 48]† (Water 

Environmen

tal 

Federation 

2009) 

† 

Uncertainty 

Estimated 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Pre-Storage Pre-

Digestion 

Processing 

Monetary Capital Cost C = 

1.218*Fm*e[

2.631+1.3673*(ln 

V1)-0.06309*(ln 

V1)^2] 

C = 

1.218*Fm*e[

11.662-0.6104*(ln 

V2)-0.04536*(ln 

V2)^2] 

V1 = [1,300, 

21,000] gal 

V2 = 

[21,000, 

11,000,000] 

gal 

Fm = 0.55 

Uniform +/- 20%† (Couper et 

al. 2012) 

† 

Uncertainty 

Estimated; 

C = Capital 

Cost, USD; 

Fm = Cost 

factor for 

body 

material: 

concrete; 

V = 

Volume, gal 

Pre-Storage Pre-

Digestion 

Processing 

Monetary Maintenanc

e Cost 

1.995% of 

Capital Cost 

Uniform [1.00, 

2.99]¥ 

(Balussou et 

al. 2012) 

¥ Computed 

from 

tabulated 

values for 

Plant A and 

Plant B. 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Pre-Storage Pre-

Digestion 

Processing 

Monetary Labor Cost 2.91% of 

Capital Cost 

Uniform [1.50, 

4.32]¥ 

(Balussou et 

al. 2012) 

¥ Computed 

from 

tabulated 

values for 

Plant A and 

Plant B. 

Pre-Storage Pre-

Digestion 

Processing 

Monetary Indirect 

Cost 

2.0% of 

Capital Cost 

Uniform [1.6, 2.4]† (Perry 1950) † 

Uncertainty 

Estimated 

Pre-Storage Pre-

Digestion 

Processing 

Monetary Insurance 

Cost 

0.5% of 

Capital Cost 

Uniform [0.4, 0.6]† (Balussou et 

al. 2012) 

† 

Uncertainty 

Estimated 

Substrate 

Homogeniz

ation 

Pre-

Digestion 

Processing 

Energy Electrical-

Parasitic 

60 HP 

Continuous 

Uniform [48, 72]† (Silverson 

2014) 

† 

Uncertainty 

Estimated; 

High-Shear 

In-Line 

Mixer: 

Model 

700LS; 

HP = Horse 

Power 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Substrate 

Homogeniz

ation 

Pre-

Digestion 

Processing 

Monetary Capital Cost C = 

2.20*e[a1+a2*

(ln HP)+a3*(ln 

HP)^2] 

a1 = 3.8544 

a2 = 0.83311 

a3 = 0.02399 

Uniform +/- 20%† (Couper et 

al. 2012) 

† 

Uncertainty 

Estimated; 

Motor: 

Totally 

Enclosed, 

Fan –

Cooled: 

3600 rpm; 

C = Capital 

cost, USD; 

HP = 

Horsepower 

Substrate 

Homogeniz

ation 

Pre-

Digestion 

Processing 

Monetary Maintenanc

e Cost 

1.995% of 

Capital Cost 

Uniform [1.00, 

2.99]¥ 

(Balussou et 

al. 2012) 

¥ Computed 

from 

tabulated 

values for 

Plant A and 

Plant B. 

Substrate 

Homogeniz

ation 

Pre-

Digestion 

Processing 

Monetary Labor Cost 2.91% of 

Capital Cost 

Uniform [1.50, 

4.32]¥ 

(Balussou et 

al. 2012) 

¥ Computed 

from 

tabulated 

values for 

Plant A and 

Plant B. 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Substrate 

Homogeniz

ation 

Pre-

Digestion 

Processing 

Monetary Indirect 

Cost 

2.0% of 

Capital Cost 

Uniform [1.6, 2.4]† (Perry 1950) † 

Uncertainty 

Estimated 

Substrate 

Homogeniz

ation 

Pre-

Digestion 

Processing 

Monetary Insurance 

Cost 

0.5% of 

Capital Cost 

Uniform [0.4, 0.6]† (Balussou et 

al. 2012) 

† 

Uncertainty 

Estimated 

Anaerobic 

Digestion 

Anaerobic 

Digestion 

Emission Methane-

Air 

0.003 kg·kg-

1 produced 

Composite-

Uniform 

[0.0024, 

0.0036]† 

(Boulamanti 

et al. 2013) 

† 

Uncertainty 

Estimated 

Anaerobic 

Digestion 

Anaerobic 

Digestion 

Emission Methane-

Air 

0.01 kg·kg-1 

produced 

Composite-

Uniform 

[0.008, 

0.012]† 

(Börjesson 

and 

Berglund 

2007, 

Hamelin et 

al. 2014, 

Poeschl et 

al. 2012b, 

Tonini et al. 

2012) 

† 

Uncertainty 

Estimated 

Anaerobic 

Digestion 

Anaerobic 

Digestion 

Emission Methane-

Air 

0.016 kg∙kg-

1 produced 

Composite-

Uniform 

[0.0128, 

0.0192]† 

(Croxatto 

Vega et al. 

2014) 

 

† 

Uncertainty 

Estimated 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Anaerobic 

Digestion 

Anaerobic 

Digestion 

Emission Methane-

Air 

0.018 kg·kg-

1 produced 

Composite-

Uniform 

[0.0144, 

0.0216]† 

(Poeschl et 

al. 2012b) 

† 

Uncertainty 

Estimated 

Anaerobic 

Digestion 

Anaerobic 

Digestion 

Emission Methane-

Air 

0.02 kg·kg-1 

produced 

Composite-

Uniform 

[0.016, 

0.024]† 

(Meyer-

Aurich et al. 

2012, Rehl 

et al. 2012) 

† 

Uncertainty 

Estimated 

Anaerobic 

Digestion 

Anaerobic 

Digestion 

Emission Methane-

Air 

0.029 kg·kg-

1 produced 

Composite-

Uniform 

[0.018, 

0.04] 

(Dieterich et 

al. 2014) 

 

Anaerobic 

Digestion 

Anaerobic 

Digestion 

Emission Methane-

Air 

0.030 kg·kg-

1 produced 

Composite-

Uniform 

[0.02, 0.05] (Sanscartier 

et al. 2011) 

 

Anaerobic 

Digestion 

Anaerobic 

Digestion 

Emission Methane-

Air 

0.035 kg·kg-

1 produced 

Composite-

Uniform 

[0.028, 

0.042]† 

(Muha et al. 

2015) 

† 

Uncertainty 

Estimated 

Anaerobic 

Digestion 

Anaerobic 

Digestion 

Emission Methane-

Air 

0.06 kg·kg-1 

produced 

Composite-

Uniform 

[0.048, 

0.072]† 

(Murphy 

and Power 

2009) 

† 

Uncertainty 

Estimated 

Anaerobic 

Digestion 

Anaerobic 

Digestion 

Emission Methane-

Air 

0.08 kg·kg-1 

produced 

Composite-

Uniform 

[0.01, 0.15] (Evangelisti 

et al. 2014) 

 

Anaerobic 

Digestion  

Anaerobic 

Digestion  

Emission Hydrogen 

Sulfide-Air 

5,005 ppmv Uniform [10, 10,000] (Abatzoglou 

and Boivin 

2009) 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Anaerobic 

Digestion  

Anaerobic 

Digestion  

Energy Electricity-

Parasitic 

5.2 kWh·m-

3 slurry 

Uniform-

Composite 

[4.16, 

6.24]† 

(Water 

Environmen

tal 

Federation 

2009) 

† 

Uncertainty 

Estimated 

Anaerobic 

Digestion  

Anaerobic 

Digestion  

Energy Electricity-

Parasitic 

5.4 

kWh·ton-1 

slurry 

Uniform-

Composite 

[3.4, 7.4] (Dieterich et 

al. 2014) 

 

Anaerobic 

Digestion  

Anaerobic 

Digestion  

Energy Electricity-

Parasitic 

10 kWh·ton-

1 slurry 

Uniform-

Composite 

[8, 12]† (Murphy 

and Power 

2009) 

† 

Uncertainty 

Estimated 

Anaerobic 

Digestion  

Anaerobic 

Digestion  

Energy Electricity-

Parasitic 

26.66 

kWh·ton-1 

slurry 

Uniform-

Composite 

[21.33, 

31.99]† 

Uellendahl 

et al., 2008 

† 

Uncertainty 

Estimated 

Anaerobic 

Digestion  

Anaerobic 

Digestion  

Energy Electricity-

Parasitic 

40 kWh·m-3 

slurry 

Uniform-

Composite 

[32, 48]† (Water 

Environmen

tal 

Federation 

2009) 

† 

Uncertainty 

Estimated 

Anaerobic 

Digestion  

Anaerobic 

Digestion  

Energy Electricity-

Parasitic 

48.9 

kWh·ton-1 

slurry 

Lognormal-

Composite 

σ = 1.10 (Clavreul et 

al. 2012) 

† 

Uncertainty 

Estimated 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Anaerobic 

Digestion 

Anaerobic 

Digestion 

Energy Heat-

Parasitic 

26.66 

kWh·ton-1 

slurry 

Uniform-

Composite 

[21.33, 

31.99]† 

(Uellendahl 

et al. 2008) 

† 

Uncertainty 

Estimated 

Anaerobic 

Digestion 

Anaerobic 

Digestion 

Energy Heat-

Parasitic 

31 kWh·ton-

1 slurry 

Uniform-

Composite 

[24.8, 

37.2]† 

(Dieterich et 

al. 2014) 

† 

Uncertainty 

Estimated 

Anaerobic 

Digestion 

Anaerobic 

Digestion 

Energy Heat-

Parasitic 

34.72 

kWh·ton-1 

slurry 

Uniform-

Composite 

[19.44, 50] (Berglund 

and 

Börjesson 

2006, 

Møller et al. 

2009) 

 

Anaerobic 

Digestion 

Anaerobic 

Digestion 

Monetary Capital Cost C = 

706,000*V0.

06 ‡ 

Uniform +/- 10%† (Sanscartier 

et al. 2011) 

† 

Uncertainty 

Estimated; 

‡ Less cost 

of the CHP 

in model; 

C = Capital 

cost, USD; 

V = volume 

treated, 

m3∙day-1 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Anaerobic 

Digestion 

Anaerobic 

Digestion 

Monetary Maintenanc

e Cost 

1.995% of 

Capital Cost 

Uniform [1.00, 

2.99]¥ 

(Balussou et 

al. 2012) 

¥ Computed 

from 

tabulated 

values for 

Plant A and 

Plant B. 

Anaerobic 

Digestion 

Anaerobic 

Digestion 

Monetary Labor Cost 2.91% of 

Capital Cost 

Uniform [1.50, 

4.32]¥ 

(Balussou et 

al. 2012) 

¥ Computed 

from 

tabulated 

values for 

Plant A and 

Plant B. 

Anaerobic 

Digestion 

Anaerobic 

Digestion 

Monetary Indirect 

Cost 

2.0% of 

Capital Cost 

Uniform [1.6, 2.4]† (Perry 1950) † 

Uncertainty 

Estimated 

Anaerobic 

Digestion 

Anaerobic 

Digestion 

Monetary Insurance 

Cost 

0.5% of 

Capital Cost 

Uniform [0.4, 0.6]† (Balussou et 

al. 2012) 

† 

Uncertainty 

Estimated 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Emission Methane-

Air 

0.006915 kg 

CH4∙kg-1 

CH4 

combusted 

Uniform-

Composite 

[0.00472, 

0.00911] 

(Liebetrau 

et al. 2010) 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Emission Methane-

Air 

0.015 kg 

CH4∙kg-1 

CH4 

combusted 

Uniform-

Composite 

[0.01, 0.02] (Liebetrau 

et al. 2013) 

 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Emission Methane-

Air 

0.017 kg 

CH4∙kg-1 

CH4 

combusted 

Uniform-

Composite 

[0.0136, 

0.0204]† 

(Boulamanti 

et al. 2013) 

† 

Uncertainty 

Estimated 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Emission Methane-

Air 

0.0173 kg 

CH4∙kg-1 

CH4 

combusted 

Triangular-

Composite 

Low: 

0.0017 

Middle: 

0.0173 

High: 

0.0372 

(Liebetrau 

et al. 2010) 

 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Emission Methane-

Air 

0.0213 kg 

CH4∙kg-1 

CH4 

combusted 

Uniform-

Composite 

[0.00455, 

0.03796] 

(Liebetrau 

et al. 2010) 

 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Emission Methane-

Air 

0.025 kg 

CH4∙kg-1 

CH4 

combusted 

Uniform-

Composite 

[0.02, 0.03] (Liebetrau 

et al. 2010, 

Liebetrau et 

al. 2013)  
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Emission Methane-

Air 

0.0273 kg 

CH4∙kg-1 

CH4 

combusted 

Uniform-

Composite 

[0.0173, 

0.0372]† 

(Dieterich et 

al. 2014) 

† 

Uncertainty 

Estimated 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Emission Methane-

Air 

0.000323 kg 

CH4∙MJ-1 

biogas 

Uniform-

Composite 

[0.000258, 

0.000389]† 

(Møller et 

al. 2009) 

† 

Uncertainty 

Estimated 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Emission Methane-

Air 

0.000434 kg 

CH4∙MJ-1 

biogas 

Uniform-

Composite 

[0.000347, 

0.000528]† 

(Hamelin et 

al. 2014) 

† 

Uncertainty 

Estimated 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Emission Methane-

Air 

0.000465 kg 

CH4∙MJ-1 

biogas 

Uniform-

Composite 

[0.000372, 

0.000558]† 

(Evangelisti 

et al. 2014, 

Fruergaard 

and Astrup 

2011) 

† 

Uncertainty 

Estimated 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Emission Methane-

Air 

0.0005 kg 

CH4∙MJ-1 

biogas 

Triangular-

Composite 

Low: 

0.00004 

Middle: 

0.0005 

High: 0.01 

(Meyer-

Aurich et al. 

2012) 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Emission Carbon 

Monoxide-

Air 

0.000115 kg 

CO∙MJ-1 

biogas 

Uniform-

Composite 

[0.000092, 

0.000138]† 

(Evangelisti 

et al. 2014, 

Fruergaard 

and Astrup 

2011) 

† 

Uncertainty 

Estimated 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Emission Carbon 

Monoxide-

Air 

0.00031 kg 

CO∙MJ-1 

biogas 

Uniform-

Composite 

[0.000248, 

0.000372]† 

(Hamelin et 

al. 2014) 

† 

Uncertainty 

Estimated 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Emission Carbon 

Monoxide-

Air 

0.00032 kg 

CO∙MJ-1 

biogas 

Uniform-

Composite 

[0.000256, 

0.000384]† 

(Boulamanti 

et al. 2013) 

† 

Uncertainty 

Estimated 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Emission NMVOC-

Air 

0.00001 kg 

NMVOC∙M

J-1 biogas 

Uniform-

Composite 

[0.000008, 

0.000012]† 

(Hamelin et 

al. 2014) 

† 

Uncertainty 

Estimated; 

NMVOC: 

non-

methane 

volatile 

organic 

compounds 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Emission NMVOC-

Air 

0.000014 kg 

NMVOC∙M

J-1 biogas 

Uniform-

Composite 

[0.0000112, 

0.0000168]† 

(Boulamanti 

et al. 2013) 

† 

Uncertainty 

Estimated 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Emission NMVOC-

Air 

0.000105 kg 

NMVOC∙M

J-1 biogas 

Uniform-

Composite 

[0.000084, 

0.000126]† 

(Evangelisti 

et al. 2014, 

Fruergaard 

and Astrup 

2011) 

† 

Uncertainty 

Estimated 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Emission Sulfur 

Dioxide-Air 

0.00001 kg 

SO2∙MJ-1 

biogas 

Uniform-

Composite 

[0.000008, 

0.000012]† 

(Kimming 

et al. 2011) 

† 

Uncertainty 

Estimated 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Emission Sulfur 

Dioxide-Air 

0.0000192 

kg SO2∙MJ-1 

biogas 

Uniform-

Composite 

[0.0000154, 

0.0000230]† 

(Boulamanti 

et al. 2013, 

Hamelin et 

al. 2014) 

† 

Uncertainty 

Estimated 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Emission Nitrous 

Oxides-Air 

0.000016 kg 

NOX∙MJ-1 

biogas 

Uniform-

Composite 

[0.0000128, 

0.0000192]† 

(Kimming 

et al. 2011) 

† 

Uncertainty 

Estimated 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Emission Nitrous 

Oxides-Air 

0.000148 kg 

NOX∙MJ-1 

biogas 

Uniform-

Composite 

[0.000118, 

0.000178]† 

(Evangelisti 

et al. 2014, 

Fruergaard 

and Astrup 

2011) 

† 

Uncertainty 

Estimated 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Emission Nitrous 

Oxides-Air 

0.000202 kg 

NOX∙MJ-1 

biogas 

Uniform-

Composite 

[0.000162, 

0.000242]† 

(Hamelin et 

al. 2014) 

† 

Uncertainty 

Estimated 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Emission Nitrous 

Oxides-Air 

0.00054 kg 

NOX∙MJ-1 

biogas 

Uniform-

Composite 

[0.000432, 

0.000648]† 

(Boulamanti 

et al. 2013) 

† 

Uncertainty 

Estimated 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Emission Dinitrogen 

Monoxide-

Air-Direct 

0.00000052 

kg N2O-

N∙MJ-1 

biogas 

Uniform-

Composite 

[0.00000042

6, 

0.00000063

8]† 

(Boulamanti 

et al. 2013) 

† 

Uncertainty 

Estimated 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Emission Dinitrogen 

Monoxide-

Air-Direct 

0.0000016 

kg N2O-

N∙MJ-1 

biogas 

Uniform-

Composite 

[0.00000128

, 

0.00000192]

† 

(Hamelin et 

al. 2014) 

† 

Uncertainty 

Estimated 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Emission Dinitrogen 

Monoxide-

Air-Direct 

0.000004 kg 

N2O-N∙MJ-1 

biogas 

Uniform-

Composite 

[0.0000032, 

0.0000048]† 

(Kimming 

et al. 2011) 

† 

Uncertainty 

Estimated 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Emission Dinitrogen 

Monoxide-

Air-Indirect 

0.01 kg 

N2O-N·kg-1 

N emitted as 

(NH3 + 

NOX) 

Uniform-

Composite 

[0.008, 

0.012]† 

(IPCC 

2006b) 

† 

Uncertainty 

Estimated 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Emission Particulate 

Matter 

10μm-Air 

0.00000045

1 kg 

PM∙MJ-1 

biogas 

Uniform [0.00000036

1, 

0.00000054

1]† 

(Hamelin et 

al. 2014) 

† 

Uncertainty 

Estimated 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Material Lubricating 

Oil 

0.00006 

kg∙MJ-1 

biogas 

Uniform [0.000048, 

0.000072]† 

(Boulamanti 

et al. 2013) 

† 

Uncertainty 

Estimated 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Material Farm Milk 

Production 

‡ 

29.359 

kg·day-

1·cow-1 

Normal Standard 

Deviation =  

0.1804 

(Rotz 2012) ‡ Modeled 

with IFSM 

4.1 NY 

Dairy Farm 

File 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Energy Electrical-

Efficiency 

38% 

kWe∙kW-1 

biogas 

Triangular Low: 32 

Middle: 38 

High: 40 

(Meyer-

Aurich et al. 

2012) 

 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Energy Electrical-

Thermal 

45% 

kWe∙kW-1 

biogas 

Uniform [35, 55] (Lantz 

2012) 

 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Energy CHP-

Capacity 

Factor 

7388 hrs∙yr-

1 

Uniform [6575, 

8200] 

(Jenkins 

1997, 

Meyer-

Aurich et al. 

2012, Walla 

and 

Schneeberg

er 2008) 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Energy Farm 

Electricity 

Demand ‡ 

334.7 

kWhe·yr-

1·cow-1 

Normal-

Composite 

Standard 

Deviation = 

157.2 

(Thomassen 

et al. 2008b) 

‡ Incurs 

Premium 

Electricity 

Value 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Energy Farm 

Electricity 

Demand ‡ 

0.29 

MJe·kg-1 

FPCM 

Triangular-

Composite 

Low: 0.17 

Middle: 

0.29 

High: 0.50 

(Upton et al. 

2013) 

‡ Incurs 

Premium 

Electricity 

Value; 

FPCM = Fat 

and Protein 

Corrected 

Milk 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Monetary Maintenanc

e Cost 

1.995% of 

Capital Cost 

Uniform [1.00, 

2.99]¥ 

(Balussou et 

al. 2012) 

¥ Computed 

from 

tabulated 

values for 

Plant A and 

Plant B. 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Monetary Labor Cost 2.91% of 

Capital Cost 

Uniform [1.50, 

4.32]¥ 

(Balussou et 

al. 2012) 

¥ Computed 

from 

tabulated 

values for 

Plant A and 

Plant B. 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Monetary Indirect 

Cost 

2.0% of 

Capital Cost 

Uniform [1.6, 2.4]† (Perry 1950) † 

Uncertainty 

Estimated 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Monetary Insurance 

Cost 

0.5% of 

Capital Cost 

Uniform [0.4, 0.6]† (Balussou et 

al. 2012) 

† 

Uncertainty 

Estimated 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Monetary Revenue-

Electricity-

Premium 

Value 

0.152·kWhe
-

1  

Uniform [0.1216, 

0.1824]† 

(EIA 2014) † 

Uncertainty 

Estimated 

 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Monetary Revenue-

Electricity-

Wholesale 

Value 

0.03·kWhe
-1  Uniform [0.024, 

0.036]† 

(EIA 2014) † 

Uncertainty 

Estimated 

 

Digestate 

Storage 

Digestate 

Storage 

Emission Ammonia-

Air 

0.075 kg 

NH3-N·kg-1 

Total N 

Uniform-

Composite 

[0.00, 0.15] (Paavola 

and Rintala 

2008) 

 

Digestate 

Storage 

Digestate 

Storage 

Emission Ammonia-

Air 

0.136 kg 

NH3-N·kg-1 

Total N 

Uniform-

Composite 

[0.109, 

0.163]† 

(Meyer-

Aurich et al. 

2012) 

† 

Uncertainty 

Estimated 

Digestate 

Storage 

Digestate 

Storage 

Emission Ammonia-

Air 

0.26 kg 

NH3-N·kg-1 

Total N 

Uniform-

Composite 

[0.21, 

0.31]† 

(Ebner et al. 

2015) 

† 

Uncertainty 

Estimated 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Digestate 

Storage 

Digestate 

Storage 

Emission Ammonia-

Air 

0.35 kg 

NH3-N·kg-1 

Total N 

Triangular-

Composite 

Low: 0.20 

Middle: 

0.35 

High: 0.80 

(Zhang et al. 

2013) 

 

Digestate 

Storage 

Digestate 

Storage 

Emission Nitrogen 

Monoxide-

Air 

0.001 kg 

NO-N·kg-1 

Total N 

Triangular Low: 

0.0005 

Middle: 

0.001 

High: 0.002 

(Zhang et al. 

2013) 

 

Digestate 

Storage 

Digestate 

Storage 

Emission Dinitrogen 

Monoxide-

Air-Direct 

0.001 kg 

N2O-N∙kg-1 

Total N 

Uniform-

Composite 

[0.0008, 

0.0012]† 

(Meyer-

Aurich et al. 

2012) 

† 

Uncertainty 

Estimated 

Digestate 

Storage 

Digestate 

Storage 

Emission Dinitrogen 

Monoxide-

Air-Direct 

0.005 kg 

N2O-N∙kg-1 

Total N 

Uniform-

Composite 

[0.004, 

0.006]† 

(Hamelin et 

al. 2014, 

IPCC 

2006b) 

† 

Uncertainty 

Estimated 

Digestate 

Storage 

Digestate 

Storage 

Emission Dinitrogen 

Monoxide-

Air-Indirect 

0.01 kg 

N2O-N·kg-1 

N emitted as 

(NH3 + 

NOX) 

Uniform [0.008, 

0.012]† 

(Hamelin et 

al. 2014, 

IPCC 

2006b) 

† 

Uncertainty 

Estimated 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Digestate 

Storage 

Digestate 

Storage 

Material Digestate-

Precipitatio

n Volume 

0.1 m 

precipitation

·m-2 ‡ 

Uniform [0.08, 

0.12]† 

(NOAA 

2010) 

† 

Uncertainty 

Estimated; 

‡ Average 

annual 

precipitation 

in Upstate 

New York 

Digestate 

Storage 

Digestate 

Storage 

Material Digestate-

Average 

Storage 

Depth 

3 meters ‡ Uniform [2.4, 3.6]†  † 

Uncertainty 

Estimated;  

‡ Own 

assumption 

Digestate 

Storage 

Digestate 

Storage 

Emission Energy-

Electricity-

Parasitic 

0.00091 

kWh·kg-1 

Uniform [0.000728, 

0.00109]† 

(Amon et al. 

2006a) 

† 

Uncertainty 

Estimated 

Digestate 

Storage 

Digestate 

Storage 

Emission Energy-

Electricity-

Parasitic 

0.0029 

kWh·kg-1 

Uniform [0.00232, 

0.00348]† 

(Hamelin et 

al. 2014) 

† 

Uncertainty 

Estimated 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Digestate 

Storage 

Digestate 

Storage 

Monetary Capital Cost 

‡ 

C = 

0.462*e-

0.000006*V 

Uniform +/- 20% † (Shelford 

and Gooch 

2012) 

† 

Uncertainty 

Estimated; 

‡ Digestate 

storage 

assumed to 

be earthen-

lined 

embankmen

t 

Digestate 

Storage 

Digestate 

Storage 

Monetary Maintenanc

e Cost 

1.995% of 

Capital Cost 

Uniform [1.00, 

2.99]¥ 

(Balussou et 

al. 2012) 

¥ Computed 

from 

tabulated 

values for 

Plant A and 

Plant B. 

Digestate 

Storage 

Digestate 

Storage 

Monetary Labor Cost 2.91% of 

Capital Cost 

Uniform [1.50, 

4.32]¥ 

(Balussou et 

al. 2012) 

¥ Computed 

from 

tabulated 

values for 

Plant A and 

Plant B. 

Digestate 

Storage 

Digestate 

Storage 

Monetary Indirect 

Cost 

2.0% of 

Capital Cost 

Uniform [1.6, 2.4]† (Perry 1950) † 

Uncertainty 

Estimated 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Digestate 

Storage 

Digestate 

Storage 

Monetary Insurance 

Cost 

0.5% of 

Capital Cost 

Uniform [0.4, 0.6]† (Balussou et 

al. 2012) 

† 

Uncertainty 

Estimated 

Land 

Application 

Land 

Application 

Emission Livestock 

Intensity‡ 

0.742 

Livestock 

Units·ha-1 

Uniform [0.594, 

.890]† 

(NASS 

2014) 

† 

Uncertainty 

Estimated; 

‡ Estimated 

from total 

number of 

cows in 

NYS and 

total crop 

area 

Land 

Application 

Land 

Application 

Emission Nitrogen 

Fertilization 

Rate 

157 kg-

N·ha-1 yr-1 

Triangular Low: 123 

Middle: 157 

High: 179 

(Zhang et al. 

2013) 

 

Land 

Application 

Land 

Application 

Emission Phosphorus 

Fertilization 

Rate 

21.5 kg-

P·ha-1 yr-1 

Uniform [17.2, 

25.8]† 

(Croxatto 

Vega et al. 

2014, 

Hutchings et 

al. 2013) 

† 

Uncertainty 

Estimated 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Land 

Application 

Land 

Application 

Emission Fertilizer 

Equivalence 

0.60 kg 

digestate 

fertilizer·kg-

1 synthetic 

fertilizer 

Uniform [0.2, 1.0] (Hansen et 

al. 2006a, 

Hansen et 

al. 2006b) 

 

Land 

Application 

Land 

Application 

Emission Methane-

Air 

CH-

4(emitted) = 

0.67*COD*

365*Bo*MC

F 

MCF(spring

) = 0.001 

MCF(summ

er) = 0.005 

‡ 

Uniform +/- 20% † (IPCC 

2006b) 

† 

Uncertainty 

Estimated; 

COD = 

chemical 

oxygen 

demand of 

digestate, kg 

COD·day-1;  

Bo = 

maximum 

specific 

methane 

yield, 

m3·kg-1 

COD 

‡ Bo, COD: 

Modeled 

using 

ADM1 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Land 

Application 

Land 

Application 

Emission Ammonia-

Air-

Digestate 

Fertilizer 

0.16 kg 

NH3-N·kg-1 

NH3-N 

applied 

Uniform-

Composite 

[0.128, 

0.192]† 

(Croxatto 

Vega et al. 

2014) 

† 

Uncertainty 

Estimated 

Land 

Application 

Land 

Application 

Emission Ammonia-

Air-

Digestate 

Fertilizer 

0.35 kg 

NH3-N·kg-1 

NH3-N 

applied 

Uniform-

Composite 

[0.28, 

0.42]† 

(Rubæk et 

al. 1996) 

† 

Uncertainty 

Estimated 

Land 

Application 

Land 

Application 

Emission Ammonia-

Air-

Digestate 

Fertilizer 

0.555 kg 

NH3-N·kg-1 

NH3-N 

applied 

Uniform-

Composite 

[0.280, 

0.830] 

(Misselbroo

k et al. 

2002) 

 

Land 

Application 

Land 

Application 

Emission Ammonia-

Air-

Digestate 

Fertilizer 

0.625 kg 

NH3-N·kg-1 

NH3-N 

applied 

Uniform-

Composite 

[0.270, 

0.980] 

(Huijsmans 

et al. 2001) 

 

Land 

Application 

Land 

Application 

Emission Ammonia-

Air-

Digestate 

Fertilizer 

0.75 kg 

NH3-N·kg-1 

NH3-N 

applied 

Uniform-

Composite 

[0.60, 

0.90]† 

(Evangelisti 

et al. 2014) 

† 

Uncertainty 

Estimated 

Land 

Application 

Land 

Application 

Emission Ammonia-

Air-

Digestate 

Fertilizer 

0.10 kg 

NH3-N·kg-1 

Total N 

applied 

Uniform-

Composite 

[0.05, 0.15] (Dalemo et 

al. 1998, 

Hansen et 

al. 2006b) 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Land 

Application 

Land 

Application 

Emission Ammonia-

Air-

Digestate 

Fertilizer 

0.12 kg 

NH3-N·kg-1 

Total N 

applied 

Uniform-

Composite 

[0.096, 

0.144]† 

(Hamelin et 

al. 2014) 

† 

Uncertainty 

Estimated 

Land 

Application 

Land 

Application 

Emission Ammonia-

Air-

Digestate 

Fertilizer 

0.138 kg 

NH3-N·kg-1 

Total N 

applied 

Uniform-

Composite 

[0.025, 

0.250] 

(Schils et al. 

2007) 

 

Land 

Application 

Land 

Application 

Emission Ammonia-

Air-

Digestate 

Fertilizer 

0.16 kg 

NH3-N·kg-1 

Total N 

applied 

Triangular-

Composite 

Low: 0.034 

Middle: 

0.16 

High: 0.22 

(Croxatto 

Vega et al. 

2014, 

Möller and 

Stinner 

2009) 

 

Land 

Application 

Land 

Application 

Emission Ammonia-

Air-

Digestate 

Fertilizer 

0.180 kg 

NH3-N·kg-1 

Total N 

applied ‡ 

Uniform-

Composite 

[0.128, 

0.231] 

(Clemens et 

al. 2006) 

‡ Calculated 

Land 

Application 

Land 

Application 

Emission Ammonia-

Air-

Digestate 

Fertilizer 

0.20 kg 

NH3-N·kg-1 

Total N 

applied 

Uniform-

Composite 

[0.16, 

0.24]† 

(Ebner et al. 

2015, IPCC 

2006b) 

† 

Uncertainty 

Estimated 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Land 

Application 

Land 

Application 

Emission Ammonia-

Air-

Digestate 

Fertilizer 

0.35 kg 

NH3-N·kg-1 

Total N 

applied 

Triangular-

Composite 

Low: 0.20 

Middle: 

0.35 

High: 0.80 

(Zhang et al. 

2013) 

 

Land 

Application 

Land 

Application 

Emission Ammonia-

Air-

Synthetic 

Fertilizer 

0.01 kg 

NH3-N·kg-1 

Total N 

applied 

Uniform-

Composite 

[0.008, 

0.012]† 

(Schils et al. 

2007) 

† 

Uncertainty 

Estimated 

Land 

Application 

Land 

Application 

Emission Ammonia-

Air-

Synthetic 

Fertilizer 

0.012 kg 

NH3-N·kg-1 

Total N 

applied 

Uniform-

Composite 

[0.008, 

0.016] 

(van Calker 

et al. 2004) 

 

Land 

Application 

Land 

Application 

Emission Ammonia-

Air-

Synthetic 

Fertilizer 

0.016 kg 

NH3-N·kg-1 

Total N 

applied 

Uniform-

Composite 

[0.0128, 

0.0192]† 

(O’Brien et 

al. 2012) 

† 

Uncertainty 

Estimated 

Land 

Application 

Land 

Application 

Emission Ammonia-

Air-

Synthetic 

Fertilizer 

0.02 kg 

NH3-N·kg-1 

Total N 

applied 

Uniform-

Composite 

[0.016, 

0.024]† 

(Flysjö et al. 

2011) 

† 

Uncertainty 

Estimated 

Land 

Application 

Land 

Application 

Emission Ammonia-

Air-

Synthetic 

Fertilizer 

0.0265 kg 

NH3-N·kg-1 

Total N 

applied 

Uniform-

Composite 

[0.0212, 

0.0318]† 

(Hutchings 

et al. 2013) 

† 

Uncertainty 

Estimated 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Land 

Application 

Land 

Application 

Emission Ammonia-

Air-

Synthetic 

Fertilizer 

0.027 kg 

NH3-N·kg-1 

Total N 

applied 

Uniform-

Composite 

[0.0216, 

0.0324]† 

(ten Hoeve 

et al. 2014) 

† 

Uncertainty 

Estimated 

Land 

Application 

Land 

Application 

Emission Ammonia-

Air-

Synthetic 

Fertilizer 

0.05 kg 

NH3-N·kg-1 

Total N 

applied ‡ 

Uniform-

Composite 

[0.04, 

0.06]† 

(Clemens et 

al. 2006) 

† 

Uncertainty 

Estimated; 

‡ Calculated 

Land 

Application 

Land 

Application 

Emission Ammonia-

Air-

Synthetic 

Fertilizer 

0.063 kg 

NH3-N·kg-1 

Total N 

applied 

Uniform-

Composite 

[0.050, 

0.076]† 

(Thomassen 

et al. 2008b) 

† 

Uncertainty 

Estimated 

Land 

Application 

Land 

Application 

Emission Ammonia-

Air-

Synthetic 

Fertilizer 

0.10 kg 

NH3-N·kg-1 

Total N 

applied 

Triangular-

Composite 

Low: 0.03 

Middle: 

0.10 

High: 0.30 

(Meyer-

Aurich et al. 

2012) 

 

Land 

Application 

Land 

Application 

Emission Ammonia-

Air-

Synthetic 

Fertilizer 

0.025 kg 

NOX-N·kg-1 

Total N 

applied 

Uniform-

Composite 

[0.020, 

0.030]† 

(van Calker 

et al. 2004) 

† 

Uncertainty 

Estimated 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Land 

Application 

Land 

Application 

Emission Nitrate-

Ground-

Digestate 

Fertilizer 

0.15 kg 

NO3
-1-N·kg-

1 Total N 

applied 

Triangular-

Composite 

Low: 0.10 

Middle: 

0.15 

High: 0.19 

(Zhang et al. 

2013) 

 

Land 

Application 

Land 

Application 

Emission Nitrate-

Ground-

Digestate 

Fertilizer 

0.30 kg 

NO3
-1-N·kg-

1 Total N 

applied 

Uniform-

Composite 

[0.24, 0.36] (Cherubini 

et al. 2009) 

 

Land 

Application 

Land 

Application 

Emission Nitrate-

Ground-

Digestate 

Fertilizer 

0.325 kg 

NO3
-1-N·kg-

1 Total N 

applied 

Uniform-

Composite 

[0.04, 0.6] (Bruun et al. 

2006) 

 

Land 

Application 

Land 

Application 

Emission Nitrate-

Ground-

Digestate 

Fertilizer 

0.335 kg 

NO3
-1-N·kg-

1 Total N 

applied 

Uniform-

Composite 

[0.22, 0.45] (Evangelisti 

et al. 2014) 

 

Land 

Application 

Land 

Application 

Emission Nitrate-

Ground-

Digestate 

Fertilizer 

0.39 kg 

NO3
-1-N·kg-

1 Total N 

applied 

Uniform-

Composite 

[0.18, 0.6] (Hansen et 

al. 2006a) 

 

Land 

Application 

Land 

Application 

Emission Nitrate-

Ground-

Digestate 

Fertilizer 

0.45 kg 

NO3
-1-N·kg-

1 Total N 

applied 

Uniform-

Composite 

[0.36, 0. 

54]† 

(Tonini et 

al. 2012) 

† 

Uncertainty 

Estimated 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Land 

Application 

Land 

Application 

Emission Nitrate-

Ground-

Synthetic 

Fertilizer 

0.30 kg 

NO3
-1-N·kg-

1 Total N 

applied 

Uniform-

Composite 

[0.24, 0. 

30]† 

(Olesen et 

al. 2006) 

† 

Uncertainty 

Estimated 

Land 

Application 

Land 

Application 

Emission Nitrate-

Ground-

Synthetic 

Fertilizer 

0.407 kg 

NO3
-1-N·kg-

1 Total N 

applied 

Uniform-

Composite 

[0.326, 0. 

488]† 

(Croxatto 

Vega et al. 

2014) 

† 

Uncertainty 

Estimated 

Land 

Application 

Land 

Application 

Emission Dinitrogen 

Monoxide-

Air-Direct-

Digestate 

Fertilizer 

0.006 kg 

N2O-N·kg-1 

Total N 

applied 

Uniform-

Composite 

[0.005, 

0.007] 

(Clemens et 

al. 2006) 

 

Land 

Application 

Land 

Application 

Emission Dinitrogen 

Monoxide-

Air-Direct-

Digestate 

Fertilizer 

0.010 kg 

N2O-N·kg-1 

Total N 

applied 

Triangular-

Composite 

Low: 0.003 

Middle: 

0.01 

High: 0.03 

(Meyer-

Aurich et al. 

2012) 

 

Land 

Application 

Land 

Application 

Emission Dinitrogen 

Monoxide-

Air-Direct-

Digestate 

Fertilizer 

0.0132 kg 

N2O-N·kg-1 

Total N 

applied 

Uniform-

Composite 

[0.0125, 

0.0138] 

(Möller and 

Stinner 

2009) 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Land 

Application 

Land 

Application 

Emission Dinitrogen 

Monoxide-

Air-Direct-

Digestate 

Fertilizer 

0.014 kg 

N2O-N·kg-1 

Total N 

applied 

Lognormal-

Composite 

σ = 1.43 (Clavreul et 

al. 2012) 

 

Land 

Application 

Land 

Application 

Emission Dinitrogen 

Monoxide-

Air-Direct-

Digestate 

Fertilizer 

0.015 kg 

N2O-N·kg-1 

Total N 

applied 

Uniform-

Composite 

[0.014, 

0.016] 

(Hansen et 

al. 2006a) 

 

Land 

Application 

Land 

Application 

Emission Dinitrogen 

Monoxide-

Air-Direct-

Digestate 

Fertilizer 

0.015 kg 

N2O-N·kg-1 

Total N 

applied 

Normal-

Composite 

Standard 

Deviation = 

0.0015 

(Tonini et 

al. 2012) 

 

Land 

Application 

Land 

Application 

Emission Dinitrogen 

Monoxide-

Air-Direct-

Digestate 

Fertilizer 

0.015 kg 

N2O-N·kg-1 

Total N 

applied 

Uniform-

Composite 

[0.013, 

0.017] 

(Bruun et al. 

2006) 

 

Land 

Application 

Land 

Application 

Emission Dinitrogen 

Monoxide-

Air-Direct-

Digestate 

Fertilizer 

0.0175 kg 

N2O-N·kg-1 

Total N 

applied 

Uniform-

Composite 

[0.013, 

0.022] 

(Hansen et 

al. 2006a) 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Land 

Application 

Land 

Application 

Emission Dinitrogen 

Monoxide-

Air-Direct-

Digestate 

Fertilizer 

0.02 kg 

N2O-N·kg-1 

Total N 

applied 

Triangular-

Composite 

Low: 0.007 

Middle: 

0.02 

High: 0.06 

(Croxatto 

Vega et al. 

2014, IPCC 

2006b) 

 

Land 

Application 

Land 

Application 

Emission Dinitrogen 

Monoxide-

Air-Direct-

Digestate 

Fertilizer 

0.0034 kg 

N2O-N·kg-1 

Digestate 

applied 

Uniform-

Composite 

[0.00057, 

0.0062] 

(Boulamanti 

et al. 2013) 

 

Land 

Application 

Land 

Application 

Emission Dinitrogen 

Monoxide-

Air-Direct-

Synthetic 

Fertilizer 

0.007 kg 

N2O-N·kg-1 

Total N 

applied 

Uniform-

Composite 

[0.0056, 

0.0084]† 

(Clavreul et 

al. 2012) 

† 

Uncertainty 

Estimated 

Land 

Application 

Land 

Application 

Emission Dinitrogen 

Monoxide-

Air-Direct-

Synthetic 

Fertilizer 

0.01 kg 

N2O-N·kg-1 

Total N 

applied 

Uniform-

Composite 

[0.008, 

0.012]† 

(IPCC 

2006b) 

† 

Uncertainty 

Estimated 

Land 

Application 

Land 

Application 

Emission Dinitrogen 

Monoxide-

Air-Direct-

Synthetic 

Fertilizer 

0.01 kg 

N2O-N·kg-1 

Total N 

applied 

Triangular-

Composite 

Low: 0.003 

Middle: 

0.01 

High: 0.03 

(Meyer-

Aurich et al. 

2012) 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Land 

Application 

Land 

Application 

Emission Dinitrogen 

Monoxide-

Air-Direct-

Synthetic 

Fertilizer 

0.0125 kg 

N2O-N·kg-1 

Total N 

applied 

Uniform-

Composite 

[0.010, 

0.015] 

(Cherubini 

and 

Strømman 

2011) 

 

Land 

Application 

Land 

Application 

Emission Dinitrogen 

Monoxide-

Air-Direct-

Synthetic 

Fertilizer 

0.0195 kg 

N2O-N·kg-1 

Total N 

applied 

Uniform-

Composite 

[0.0156, 

0.0234]† 

(Croxatto 

Vega et al. 

2014) 

† 

Uncertainty 

Estimated 

Land 

Application 

Land 

Application 

Emission Dinitrogen 

Monoxide-

Air-Direct-

Synthetic 

Fertilizer 

0.020 kg 

N2O-N·kg-1 

Total N 

applied 

Triangular-

Composite 

Low: 0.007 

Middle: 

0.02 

High: 0.06 

(ten Hoeve 

et al. 2014) 

 

Land 

Application 

Land 

Application 

Emission Dinitrogen 

Monoxide-

Air-Direct-

Synthetic 

Fertilizer 

0.025 kg 

N2O-N·kg-1 

Total N 

applied 

Uniform-

Composite 

[0.020, 

0.030]† 

(van Calker 

et al. 2004) 

† 

Uncertainty 

Estimated 

Land 

Application 

Land 

Application 

Emission Dinitrogen 

Monoxide-

Air-Indirect 

0.01 kg 

N2O-N·kg-1 

N emitted as 

(NH3 + 

NOX) 

Uniform-

Composite 

[0.008, 

0.012]† 

(IPCC 

2006b) 

† 

Uncertainty 

Estimated 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Land 

Application 

Land 

Application 

Emission Dinitrogen 

Monoxide-

Air-Indirect 

0.01 kg 

N2O-N·kg-1 

N emitted as 

(NH3 + 

NOX) 

Triangular-

Composite 

Low: 0.002 

Middle: 

0.01 

High: 0.05 

(Flysjö et al. 

2011) 

 

Land 

Application 

Land 

Application 

Emission Dinitrogen 

Monoxide-

Air-Indirect 

0.0075 kg 

N2O-N·kg-1 

N emitted as 

NO3
-1 

Triangular-

Composite 

Low: 

0.0005 

Middle: 

0.0075 

High: 0.025 

(Meyer-

Aurich et al. 

2012) 

 

Land 

Application 

Land 

Application 

Emission Dinitrogen 

Monoxide-

Air-Indirect 

0.0075 kg 

N2O-N·kg-1 

N emitted as 

NO3
-1 

Uniform-

Composite 

[0.006, 

0.009]† 

(IPCC 

2006b) 

† 

Uncertainty 

Estimated 

Land 

Application 

Land 

Application 

Emission Dinitrogen 

Monoxide-

Air-Indirect 

0.025 kg 

N2O-N·kg-1 

N emitted as 

NO3
-1 

Uniform-

Composite 

[0.02, 

0.03]† 

(Basset-

Mens et al. 

2006) 

† 

Uncertainty 

Estimated 

Land 

Application 

Land 

Application 

Emission Phosphate-

Ground 

0.05 kg P 

·kg-1 P 

applied in 

excess 

Uniform-

Composite 

[0.04, 

0.06]† 

(Croxatto 

Vega et al. 

2014) 

† 

Uncertainty 

Estimated 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Land 

Application 

Land 

Application 

Emission Phosphate-

Ground 

0.05 kg P 

·kg-1 P 

applied in 

excess 

Triangular-

Composite 

Low: 0.00 

Middle: 

0.05 

High: 1.00 

(ten Hoeve 

et al. 2014) 

 

Land 

Application 

Land 

Application 

Material Fuel 

Consumptio

n-Loading 

0.00063 

MJ·kg-1 

digestate 

Uniform-

Composite 

[0.000504, 

0.000756]† 

(Poeschl et 

al. 2010a) 

† 

Uncertainty 

Estimated 

Land 

Application 

Land 

Application 

Material Fuel 

Consumptio

n-Loading 

0.0025 

MJ·kg-1 

digestate 

Uniform-

Composite 

[0.0020, 

0.0030]† 

(Salter and 

Banks 2009) 

† 

Uncertainty 

Estimated 

Land 

Application 

Land 

Application 

Monetary Operational-

Cost-Diesel 

1.24·kg-1 

diesel 

Normal Standard 

Deviation = 

0.0845 

(NYSERDA 

2014) 

 

Land 

Application 

Land 

Application 

Monetary Operational-

Cost-

Synthetic 

Fertilizer-

Nitrogen‡ 

0.60·kg-1 N 

equivalent 

Uniform [0.48, 

0.72]† 

(ERS 2013) † 

Uncertainty 

Estimated; 

‡ Fertilizer: 

ammonium-

nitrate 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Land 

Application 

Land 

Application 

Monetary Operational-

Cost-

Synthetic 

Fertilizer-

Phosphorus

‡ 

5.41·kg-1 P 

equivalent 

Uniform [4.33, 

6.49]† 

(ERS 2013) † 

Uncertainty 

Estimated; 

‡ Fertilizer: 

triple 

superphosph

ate 

Digestate 

Export 

Digestate 

Export 

Material Diesel-

Transport 

Distance 

5 km radius Uniform-

Composite 

[4, 6]† (Poeschl et 

al. 2012b) 

† 

Uncertainty 

Estimated 

 

Digestate 

Export 

Digestate 

Export 

Material Diesel-

Transport 

Distance 

40 km  Uniform-

Composite 

[32, 48]† (Balussou et 

al. 2012) 

† 

Uncertainty 

Estimated 

 

Digestate 

Export 

Digestate 

Export 

Material Diesel-Fuel 

Consumptio

n 

1.2 MJ·tkm-

1 

Uniform-

Composite 

[0.96, 

1.44]† 

(Sonesson et 

al. 2000) 

† 

Uncertainty 

Estimated 

 

Digestate 

Export 

Digestate 

Export 

Material Diesel-Fuel 

Consumptio

n 

1.6 MJ·tkm-

1 

Uniform-

Composite 

[1.28, 

1.92]† 

(Smyth et 

al. 2009) 

† 

Uncertainty 

Estimated 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Digestate 

Export 

Digestate 

Export 

Material Diesel-Fuel 

Consumptio

n 

1.6 MJ·tkm-

1 

Triangular-

Composite 

Low: 1.5 

Middle: 1.6 

High: 2.3 

(Salter and 

Banks 2009) 

 

 

Digestate 

Export 

Digestate 

Export 

Material Diesel-Fuel 

Consumptio

n 

2.8 MJ·tkm-

1 

Triangular-

Composite 

Low: 2.1 

Middle: 2.8 

High: 3.2 

(Poeschl et 

al. 2010a) 

 

Digestate 

Export 

Digestate 

Export 

Material Diesel-Fuel 

Consumptio

n 

0.0255 

kg·tkm-1 

Uniform-

Composite 

[0.0204, 

0.0306]† 

(Evangelisti 

et al. 2014) 

† 

Uncertainty 

Estimated 

 

Digestate 

Export 

Digestate 

Export 

Material Fuel 

Consumptio

n-Loading 

0.00063 

MJ·kg-1 

digestate 

Uniform-

Composite 

[0.000504, 

0.000756]† 

(Poeschl et 

al. 2010a) 

† 

Uncertainty 

Estimated 

Digestate 

Export 

Digestate 

Export 

Material Fuel 

Consumptio

n-Loading 

0.0025 

MJ·kg-1 

digestate 

Uniform-

Composite 

[0.0020, 

0.0030]† 

(Salter and 

Banks 2009) 

† 

Uncertainty 

Estimated 

Digestate 

Export 

Digestate 

Export 

Monetary Transport 

Cost-Fixed 

0.00188·kg-

1 digestate 

Uniform-

Composite 

[0.001504, 

0.002256]† 

(Minchoff 

2006) 

† 

Uncertainty 

Estimated 

Digestate 

Export 

Digestate 

Export 

Monetary Transport 

Cost-Fixed 

0.00175·kg-

1 digestate 

Uniform-

Composite 

[0.00140, 

0.00190]† 

(Balussou et 

al. 2012) 

† 

Uncertainty 

Estimated 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Digestate 

Export 

Digestate 

Export 

Monetary Transport 

Cost-Fixed 

0.00188·kg-

1 digestate 

Uniform-

Composite 

[0.001504, 

0.002256]† 

(Minchoff 

2006) 

† 

Uncertainty 

Estimated 

Digestate 

Export 

Digestate 

Export 

Monetary Transport 

Cost-Fixed 

0.0055·kg-1 

digestate 

Uniform-

Composite 

[0.0044, 

0.0066]† 

(Balussou et 

al. 2012) 

† 

Uncertainty 

Estimated 

Digestate 

Export 

Digestate 

Export 

Monetary Transport 

Cost-Fixed 

0.0065·kg-1 

digestate 

Uniform-

Composite 

[0.0052, 

0.0078]† 

(Sanscartier 

et al. 2011) 

† 

Uncertainty 

Estimated 

Digestate 

Export 

Digestate 

Export 

Monetary Transport 

Cost-Fixed 

0.00188·kg-

1 digestate 

Uniform-

Composite 

[0.001504, 

0.002256]† 

(Minchoff 

2006) 

† 

Uncertainty 

Estimated 

Digestate 

Export 

Digestate 

Export 

Monetary Transport 

Cost-

Variable 

0.04·tkm-1 Uniform-

Composite 

[0.032, 

0.048]† 

(Poeschl et 

al. 2010b) 

† 

Uncertainty 

Estimated 

Digestate 

Export 

Digestate 

Export 

Monetary Transport 

Cost-

Variable 

0.12·tkm-1 Uniform-

Composite 

[0.096, 

0.144]† 

(Sanscartier 

et al. 2011) 

† 

Uncertainty 

Estimated 

Digestate 

Export 

Digestate 

Export 

Monetary Transport 

Cost-

Variable 

0.18·tkm-1 Uniform-

Composite 

[0.144, 

0.216]† 

(Poeschl et 

al. 2010b) 

† 

Uncertainty 

Estimated 
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Table A2.2.2: AD process constraints ultimately limiting the maximum mixture ratio of 

each co-digestion scenario as predicted by ADM1 simulation 

Feedstock Material 

Maximum  

Mixture Ratio 

(COD-Basis) 

Ultimate Limiting Factor 

Corn Silage 5.75 Reached Minimum HRT of 12 Days 

Dissolved-Air Flotation Sludge 6.5 
Inorganic nitrogen concentration below 

that need to sustain biomass growth 

Grass Silage 5.95 Reached Minimum HRT of 12 Days 

Green Weed Silage 4.4 Reached Minimum HRT of 12 Days 

Industrial Glycerine 2.35 Organic Overloading – Acidification 

Kitchen Waste 5.95 Reached Minimum HRT of 12 Days 

Rapeseed Oil 4.65 Organic Overloading – Acidification 

Slaughter House Blood 4.25 Ammonia Inhibition 

Slaughter House Paunch 4.10 Reached Minimum HRT of 12 Days 

Whey 2.65 Reached Minimum HRT of 12 Days 
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A3 Chapter 7: Supplementary Information 

A3.1 Supplementary Figures  
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Figure A3.1.1: The organic composition of the co-substrates (primary axis) based on total 

chemical oxygen demand concentration (secondary Axis) (A).  Physical and chemical 

characteristics of the ten selected co-substrates normalized to dairy manure and chemical 

oxygen demand (COD) (B).   
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Figure A3.1.2: Environmental impact assessment of all CHP and CCHP scenarios at the 

midpoint level using IMPACT 2000+ at each process stage.  The individual midpoint impact 

categories are as follows: (A) Aquatic Eutrophication, (B) Aquatic Ecotoxicity, (C) Aquatic 

Eutrophication, (D) Carcinogens, (E) Global Warming, (F) Ionizing Radiation, (G) Land 

Occupation, (H) Mineral Extraction, (I) Non-Carcinogens, (J) Non-Renewable Energy, (K) 

Ozone Layer Depletion, (L) Respiratory Inorganics, (M) Respiratory Organics, (N) 

Terrestrial Acid/Nutri, and (O) Terrestrial Ecotoxicity.  DALY: daily adjusted life years; 

TEG: triethylene glycol.  Error bars represent the 95% confidence interval of the modeled 

uncertainty.   
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A3.2 Supplementary Tables
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Table A3.2.1 Major model assumptions 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Material Farm Milk 

Production 

– NY 

Climate‡ 

29.359 

kg·day-

1·cow-1 

Normal Standard 

Deviation =  

0.1804 

(Rotz 2012) ‡ Modeled 

with IFSM 

4.1 

Syracuse, 

NY 

Weather 

File 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Material Farm Milk 

Production 

– TX 

Climate‡ 

30.745 

kg·day-

1·cow-1 

Normal Standard 

Deviation =  

0.1889 

(Rotz 2012) ‡ Modeled 

with IFSM 

4.1 El Paso, 

TX Weather 

File 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Energy Farm 

Electricity 

Demand ‡ 

334.7 

kWhe·yr-

1·cow-1 

Normal-

Composite 

Standard 

Deviation = 

157.2 

(Thomassen 

et al. 2008b) 

‡ Incurs 

Premium 

Electricity 

Value 

Combined 

Heat and 

Power 

Biogas 

Utilization 

Energy Farm 

Electricity 

Demand ‡ 

0.29 

MJe·kg-1 

FPCM 

Triangular-

Composite 

Low: 0.17 

Middle: 

0.29 

High: 0.50 

(Upton et al. 

2013) 

‡ Incurs 

Premium 

Electricity 

Value; 

FPCM = Fat 

and Protein 

Corrected 

Milk 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Absorption 

Chilling 

Biogas 

Utilization 

Energy Heat-

Coefficient 

of 

Performanc

e 

COP = 0.65  Uniform [0.6, 0.7] (Dorgan 

1995) 

 

Absorption 

Chilling 

Biogas 

Utilization 

Energy Electricity-

Parasitic 

E = 

0.2685x-0.55 

Uniform +/- 10% † (Dorgan 

1995) 

† Estimated; 

E = 

Parasitic 

electricity, 

kWe∙kW-1; 

x = 

Absorption 

chiller 

capacity, 

kW 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Absorption 

Chilling 

Biogas 

Utilization 

Monetary Capital 

Cost-

Absorption 

Chiller‡ 

C = 

1119.5x-0.311 

Uniform +/- 10% † (Dorgan 

1995) 

† Estimated; 

C = Capital 

cost, USD; 

x = 

Absorption 

chiller 

capacity, 

kW; 

‡ Type: 

Indirect, 

single-stage, 

single-

effect, 

lithium-

bromide 

Absorption 

Chilling 

Biogas 

Utilization 

Monetary Capital 

Cost-

Cooling 

Tower 

C = 56.5x Uniform +/- 10% † (Dorgan 

1995) 

† Estimated; 

C = Capital 

cost, USD; 

x = 

Absorption 

chiller 

capacity, 

kW 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Conductive 

Cow 

Cooling 

Biogas 

Utilization 

Material Saved Milk 

‡ 

0.06 kg 

saved∙kg-

1∙day-1 

baseline 

production 

Uniform [0.048, 

0.072]† 

(Perano et 

al. 2015) 

† Estimated; 

‡ Weighted 

average 

value for 

7°C chilled-

water 

temperature 

Conductive 

Cow 

Cooling  

Biogas 

Utilization 

Material Dairy Cow 

Heat Stress 

Days – Low 

Heat Stress 

Scenario‡ 

715 

hours∙yr-1 

Uniform [572, 858]† (St-Pierre et 

al. 2003) 

† Estimated; 

‡ Heat 

stress day 

based on 

temperature

-humidity 

index (THI) 

of >70; 

Climate 

Geography 

= Upstate 

New York 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Conductive 

Cow 

Cooling  

Biogas 

Utilization 

Material Dairy Cow 

Heat Stress 

Days – High 

Heat stress 

scenario‡ 

3185∙yr-1 Uniform [2548, 

3822]† 

(St-Pierre et 

al. 2003) 

† Estimated; 

‡ Heat 

stress day 

based on 

temperature

-humidity 

index (THI) 

of >70 for ≥ 

6 hrs∙day-1; 

Climate 

Geography 

= Central 

Texas 

Conductive 

Cow 

Cooling  

Biogas 

Utilization 

Energy Heat-

Parasitic-

LHS 

17.22 

kWh∙bed-

1∙day-1 

Uniform [13.78, 

20.66]† 

(Perano et 

al. 2015) 

† Estimated 

Conductive 

Cow 

Cooling  

Biogas 

Utilization 

Energy Heat-

Parasitic-

HHS 

4.80 

kWh∙bed-

1∙day-1 

Uniform [3.84, 

5.76]† 

(Gebremedh

in et al. 

2016) 

† Estimated 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Mechanical 

Vapor-

Compressio

n Cooling 

Biogas 

Utilization 

Energy Electrical – 

Coefficient 

of 

Performanc

e ‡ 

COP = 3.0 Uniform [2.4, 3.6]† (Dorgan 

1995) 

† Estimated; 

‡ COP of 

conventiona

l cooling 

technology 

replaced by 

absorption 

chilling 

Biogas 

Chilling – 

Dehumidific

ation 

Biogas 

Utilization 

Energy Electricity-

Parasitic ‡ 

E = 

∆T*(Cp(CH

4)*XCH4+Cp(

CO2)*XCO2

+Cp(H2)*XH

2+Cp(H2O)*

XH2O) ¤ 

Uniform +/- 20% †  † Estimated; 

‡ Cooling 

power 

needed to 

dehumidify 

biogas from 

37°C to 

10°C; 

¤ Biogas 

composition 

modeled 

with 

ADM1; Xi 

= mole 

fraction 
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ITEM Sub-

Process 

Class Sub-Class Value - 

Model 

Uncertaint

y 

Error - 

Range 

Reference Comments 

Biogas 

Chilling – 

Dehumidific

ation 

Biogas 

Utilization 

Energy Electricity-

Parasitic 

0.25 

kWhe∙m
-3

 

biogas 

Uniform [0.20, 

0.30]† 

(Croxatto 

Vega et al. 

2014) 

† Estimated 

Milk 

Chilling and 

Refrigeratio

n 

Biogas 

Utilization 

Energy Electricity-

Parasitic 

0.31 

kWhe∙kWhe
-

1 total on-

farm 

electricity 

consumptio

n 

Uniform [0.248, 

0.372]† 

(Upton et al. 

2013) 

† Estimated 

Saved Milk 

Revenue 

Biogas 

Utilization 

Monetary Revenue-

Saved Milk 

0.4742∙kg-1 

milk 

Uniform [0.3794, 

0.5690]† 

(Delcoglian

o 2013) 

† Estimated 
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Table A3.2.2: Optimal technical parameters predicted by ADM1 and the resulting performance of the biogas plant  

Scenario 
Mixture 

Ratio 

Hydraulic 

Retention 

Period 

Organic 

Loading 

Rate 

Specific Methane Yield 
Parasitic 

Electricity 

Parasitic 

Heat 

Cooling 

Capture 

 
COD 

Basis 
Days 

kg COD∙ 

m-3∙Day-1 

m3 

CH4∙kgCOD1 

m3 CH4∙kg 

VS-1 

m3 

CH4∙m
-3 

% of Total  
% of 

Total  

% of Total 

Heat 

MoAD NA 35 1.81 0.194 0.246 12.3 54 68 20 

DAF CoAD 2.50:1 30.4 6.34 0.225 0.671 236.9 14 18 52 

KW CoAD 1.85:1 23.2 5.16 0.252 0.369 95.9 18 24 48 
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A4 Role of Substrate Properties on Co-Digestion System Performance 

The influence of several co-substrate properties on direct environmental emissions and economic 

performance were evaluated by sensitivity analysis.  These properties included: organic strength 

(i.e., chemical oxygen demand (COD) concentration), dilution level, total nitrogen (N) 

concentration, biodegradability, soluble inorganic nitrogen concentration (i.e., NH4
+), total 

phosphorus (P) concentration, soluble/particulate COD ratio, hydrolysis rate constants, and N:P 

ratio.  These properties were varied over a range of ±40% compared to mono-digestion levels 

assuming a hypothetical co-digestion substrate blended with dairy manure at a 1:1 mixture ratio 

(COD-basis).   

Results suggest the environmental and economic performance of the anaerobic digestion (AD) 

system are more sensitive to the inorganic (e.g., nutrient concentration) and abiotic properties (e.g., 

organic strength, dilution) of the co-substrate, rather than AD process performance and the 

composition of the organic COD fraction (i.e., % carbohydrates, % lipids, % proteins).  Indeed, 

sensitivity analysis indicates the most influential properties are organic strength, dilution level, 

total nitrogen, and biodegradability.  Other properties, such as soluble inorganic nitrogen 

concentration, total phosphorus concentration, soluble/particulate COD ratio, hydrolysis rate 

constants, and N:P ratio, did not influence system performance significantly (data not shown).  

However, it should be noted the sensitivity analysis assumes a conservative co-digestion mixture 

ratio of 1:1 (COD-basis), thus parameters like soluble/particulate COD ratio and hydrolysis rate 

constants, which become more relevant under overloaded conditions, are deemphasized here. 

System sensitivity to organic strength is evaluated by changing the COD concentration of the co-

substrate, while keeping its’ nutrient concentrations and composition constant.  Organic strength 

is identified as the most important co-substrate property as it dictates methane yields, volumetric 
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loading rates (VLR), and nutrient loads, all of which contribute to environmental emissions 

(Figure A4.1) and economic performance (Figure A4.2).
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Figure A4.1: Sensitivity of direct, farm-level environmental emissions to the co-substrate properties: organic strength, dilution 

level, total nitrogen concentration, and biodegradability at each process stage assuming a 1:1 co-digestion mixture ratio (COD-

Basis). 
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Figure A4.2: Sensitivity of cost and revenue flows to the co-substrate properties: organic strength, dilution level, total nitrogen 

concentration, and biodegradability at each process stage assuming a 1:1 co-digestion mixture ratio (COD-Basis). 
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Indeed, environmental emissions change indirectly with organic strength during digestate storage 

and land application due to its effect on AD process performance (CH4 emissions) and nutrient 

loads (NH3, N2O, and PO4
3- emissions).  Methane emissions during anaerobic digestion and biogas 

utilization increase with organic strength, since these emissions are directly proportional to biogas 

production.  In terms of economic performance, transportation costs are most sensitive, changing 

indirectly with organic strength, due to its’ effect on VLR and nutrient loads (Figure A4.2).  

Capital, operating and maintenance (O&M) costs, as well as revenues from gate-fees, avoided 

fertilizer, and electricity production are also affected, but to a lesser extent. 

Unlike organic strength, co-substrate dilution affects COD and nutrient concentrations equally; 

thereby allowing us to isolate the effect of the volumetric loading rate.  Here, we see environmental 

performance is less sensitive to dilution, especially for nitrogen and phosphorus emissions, since 

nutrient loads change proportionally with organic loading rate (Figure A4.2).  Methane emissions 

from digestate storage are equally sensitive to dilution as they are to organic strength, thus 

implicating hydraulic short-circuiting as the main cause behind reduced AD performance.  

Methane emissions from land application, however, are more sensitive to dilution than organic 

strength because proportionally more residual carbon reaches the land.  Also, capital and O&M 

costs are affected similarly, however, transportation costs and avoided fertilizer revenues are less 

affected, since the nutrient loads change proportionally with dilution rate (Figure A4.2). 

The effect of total nitrogen concentration plays a lesser role in overall system performance, 

however it has an appreciable, direct effect on nitrogen-based emissions during storage, and on 

digestate export costs.  However, total nitrogen concentration also has an indirect effect on 

methane and phosphate emissions from land application, since higher nitrogen concentrations 

mean proportionally less residual carbon and phosphorus need to be applied.  Furthermore, reduced 
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digestate volumes for land application reduces O&M costs, and increases fertilizer revenue.  

Biodegradability represents the amount of incoming COD that is actually involved in biogas 

production.  The HRT does not change in these scenarios, eliminating the effect of hydraulic short 

circuiting, thereby isolating the effect of AD process performance (i.e., specific methane yield).  It 

can be seen that nutrient emissions are only marginally affected by co-substrate biodegradability, 

with the exception of N2O emissions, which are generated during biogas combustion.  On the other 

hand, methane emissions from the anaerobic digestion, biogas utilization, digestate storage, and 

land application processes are more directly affected and by the same degree.  Finally, since biogas 

production determines combined heat and power (CHP) capacity, the capital and O&M costs of 

the biogas utilization process and electricity revenue are directly affected, although not to a large 

extent.  
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A5 Research Collaborations 

A5.1: Agler, M.T., Spirito, C.M., Usack, J.G., Werner, J.J. and Angenent, L.T. (2012) 

 Chain elongation with reactor microbiomes: upgrading dilute ethanol to medium-

 chain carboxylates. Energy & Environmental Science 5(8), 8189-8192 

 

Ethanol distillation in the biofuel industry is energetically expensive because ethanol is completely 

miscible in water.  Upgrading ethanol into a hydrophobic chemical that is easier to separate would 

circumvent current fossil-fuel consumption for distillation.  Here, we shaped a reactor microbiome 

to sequentially elongate carboxylic acids with 2-carbon units from dilute ethanol in yeast-

fermentation beer.  Our continuous bioprocess produced n-caproic acid, a 6-carbon-chain 

carboxylic acid that is more valuable than ethanol.  No antimicrobials to inhibit methanogens were 

necessary.  In-line product extraction achieved an n-caproic acid production rate exceeding 2 

grams per liter of reactor volume per day, which is comparable to established bioenergy systems 

with microbiomes.  Incorporation of other organics found in beer increased the mass of carbon in 

n-caproic acid by 10% compared to ethanol.  
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A5.2: Agler, M.T., Spirito, C.M., Usack, J.G., Werner, J.J. and Angenent, L.T. (2014) 

 Development of a highly specific and productive process for n-caproic acid 

 production: applying lessons from methanogenic microbiomes. Water science and 

 technology 69(1), 62-68. 

 

High productivity and specificity in anaerobic digesters arise because complex microbiomes 

organize into a metabolic cascade to maximize energy recovery and to utilize the advantage that 

the gaseous end product methane freely bubbles out of the system.  These lessons were applied to 

ascertain whether a reactor microbiome could be shaped to produce a different end product.  The 

liquid product n-caproic acid was chosen, which is a 6-carbon-chain carboxylic acid that is 

valuable and that has a relatively low maximum solubility concentration for product recovery.  

Acetoclastic methanogenesis was inhibited by pH control and a route was provided for n-caproic 

acid extraction by implementing selective, in-line recovery.  Next, ethanol was supplemented to 

promote chain elongation, which is a pathway in which short-chain carboxylic acids are elongated 

sequentially into medium-chain carboxylic acids with two-carbon units derived from ethanol.  The 

reactor microbiome developed accordingly with the terminal process catalyzed by chain-

elongating bacteria.  As a result, n-caproic acid production rates increased to levels comparable to 

anaerobic digestion systems for solid waste treatment.  
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A5.3: del Agua, I., Usack, J.G. and Angenent, L.T. (2015) Comparison of semi-batch vs. 

 continuously fed anaerobic bioreactors for the treatment of a high-strength, solids-

 rich pumpkin-processing wastewater. Environmental Technology 36(15), 1974-1983. 

 

The objective of this work was to compare two different high-rate anaerobic bioreactor 

configurations – the anaerobic sequencing batch reactor (ASBR) and the upflow anaerobic solid 

removal (UASR) reactor – for the treatment of a solid-rich organic wastewater with a high strength.  

The two, 4.5-L reactors were operated in parallel for close to 100 days under mesophilic conditions 

(37°C) with non-granular biomass by feeding a pumpkin wastewater with ∼4% solids.  The 

organic loading rate of pumpkin wastewater was increased periodically to a maximum of 8g 

COD·L−1∙d−1 by shortening the hydraulic retention time to 5.3 days. Compositional analysis of 

pumpkin wastewater revealed deficiencies in the trace metal cobalt and alkalinity.  With 

supplementation, the ASBR outperformed the UASR reactor with total chemical oxygen demand 

(COD) removal efficiencies of 64% and 53%, respectively, achieving a methane yield of 0.27 and 

0.20L CH4∙g−1 COD fed to the ASBR and UASR, respectively. The better performance realized 

with the ASBR and this specific wastewater was attributed to its semi-batch, dynamic operating 

conditions rather than the continuous operating conditions of the UASR reactor.  
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A5.4 Ge, S., Usack, J.G., Spirito, C.M. and Angenent, L.T. (2015) Long-Term n-Caproic 

 Acid Production from Yeast-Fermentation Beer in an Anaerobic Bioreactor with 

 Continuous Product Extraction. Environmental Science & Technology 49(13), 8012-

 8021. 

 

Multifunctional reactor microbiomes can elongate short-chain carboxylic acids (SCCAs) to 

medium-chain carboxylic acids (MCCAs), such as n-caproic acid.  However, it is unclear whether 

this microbiome biotechnology platform is stable enough during long operating periods to 

consistently produce MCCAs.  During a period of 550 days, we improved the operating conditions 

of an anaerobic bioreactor for the conversion of complex yeast-fermentation beer from the corn 

kernel-to-ethanol industry into primarily n-caproic acid.  We incorporated and improved in-line, 

membrane liquid–liquid extraction to prevent inhibition due to undissociated MCCAs at a pH of 

5.5 and circumvented the addition of methanogenic inhibitors.  The microbiome accomplished 

several functions, including hydrolysis and acidogenesis of complex organic compounds and 

sugars into SCCAs, subsequent chain elongation with undistilled ethanol in beer, and 

hydrogenotrophic methanogenesis.  The methane yield was 2.40 ± 0.52% based on COD and was 

limited by the availability of carbon dioxide.  We achieved an average n-caproate production rate 

of 3.38 ± 0.42 g L–1 d–1 (7.52 ± 0.94 g COD L–1 d–1) with an n-caproate yield of 70.3 ± 8.81% and 

an n-caproate/ethanol ratio of 1.19 ± 0.15 based on COD for a period of ∼55 days.  The maximum 

production rate was achieved by increasing the organic loading rates in tandem with elevating the 

capacity of the extraction system and a change in the complex feedstock batch.  
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A5.5 Perano, K.M., Usack, J.G., Angenent, L.T. and Gebremedhin, K.G. (2015) 

 Production and physiological responses of heat-stressed lactating dairy cattle to 

 conductive cooling. Journal of Dairy Science 98(8), 5252-5261. 

 

The objective of this research was to test the effectiveness of conductive cooling in alleviating heat 

stress of lactating dairy cows.  A conductive cooling system was built with waterbeds (Dual 

Chamber Cow Waterbeds, Advanced Comfort Technology Inc., Reedsburg, WI) modified to 

circulate chilled water.  The experiment lasted 7 wk.  Eight first-lactation Holstein cows producing 

34.4 ± 3.7 kg/d of milk at 166 ± 28 d in milk were used in the study.  Milk yield, dry matter intake 

(DMI), and rectal temperature were recorded twice daily, and respiration rate was recorded 5 times 

per day. During wk 1, the cows were not exposed to experimental heat stress or conductive cooling.  

For the remaining 6 wk, the cows were exposed to heat stress from 0900 to 1700 h each day. 

During these 6 wk, 4 of the 8 cows were cooled with conductive cooling (experimental cows), and 

the other 4 were not cooled (control cows).  The study consisted of 2 thermal environment 

exposures (temperature-humidity index mean ± standard deviation of 80.7 ± 0.9 and 79.0 ± 1.0) 

and 2 cooling water temperatures (circulating water through the water mattresses at temperatures 

of 4.5°C and 10°C).  Thus, a total of 4 conductive cooling treatments were tested, with each 

treatment lasting 1 wk.  During wk 6, the experimental and control cows were switched and the 

temperature-humidity index of 79.0 ± 1.0 with 4.5°C cooling water treatment was repeated.  

During wk 7, waterbeds were placed directly on concrete stalls without actively cooling the water.  

Least squares means and P-values for the different treatments were calculated with multivariate 

mixed models.  Conductively cooling the cows with 4.5°C water decreased rectal temperature by 

1.0°C, decreased respiration rate by 18 breaths/min, increased milk yield by 5%, and increased 

DMI by 14% compared with the controls.  When the results from the 2 cooling water temperatures 

(4.5°C and 10°C circulating water) were compared, we found that the rectal temperature from 
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4.5°C cooling water was 0.3°C lower than the rectal temperature with 10°C cooling water, but the 

other measurements (respiration rate, milk production, and DMI) did not show a statistically 

significant difference between the cooling water temperatures.  Placing waterbeds on concrete 

stalls without additional cooling did not have a measurable effect in alleviating the heat stress of 

the cows. 
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A5.6 Regueiro, L., Spirito, C.M., Usack, J.G., Hospodsky, D., Werner, J.J. and Angenent, 

 L.T. (2015) Comparing the inhibitory thresholds of dairy manure co-digesters after 

 prolonged acclimation periods: Part 2 – correlations between microbiomes and 

 environment. Water Research 87, 458-466. 

 

Here, we studied the microbiome succession and time-scale variability of four mesophilic 

anaerobic reactors in a co-digestion study with the objective to find links between changing 

environmental conditions and the microbiome composition.  The changing environmental 

conditions were ensured by gradual increases in loading rates and mixing ratios of three co-

substrates with a constant manure-feeding scheme during an operating period longer than 900 

days.  Each co-substrate (i.e., alkaline hydrolysate, food waste, and glycerol) was co-digested 

separately. High throughput 16S rRNA gene sequencing was used to examine the microbiome 

succession.  The alkaline hydrolysate reactor microbiome shifted and adapted to high 

concentrations of free ammonia, total volatile fatty acids, and potassium to maintain its function.  

The addition of food waste and glycerol as co-substrates also led to microbiome changes, but to a 

lesser extent, especially in the case of the glycerol reactor microbiome.  The divergence of the food 

waste reactor microbiome was primarily linked to increasing free ammonia levels in the reactor; 

though, these levels remained below previously reported inhibitory levels for acclimated biomass.  

The glycerol reactor microbiome succession included an increase in Syntrophomonadaceae family 

members, which have previously been linked to long-chain fatty acid degradation. The glycerol 

reactor exhibited rapid failure and limited adaptation at the end of the study. 
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B: Protocols 

B.1: Ammonia Determination (Ion-Selective Electrode Method) 

Reagents: 

Distilled-Deionized water 

Stock ammonium chloride solution (1M) 

Diluted standards of ammonium chloride (.001M, .01M, and .1M) 

Procedure: 

1. Place 25mL of standard solution or sample into 100 mL beaker 

2.  Immerse electrode while mixing with magnetic stirrer on a relatively low rate to 

minimize evaporation 

3. Add 1 mL of ammonia adjusting ISA solution to beaker 

4.  Allow time for electrode to equilibrate, and record mV reading 

Calculations: 

Prepare a standard curve of concentration of ammonium chloride vs. mV readings on a 

semi-logarithmic graph.  Use graphing tools to fit a logarithmic curve to the points, with 

R2 ≥ 0.98.  Last, fit sample points to the standard curve to find concentrations 
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B.2 Chemical Oxygen Demand (COD) – Closed Reflux Titrimetric Method 

 

Reagents: 

 Standard potassium dichromate digestion solution, 0.0167M: 

Add to about 500 mL distilled water: 4.913 g K2Cr207, 167 mL conc H2SO4, and 

33.3 g HgSO4. Dissolve, cool to room temperature and dilute to 1000mL. 

 Sulfuric acid reagent 

  Add 5.5g AgSO4 per kg H2SO4 , may need to dissolve 1-2 days 

 Ferroin indicator solution (available commercially) 

 Standard ferrous ammonium sulfate titrant (FAS), approximately 0.05M: 

Dissolve 19.6 g Fe(NH4)2(SO4)2*6H2O in distilled water. Add 10mL conc 

H2SO4, cool, and dilute to 1000mL.  

 

Procedure: 

1. Dilute sample to less than 300 mg O2·L-1 

2. For soluble COD, filter through 0.22 um pore size nitrocellulose membrane 

3. Wash culture tubes and caps thoroughly and dry before use.  

4. Add 2.5 mL sample in culture tube, each sample at least in duplicate  

5. Add 1.5 mL digestion solution. 

6. Add 3.5 mL sulfuric acid reagent by carefully running down inside of vessel to 

maintain acid layer. 

7. Tightly cap tubes or seal ampules and invert each several times to mix.  

8. Place tubes in block digester set to 150oC for120 minutes.  

9. Cool to room temperature, remove caps, pour sample into small flask and add 

PTFE-covered magnetic stirring bar. 

10. Add 1-2 drops of ferroin indicator and stir rapidly on magnetic stirrer while 

titrating with 0.05M FAS. The end point is a sharp color change from blue-green 

to red-brown. 

 

Calculation: 
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317 
 

B.3 Standard Operating Procedure for GC Evaluation of Individual Volatile Fatty Acids 

(VFAs) by Lauren Harroff 

Sample Preparation and Storage: 

1. Centrifuge samples and filter (0.2 μm) to remove any suspended solids. 

2. Undiluted samples (no formic acid added) may be stored in 4° C refrigerator or freezer for 

subsequent analysis.  Depending on the sample, it may need to be centrifuged and/or 

filtered again after thawing.  If there is any possibility of suspended solids, make sure to 

refilter or centrifuge. 

3. Each sample vial will contain: 3 mM 2-ethylbutytric acid (internal standard), sample 

(diluted to <7 mM for individual VFA of interest), and 2% formic acid (to raise total 

volume to 1 mL or 500μL) 

a. Add appropriate volume of sample to obtain <7 mM of the specific VFA of interest. 

If measuring multiple VFAs, multiple dilutions may be needed.  

b. Add stock internal standard. There should be a stock of 30 mM 2-ethylbutryic acid 

diluted in 2% formic acid. If using 1 mL total volume in the vial, add 100 μL of this 

stock solution. If using 500 μL total volume, add 50 μL stock solution. 

c. Add 2% formic acid to bring total volume to either 500 μL or 1 mL. 

d. Close vial immediately after adding formic acid. 

*** Note: Final pH of sample must be approximately 2 in order to in order to push the 

fatty acids in the sample into the undissociated form. Depending on the alkalinity of 

the sample, this will restrict options for choosing dilutions. If sample contains very low 

concentrations of VFAs, a more concentrated formic acid solution can be used for 

dilutions to allow lower pH at higher sample concentration.  
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Standard Preparation: 

The stock solution of volatile fatty acids (stored in the refrigerator in B68) contains 10 mM each 

of: formic, acetic, propionic, iso-butyric, butyric, iso-valeric, valeric, iso-caproic, caproic, and 

heptanoic acids. 

Make at least 5 standards of varying dilutions to create a standard curve. Typically a curve is 

created with 1, 2, 3, 5, and 7 mM. Choose appropriate concentrations based on expected 

concentrations in samples. If sample concentrations are low, the GC can detect accurately down 

to about 0.1 mM, but the standard curve needs to include points in this range. Standards cannot be 

created above 7 mM because the pH will not be sufficiently low to volatilize the fatty acids.  

Make additional “check standards” of known concentration to mix in the run with samples. This 

provides quality control because the measured concentrations can be compared to the known 

concentrations. (See below in “Loading Samples” for more details.) 

Make several blank vials of only 2% formic acid. These will be run as the first vial, after the set 

of standards, after every 5 samples, and as the final vial.   

Start-up: (GC 1, closest to fume hoods) 

1. FIRST turn on the compressed air, helium, and hydrogen cylinders by opening the main 

cylinder valves. 

2. Locate the ball valves that open the gas lines to the individual GCs. Valves for most gases 

can be found on manifolds at the center of the lab bench where the GCs are located. Valves 

for hydrogen are located next to the hydrogen gas cabinet. Open the appropriate ball valves 

for each gas (air, helium, and hydrogen) labeled as GC 1.   

3. Add name, date, and planned number of samples to the logbook. 
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4. If the septum has not been changed for over 50 injections (recorded in logbook), change it 

now. 

a. Remove the injector tower by lifting straight up off of the support rod. Place injector 

tower on the top of GC 2 or on shelf.  

b. Remove the nut (green in photo) at injection site.  

c. Remove green septum and discard. Septum may be lodged inside the nut. 

d. Place in new septum and replace nut. Only finger tighten the nut. It does not need 

to be overly tight.  

e. Replace injector tower by aligning metal support rod with appropriate port on the 

bottom of the tower.  

5. If the glass injector sleeve has not been replaced for over 150 injections (recorded in log 

book), replace now. If acetate measurements are important, check the glass injector sleeve 

for contamination even if it has been recently replaced.  

a. Remove injector tower. 

b. Open top door of the GC.  

c. Use wide wrench located on bench next to the GCs to loosen the larger nut 

underneath septum nut.   

d. Squeeze pointed forceps together and insert into injection port.  

e. Allow forceps to expand and pull straight up to remove glass injector sleeve. 

f. If contamination is visible, place used injector sleeve in glass Nalgene bottle labeled 

25% H2SO4 and containing other glass sleeves. Use forceps to remove clean sleeve 

from bottle. 

g. Rinse new sleeve with ethanol followed by DI water.  
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h. Dry with compressed air from the lab bench.  

i. Use forceps to drop new, clean sleeve into injection port with flared end at the top.  

j. Tighten nut with wrench. Again, does not need to be overly tight but this one is a 

bit harder than the septum nut. 

k. Replace injector tower. 

6. Turn the switch on the bottom left corner of the front face of the machine on. 

7. Turn on the communication module (box located to the left of the GC). 

8. On the Windows 98 computer, open “Instrument 1 (online)” from the desktop. If 

“Instrument 1 (offline)” is already open, close that before opening the online program.  

9. After Chemstation loads on the GC, check that the oven, front injector, and front detector 

are all on and temperatures are set to 70, 200, and 275° C, respectively.  

10. Empty waste vials and methanol (Solvent A) from the injection tower into the GC waste 

bottle (stored under the right-hand fume hood when back is to the windows). 

11. Refill Solvent A with fresh methanol (found under the right-hand fume hood in B68A). 

12. Empty and refill Solvent B vial with DI water.  

***Both Solvent A and Solvent B should be filled completely! The needle only lowers down 

to about the 2 mL mark, so if the vials contain less than 2 mL of liquid, the needle will not be 

cleaned. 

13. Remove and clean needle. 

a. Open door on the injection tower. 

b. Swing open the tab located about halfway up the syringe barrel that is holding the 

needle in place. 

c. Unscrew the nut holding the plunger and slide nut up. 
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d. Pull needle forward from point D on the photo and then lift up to remove. 

(Otherwise the needle tip will get caught on the bottom stand.) 

e. Remove plunger and clean the plunger and syringe barrel using ethanol, soap, and 

DI water. Check that the plunger moves smoothly through the barrel.  

f. Fill a small beaker with DI water and check that the needle takes up and dispels 

water properly.  

g. Replace needle properly. Hold needle at an angle and align needle tip with position 

on gray stand. Then slide into position at point D. Rescrew the nut a point C and 

replace the tab at point B.  

Start-up: (GC 3, closest to windows) 

1. FIRST turn on the compressed air, helium, and hydrogen cylinders by opening the main 

cylinder valves.  

2. Locate the ball valves that open the gas lines to the individual GCs. Valves for most gases 

can be found on manifolds at the center of the lab bench where the GCs are located. Valves 

for hydrogen are located next to the hydrogen gas cabinet. Open the appropriate ball valves 

for each gas (air, helium, and hydrogen) labeled as GC 3.   

3. Turn on gases at the GC. Turn needle valves on Detector A panel (top left) for air, 

hydrogen, and aux gas (helium) to the left to turn on. Valves should be turned all the way 

open, but do not force them. They can get stuck.   

4. Add name, date, and planned number of samples to the logbook. 

5. If the septum has not been changed for over 50 injections (recorded in logbook), change it 

now.  
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a. Remove the injector tower by lifting straight up off of the support rod. Place injector 

tower on the top of GC 2 or on shelf.  

b. Remove the nut (black in photo) at injection site.  

c. Remove green septum and discard. Septum may be lodged inside the nut. 

d. Place in new septum and replace nut. Only finger tighten the nut. It does not need 

to be overly tight.  

e. Replace injector tower by aligning metal support rod with appropriate port on the 

bottom of the tower.  

6. If the glass injector sleeve has not been replaced for over 150 injections (recorded in log 

book), also replace this now. If acetate measurements are important, check the glass 

injector sleeve for contamination even if it has been recently replaced.  

a. Remove the injector tower by lifting straight up off of the support rod. Place injector 

tower on the top of GC 2 or on shelf.  

b. Unscrew black septum cover at injection site.  

c. Remove green septum and discard. Septum may be lodged inside the cover. 

d. Squeeze pointed forceps together and insert into injection port.  

e. Allow forceps to expand and pull straight up to remove glass injector sleeve. 

f. If contamination is visible, place used injector sleeve in glass Nalgene bottle labeled 

25% H2SO4 and containing other glass sleeves. Use forceps to remove clean sleeve 

from bottle. 

g. Rinse new sleeve with ethanol followed by DI water.  

h. Dry with compressed air from the lab bench.  

i. Use forceps to drop new, clean sleeve into injection port with flared end at the top. 
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j. Place in new septum and replace cover. Finger tighten. 

k. Replace injector tower by aligning metal support rod with appropriate port on the 

bottom of the tower.  

7. Turn the switch on the bottom right corner of the right face of the machine on. 

8. Turn on the communication module (box located to the left of the GC). 

9. On the Windows 98 computer, open “Instrument 3 (online)” from the desktop. If 

“Instrument 3 (offline)” is already open, close it before opening the online program.  

10. After Chemstation loads on the GC, check that the oven, front injector, and front detector 

are all on and temperatures are set to 70, 200, and 275° C, respectively.  

11. Empty waste vials and methanol (Solvent A) from the injection tower into the GC waste 

bottle (stored under the right-hand fume hood when back is to the windows). 

12. Refill Solvent A with fresh methanol (found under the right-hand fume hood in B61A). 

13. Empty and refill Solvent B vial with DI water.  

***Both Solvent A and Solvent B should be filled completely! The needle only lowers down 

to about the 2 mL mark, so if the vials contain less than 2 mL of liquid, the needle will not be 

cleaned. 

14. Remove and clean needle. 

a. Open door on the injection tower. 

b. Swing open the tab located about halfway up the syringe barrel that is holding the 

needle in place. 

c. Unscrew the nut holding the plunger and slide nut up. 

d. Pull needle forward from point D on the photo and then lift up to remove. 

(Otherwise the needle tip will get caught on the bottom stand.) 
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e. Remove plunger and clean the plunger and syringe barrel using ethanol, soap, and 

DI water. Check that the plunger moves smoothly through the barrel.  

f. Fill a small beaker with DI water and check that the needle takes up and dispels 

water properly.  

g. Replace needle properly. Hold needle at an angle and align needle tip with position 

on gray stand. Then slide into position at point D. Rescrew the nut a point C and 

replace the tab at point B.  

15. Once the GC reaches operating temperatures (~15 minutes), light the detector. 

a. Press “SIG 1” button on the front face of the GC twice to display the signal output 

from Detector A. 

b. Open the top door of the GC. 

c. Push the “FID Ignite” button on the Detector A panel on the top left of the front 

face of the GC. Simultaneously hold a lit match or lighter over the detector. 

d. Release the “FID Ignite” button. If the signal output maintains a reading of 12-15, 

then the detector is lit. If the signal drops back to 0-0.5, try to ignite again. 

16. Allow 15 minutes to equilibrate. The signal output should maintain a steady reading (~25) 

before starting a run.  

Loading Samples (this can be performed while waiting for the GC to warm up) 

1. Load your samples into the autosampler trays. Ensure that the “Vial 1” position on the tray 

is aligned with the “1” position on the autosampler. 

2. Include a blank vial containing only 2% formic acid as the first vial, after the set of 

standards, after every 5 samples, and as the final vial.  
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3. Approximately every 10 vials add one of the “check standards” created during “Standard 

Preparation”. 

4. As best as can be predicted, try to load the samples in order from most dilute to most 

concentrated.  

5. For quality control, recommended run length is a maximum of 50 vials including blanks 

and standards. After a long period of time, the GC measurements tend to fluctuate.  

Loading Sequence on the Computer 

1. From the “Online” computer program (Instrument 1 or 3 depending on which machine is 

being used), click “New Sequence” from the “Sequence” menu. 

2. Open “Sequence Table” from the “Sequence” menu. 

3. Open “Insert/FillDown Wizard”. 

4. For “Starting location” enter “1” to indicate the location of your first vial. 

5. For “Number of lines to insert” enter the total number of vials you are running (standards + 

blanks + samples) 

6. For “Method name” enter “VFAISTD” for GC 1 or “3VFAISTD” for GC 3. 

7. For “Inj./Location” enter “1” to indicate the number of times each vial will be sampled. 

8. Scroll to the right, and enter “3” For “ISTD Amount” to indicate that each vial contains 3 

mM of the internal standard.  

9. For “Inj. volume” enter “1”. 

10. Leave other fields blank and press “OK”.  

11. “Cut” the first line if it was left blank.  

12. Under “Sample Name” enter the individual sample name for each vial. 
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13. For every formic acid blank, change “Inj/Location” to “3” and change “ISTD Amount” to 

blank (Do not enter “0” or you will receive an error.) 

14. Click “OK”. 

15. Open “Sequence Parameters” from the “Sequence” menu. 

16. Enter your initials for “Operator Name”. 

17. Enter the folder name where you will find your data for “Subdirectory”. We typically use 

initials followed by the date. (Ex: LH140428 for a run on April 28, 2014).  

18. Click “OK”. 

19. A message will be displayed asking permission to create the subdirectory you have named. 

Click “OK”. 

20. If you will use the same or similar sequence in the future, save your sequence under “Save 

Sequence as” from the “Sequence” menu.  

Starting Injections 

1. Check that the method displayed on the main screen of the online program reads 

“VFAISTD.M” for GC 1 or “3VFAISTD.M” for GC 3. 

2. Check that the box above “Start” and “Stop” buttons is green and reads “Ready”. 

3. Once it is ready, press “Start”. 

4. Wait for the GC to run through the syringe and needle cleaning process and inject the first 

blank before walking away. Most problems occur during this first injection. 

5. If the computer displays a plunger error or injector error message, check that the plunger 

of the syringe moves freely and takes up and dispels water appropriately. Clean the needle 

and syringe again if necessary and restart the sequence. 
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6. If possible, create a standard curve and check for a linear relationship as soon as the 

standards have finished running. (See “Data Analysis” for instructions.) This step allows 

potential errors to be identified before all samples have been run. 

Shutting Down: (GC 1, closest to fume hoods) 

1. Close the “Instrument 1 (Online)” program on the computer, and turn off the 

communication module. 

2. On the front of the GC, push the “Oven” button and turn the temperature off. Do the same 

for “Front Inlet” and “Front Det”. 

3. Once each component has cooled to at least 100° C, turn off the GC. 

4. Turn off the helium, hydrogen, and compressed air cylinders ONLY if none of the other 

GCs are running.  

Shutting Down: (GC 3, closest to windows) 

1. Close the “Instrument 3 (Online)” program on the computer, and turn off the communication 

module. 

2. Turn off the hydrogen valve at the GC to extinguish the detector flame. 

3. On the front of the GC, push the “OVEN TEMP” button and turn the temperature off. Do 

the same for “INJ A TEMP” and “DET A TEMP”. 

4. Once each component has cooled to at least 100° C, turn off the GC. 

5. Turn off the helium, hydrogen, and compressed air cylinders ONLY if none of the other 

GCs are running.  

Data Analysis 

1. Open “Instrument 1 (offline)” for GC 1 or “Instrument 3 (offline)” for GC 3 

2. Open “Load Signal” from the “File” menu.  
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3. Under the folders “HPCHEM”, “1” (or “3” for GC 3), and “DATA”, find the folder with 

the subdirectory name that you created previously from “Sequence Parameters”. 

4. Select the first standard vial. Usually the file name will read “002F0201.D” because the first 

vial was a blank. The first number (“002”) indicates the location number of the vial. Click 

“OK”. 

5. Check that the method displayed on the main screen is “VFAISTD.M” or “3VFAISTD.M”.  

6. Click the integration button. If an error or warning message is displayed, click “OK”. Those 

errors will be fixed later. 

7. Click the manual integration button. 

8. Remove and unwanted peaks by dragging the mouse above the peak. 

9. Select “New Calibration Table” from the “Calibration” menu.  

10. For “Default Amount” enter the mM concentration of the first standard, usually “1”. Click 

“OK”. If asked to overwrite the existing calibration table, select “Yes”. 

11. On the table, name the compound for each peak. There should be 10 peaks that come out in 

the following order: 

1. Acetic acid (Ac) 

2. Propionic acid (Pr) 

3. iso-Butyric acid (iB) 

4. Butyric acid (Bu) 

5. iso-Valeric acid (iV) 

6. Valeric acid (Va) 

7. Internal Standard (ISTD) 

8. iso-Caproic acid (iC) 
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9. Caproic acid (Ca) 

10. Heptanoic acid (Hep) 

12. For peak #7 (“ISTD”), on the column named “ISTD” change the drop-down back from “No” 

to “Yes”. 

13. Click the blank box immediately to the right from the “#” column and enter “3” for “ISTD 

Amount”. Click “OK”. The remaining rows for the “#” column should fill in with “1” to 

indicate the ISTD that you have just named.  

14. Load the next standard vial by selecting “Load Signal” from the “File” menu. The computer 

will automatically recognize the correct peaks identified in the calibration table, so steps 6 

and 7 do not need to be repeated for the remaining vials.  

15. Select “Add Level” from the “Calibration” menu.  

16. Enter the concentration of the standard for “Default Amount” and click “OK”. 

17. Repeat steps 14 and 15 to load all standards. 

18. At this point, the curves will look approximately like a straight vertical line because the 

ISTD concentrations are incorrect. On the calibration table, change the “Amt[mM]” values 

to “3” for all levels of the internal standard.  

19. The computer will create a standard curve for each individual VFA. Check that all curves 

have a strong linear correlation (~ 0.995 or higher) by clicking on each compound name on 

the table. 

20. Save the standard curve as a method. From the “File” menu, select “Save As” and then 

“Method”. Change the method name to something you will recognize. We typically use the 

same name as the subdirectory (Ex: LH140428). Click “OK”, leave “Comment for method 

history” blank, and click “OK” again.  
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21. From the “Batch” menu, select “Load Batch”. In the right-hand box, select the subdirectory 

name you used for “Sequence Parameters”. Open the folder “hpchem”, “1” for GC 1 or “3” 

for GC 3,  “data”, and then double click the subdirectory name. In the box on the left click 

the batch name. There should only be one listed. It will either be called “DEF_GC.B” or 

another name that you gave it when creating the sequence. Click “OK”. 

22. Under “Method to Process Batch Data”, click “Other Method”, and select the method name 

that you just saved in step 20. Under “Select Runs for Batch Processing” click “Select All”.  

Click “OK”. 

23. Wait for the batch to load. Click the “Start” button with a green arrow located toward the 

bottom of the screen. 

24. Wait for the program to analyze each data file. Depending on the number of samples this 

may take 5-15 minutes. When the “Start” button is highlighted again, then the batch is 

finished. 

25. From the “Batch” menu select “Output Batch Report” to export the data report to Excel.  

26. The Excel report can be found under My Computer/Local Disk (C:)/ HPCHEM/ 1 or 3 

(depending on GC used)/ DATA/ your subdirectory name (LH1404228). In that folder you 

will find a folder with data for each sample that was analyzed. At the end of those folders is 

an Excel file called “REPORT01.xls” that contains all of the analyzed results. 

27. Open the Excel file. Select the “Labels” worksheet. Select cells E3:E25 and copy them. 

Select the “Data” worksheet. Select cell C1, “Paste Special”, and “Transpose” to insert the 

correct column names. The first column for each VFA shows the retention time of the peak 

measured. The second column gives the concentration in mM calculated based on the 

created standard curves.   
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B.4 Total, Volatile, and Fixed Solids (TS, VS, FS) 

 

Materials: 

1. Porcelain crucibles 

2. 50 mL graduated cylinder 

3. Solids samples 

 

Procedure: 

1. Place clean and dry crucible in desiccator for 15-30 minutes 

2. Record the tare mass of the crucible 

3. Add known volume of well-mixed sample, usually 25mL 

4. Rinse graduated cylinder into crucible to get all solids out 

5. Dry overnight at 105°C, desiccate, and record mass 

6. Burn at 550°C in muffle furnace for 30-60 min, or until sample loses no more 

weight with subsequent burnings (60 min is usually sufficient). 

7. Desiccate and record mass. 

 

Calculation: 

TS = (D – T) ∙ V-1 

VS = (D – A) ∙ V-1 

FS = TS – VS 

Where: 

T = Tare mass 

D = Dry mass 

A = Ash mass 



332 
 

V = Volume of sample 
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B.5 Volatile Fatty Acid (VFA) – Titrimetric Method 

 

Reagents: 

1:1 Sulfuric acid : DDI water 

Standard sodium hydroxide titrant, 0.1N 

Acetic acid stock solution, 2000 mg∙L-1 

 

Procedure: 

1. If the sample contains high solids, centrifuge to obtain 100mL supernatant 

2. Add 100 mL sample and 100 mL DI water (you may use 50 mL sample and 150 

mL DI water if VFA levels are high) to 500 mL flask 

3. Add 5mL 1:1 H2SO4:DI water, and mix 

4. Add several clay chips and connect to distillation apparatus 

5. In a 250 mL graduated cylinder, collect 150 mL, pouring off the first 15 mL 

6. Titrate the distillate with 0.1N NaOH to pH of 8.3 

 

Calculation: 

VFA (mg∙L-1) = (mL NaOH x 0.1 mol∙L-1 x 60,000) ∙ (mL sample ∙ F) 

To determine ‘F’ for your distillation column – dilute an appropriate volume of acetic 

acid stock solution to approximate the expected sample concentration and distill as for a 

sample.  

  F = VFA recovered ∙ VFA-1 in standard solution  

  A = volatile acid concentration recovered in distillate, mg∙L-1  

  B = volatile acid concentration in standard solution used, mg∙L-1 
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