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There are over 3,700 active and decommissioned municipal solid waste (MSW) landfill sites
located in Ontario (MOE, 1991). Under current legislation, these landfill sites must be
rehabilitated to a defined end use when decommissioned. In Ontario, the primary prescribed
end use of closed landfills is typically agriculture, and that end use can lead to food-consumer
concerns, due to the perceived risk of potential contamination from legacy materials found in
landfills. Converting these sites to produce biomass-energy crops instead of food crops could
mitigate that concern and also help to avoid the current controversy with bioenergy-crop
production on high-capability agricultural land.

In this study, a 3.5-year field program with subsequent verification and analysis investigated and
developed rehabilitation prescriptions using locally obtained topsoil and soil-forming materials
(subsoil) to develop anthropogenic soil profiles on top of a sealed landfill cover (clay cap). These
prescriptions provided crop productivity at least as good as, and generally better than, local
agricultural soils. Mixed forages and biomass-specific crops (warm season grasses) were grown
on these soils in replicated plot trials to evaluate the efficacy of a range of soil treatments.

Following establishment of technical feasibility for site rehabilitation, economic modeling was
conducted to determine the feasibility of using these anthropogenic soils for the production of
forage crops, biofuel feedstock, and simple energy products at a scale consistent with typical

landfill sites in Ontario. An economic model was developed to aid proponents in selecting
appropriate rehabilitation methods and to assess potential bioenergy-crop outputs for their site.

This study demonstrated that while it is technically feasible to rehabilitate these waste sites to
produce agricultural crops and/or biofuel feedstock, the scale of typical landfill sites makes it
very difficult to compete, from an economic perspective, with conventional energy sources.
However, the diverted incoming materials, such as leaf and yard waste, compostable biosolids,
and paper mill waste, can be used in the development of manufactured soil profiles for
rehabilitation, significantly reducing rehabilitation costs and facilitating more cost-competitive
production of agricultural and biomass feedstock crops.

DEDICATION

For my wife, Deborah Lynn Battiston, and my children;
Andrew, Jennifer, and David;

Thank you for your unwavering support in helping me to achieve a long-standing goal.

For my parents, Daisy and Lee Battiston, now deceased;

Thank you for convincing me, so many years ago, of the infinite value of education.

iv

ACKNOWLEDGEMENTS
First, I would like to thank Niagara Waste Systems Limited, a division of Walker Industries
Holdings Limited, for the funding and extensive technical support for this project. NWSL’s
commitment to research-driven development of rehabilitation processes, excellent technical
capabilities, and their meticulous execution of landfill best management practices was critical to
our success. Their ability to balance science with practical application made them a great
research partner.
I would also like to thank MITACS for their funding support. The MITACS program is a fine
example of how to bring industry and research bodies together to advance science and
technology in a practical way.
To Dr. Raymond McBride, my advisor: Thank you, Ray, for your patience and guidance, and your
confidence in me through my doctoral program. It has been a pleasure working with you again
and having your insight and vast knowledge available as a resource throughout this process.
Thank you to the members of my advisory committee, Dr. Bill Deen, Dr. Glenn Fox, and Dr. Andy
Gordon for your support and perspectives from your own areas of expertise, and to my
examining committee, Dr. Paul Voroney, Dr. Peter Schleifenbaum , and Dr. Alfons Weersink for
your support and guidance.
Thank you to my fellow graduate students, Rachel Slessor and Geoff Mercer, and our field crew,
Peter Zwart, Don Irvine, Greg Asmussen, Jennifer Smith, and Nicole Novodvorsky, all of whom
made toiling on a landfill during the hot summer months a surprisingly enjoyable experience. I
would also like to thank James Chubb for his assistance with MS-Excel modeling and Crystal
Masterson for her editing and organization efforts.
Finally, to my family, who were immensely supportive as “Dad” chased a lifelong dream, thank
you for your patience and humour through this process.

v

TABLE OF CONTENTS
1

INTRODUCTION AND SCOPE OF STUDY..........................................................................1
1.1

BACKGROUND: A STUDY ON THE POTENTIAL FOR GRASSLAND, ARABLE AGRICULTURE ON MSW

LANDFILL COVERS IN SOUTHERN ONTARIO............................................................................................ 2
1.2

PHASE I: ESTABLISHING TECHNICAL FEASIBILITY ........................................................................ 4

1.3

PHASE II: ECONOMIC FEASIBILITY OF BIOFUEL FEEDSTOCK PRODUCTION USING CONVENTIONAL

REHABILITATION METHODS ................................................................................................................ 7
1.3.1

Background .............................................................................................................. 7

1.3.2

Preliminary Economic Modeling: Background ......................................................... 9

1.3.3

Economic and Sustainable Bioenergy-Feedstock Production Analysis .................. 10

1.3.4

Economics of Biomass Conversion to Fuel ............................................................. 11

1.3.5

Summary of Phase II............................................................................................... 12

1.4

PHASE III: DEVELOPMENT OF THE REHABILITATION PROCESS TO REDUCE TOTAL REHABILITATION

COSTS ....................................................................................................................................... 13
1.4.1

Soil-Profile Building Costs ....................................................................................... 14

1.4.2

Managing Soil-Water-Storage Capacity to Reduce Profile-Building Costs ............ 14

1.4.3

Rehabilitation Process Development and Cost Analysis ........................................ 14

1.4.4

Reduction of SFM Cost through Use of Waste-Stream Diversions ......................... 15

1.4.5

Scale Up for “Proof of Concept” Trials ................................................................... 16

2

PHASE I, METHODS, RESULTS, AND DISCUSSION ON THE TECHNICAL FEASIBILITY OF

REHABILITATING A MSW LANDFILL COVER FOR GRASSLAND AGRICULTURE AND BIOFUEL
FEEDSTOCK PRODUCTION .................................................................................................... 18
2.1
vi

METHODS OVERVIEW: PHASE I ............................................................................................. 19

2.1.1

Establishment of Research Plots ............................................................................ 19

2.1.2

Treatments within Biogas Condition Factor ........................................................... 25

2.1.3

Detection of Biogas in the Root Zone ..................................................................... 26

2.1.4

Measurement of Soil Thermal Properties .............................................................. 26

2.1.5

Measurement of Soil-Water Regime...................................................................... 27

2.1.6

Soil-Amendment/Conditioning Treatments ........................................................... 28

2.1.7

Plant Species Selection ........................................................................................... 28

2.1.8

Planting and Establishment ................................................................................... 29

2.1.9

Plot Harvest and Yield Determination .................................................................... 31

2.1.10

Statistical Analysis and Observations .................................................................... 32

2.2

RESULTS AND DISCUSSION ................................................................................................... 33

2.2.1

Landfill Biogas Emissions and its Influence on the Growing Environment on the

East Landfill ............................................................................................................................ 33
2.2.2
2.3

CHARACTERISTICS OF REGIONAL AND ANTHROPOGENIC SOILS IN THIS STUDY................................ 35

2.3.1

Characteristics and Agricultural Capability of Regional Soils ................................ 35

2.3.2

Characteristics of the Anthropogenic Soils on Cells 8 and 12 ................................ 37

2.4

REGIONAL AND LOCAL GROWING SEASON WEATHER CONDITIONS (2007-2009) ......................... 40

2.4.1

Regional Growing Season Weather Conditions (2007-2009)................................. 40

2.4.2

Localized Growing-Season Weather Conditions (2007-2009)................................ 46

2.5
vii

Soil Thermal Properties and Waste-Stack Heating ................................................ 34

CROP ESTABLISHMENT AND EARLY GROWTH ........................................................................... 47

2.5.1

Cool-Season Mixed-Forage Establishment and Early Growth................................ 47

2.5.2

Switchgrass Plot Establishment and Early Growth ................................................ 47

2.6

FORAGE AND GRASS CROP GROWTH, 2008 AND 2009 GROWING SEASONS................................ 52

2.6.1

2008 Forage and Grass Crop Growth ..................................................................... 52

2.6.2

Forage Harvest and Supporting Data Collection .................................................... 55

2.7

2008 AND 2009 FORAGE YIELD OBSERVATIONS ..................................................................... 56

2.7.1

2008 Biogas (Cell) and Soil-Amendment Treatment Effects .................................. 56

2.7.2

2009 Biogas (Cell) Treatment Effects ..................................................................... 57

2.7.3

Yield Anomaly in Cell 12 with GCL Liner ................................................................. 58

2.8

EFFECT OF SOIL AMENDMENTS ON SOIL FERTILITY AND FORAGE YIELD ........................................ 61

2.8.1

Soil Fertility............................................................................................................. 61

2.8.2

Yield Differences between Control, Cell 8, and Cell 12 Blocks ................................ 64

2.8.3

Forage Quality........................................................................................................ 64

2.8.4

Biofuel-Feedstock Yields, 2009 Growing Season .................................................... 67

2.9

SCALE-UP OF RESEARCH PLOTS TO FIELD-LEVEL REHABILITATION, 2010 AND 2011 ...................... 69

2.9.1

Preliminary Soil Mixing to Ameliorate Clay Subsoil Material................................. 70

2.9.2

Field Scale-Up from Soil-Mixing Trial ..................................................................... 77

2.10

CONCLUSIONS FROM THE FIELD TRIALS CONDUCTED AT THE NWSL SITE ..................................... 81

2.11

CHAPTERS 1 & 2 REFERENCES .............................................................................................. 83

3

PHASE II: ANALYSIS OF THE ECONOMIC FEASIBILITY OF REHABILITATING THE EAST

LANDFILL FOR GRASSLAND AGRICULTURE AND BIOFUEL FEEDSTOCK PRODUCTION USING A
CONVENTIONAL REHABILITATION PROCESS .......................................................................... 88
viii

3.1

BACKGROUND AND METHODS .............................................................................................. 89

3.1.1

Assessing Economic Viability .................................................................................. 89

3.1.2

Site-Rehabilitation Costs and Process Opportunities ............................................. 91

3.1.3

Economic Considerations – Biomass Crop Production ........................................... 93

3.1.4

Bioenergy-Feedstock Production Considerations ................................................... 93

3.1.5

Economic Considerations of Biomass Conversion to Fuel ...................................... 94

3.1.6

Scale, Conversion Efficiency, and Cost Considerations........................................... 96

3.2

COST OF PRODUCTION AND FINANCIAL ANALYSIS METHODS.................................................... 100

3.2.1

Financial Analysis: A DSS Model for Business-Case Assessment .......................... 100

3.2.2

Overview of the Model: the Financial Summary Template .................................. 101

3.2.3

The Rehabilitation-Cost Module .......................................................................... 103

3.2.4

Crop-Production Cost Modeling: The Crop-Budget Template .............................. 107

3.3

RESULTS AND DISCUSSION: ECONOMIC VIABILITY OF PHASE I PRESCRIPTION.............................. 112

3.3.1

Tax Considerations for Converting Land Base from Industrial to Agricultural Tax

Rates

............................................................................................................................. 117

3.3.2

Comparison of Land Rehabilitation Costs to Land Purchase Costs ...................... 120

3.4

ECONOMIC VIABILITY OF MIXED FORAGE HAY AND BIOFUEL FEEDSTOCK PRODUCTION ON THE EAST

LANDFILL SITE .............................................................................................................................. 121
3.4.1

Development of Site and Standard Costs: Yields.................................................. 122

3.4.2

Development of Site and Standard Costs: Input Costs ......................................... 123

3.5

ix

SITE COST OF PRODUCTION AND RETURN TO LAND, MANAGEMENT AND RISK ............................ 124

3.5.1

Cost of Production Determination with DSS Model ............................................. 124

3.5.2

Site COP Sensitivity to Yield and Costs – Before Land Costs ................................. 127

3.5.3

Comparison of Effective Fuel Cost of Site-Produced Biofuel Feedstock to

Conventional Energy Sources ............................................................................................... 130
3.6

EVALUATION OF CROP ALTERNATIVES TO WARM SEASON GRASSES AS BIOFUEL FEEDSTOCK ......... 133

3.6.1

Selection Considerations for Potential Feedstock Crop Alternatives ................... 133

3.6.2

Estimated COP for Proposed Alternative Feedstock Crops at the East Landfill Site

from the DSS Model ............................................................................................................. 136
3.7

FINANCIAL ANALYSIS OF THE COST OF ON-SITE CONVERSION TECHNOLOGIES ............................. 139

3.7.1

Financial Evaluation of On-Site Small-Scale Gasification ..................................... 141

3.7.2

Financial Evaluation of Direct Combustion for On-Site Space Heating ................ 143

3.7.3

A Note on Small-Scale Combustion Systems Emissions ....................................... 146

3.8

VIABILITY OF BIOFUEL FEEDSTOCK AS A CASH CROP AT THE EAST LANDFILL ................................ 146

3.8.1

The Biofuel Feedstock Market and Prices ............................................................ 147

3.8.2

Estimation of NPV and IRR from Alternative Biofuel Feedstock Crops at NWSL.. 149

3.8.3

DSS Model Analysis of Financial Returns from Conventional Field Crops Using Site

Conditions ............................................................................................................................ 151
3.8.4

x

Choosing a Cropping System for East Landfill ...................................................... 152

3.9

CONCLUSIONS FROM THE PHASE II FINANCIAL ANALYSIS ......................................................... 155

3.10

CHAPTER 3 REFERENCES .................................................................................................... 158

3.11

CHAPTER 3 BIBLIOGRAPHY ................................................................................................. 165

4

PHASE III: DEVELOPMENT OF THE REHABILITATION PROCESS TO REDUCE TOTAL

REHABILITATION COSTS ..................................................................................................... 166
4.1

BACKGROUND AND LITERATURE REVIEW, PHASE III ................................................................ 167

4.1.1

The Relationship among Depth of Applied Soil, Yield, and Economic Returns..... 168

4.1.2

The Use of Waste Stream Diversion Materials as SFMs to Reduce Rehabilitation

Costs

............................................................................................................................. 169

4.1.3

Technical Considerations for the Use of Waste Diversions as SFM...................... 170

4.1.4

Economic Considerations for the Use of Waste Diversions as SFM ..................... 171

4.2

DETERMINING FINANCIALLY OPTIMAL SOIL DEPTH FOR THE REHABILITATION PROCESS ................ 172

4.2.1

Developing a Factor for Soil Depth Versus Expected Long-Term Soil Productivity ....
............................................................................................................................. 172

4.3

REDUCTION IN REHABILITATION COST BY UTILIZING WASTE STREAM DIVERSIONS AS SFMS TO MODIFY

AWHC AND MATERIAL COST ......................................................................................................... 176
4.3.1

Technical Considerations...................................................................................... 176

4.3.2

Strategies to Increase AWHC in Manufactured Soils ........................................... 180

4.3.3

Estimating AWHC in High-OM Manufactured Soil Mixes .................................... 181

4.3.4

Economic Considerations – Material and Process Cost ....................................... 187

4.3.5

Economic Considerations – SFM Mixing Strategies ............................................. 188

4.3.6

Overall Rehabilitation Process Optimization ....................................................... 189

4.4

RESULTS AND DISCUSSION ................................................................................................. 190

4.4.1

Estimation of Economic Returns for Mixed-Forage Hay Based on Reducing Applied

Soil Depth ............................................................................................................................. 190
4.4.2
xi

Impact of Reduced Soil Depth on Feasibility of Biofuel Feedstock Production .... 195

4.4.3

Analysis of SFM Soil Blending to Improve Rehabilitation Economics ................... 197

4.4.4

Impact Using Blended Soils on the Feasibility of Biofuel-Feedstock Production

Financial Returns .................................................................................................................. 200
4.4.5

Limitations to the Modeling Approach Used to Develop the Rehabilitation

Prescription .......................................................................................................................... 202
4.4.6
4.5

CONCLUSIONS FROM PHASE III ........................................................................................... 203

4.6

CHAPTER 4 REFERENCES .................................................................................................... 205

4.7

CHAPTER 4 BIBLIOGRAPHY ................................................................................................. 210

5

SUMMARY OF THE EAST LANDFILL REHABILITATION RESEARCH PROJECT ................... 211
5.1

INTRODUCTION ................................................................................................................ 212

5.2

SUMMARY OF PHASE I ....................................................................................................... 212

5.3

SUMMARY OF PHASE II ...................................................................................................... 213

5.4

SUMMARY OF PHASE III ..................................................................................................... 214

5.5

GENERALIZED CONCLUSIONS FROM PHASES I THROUGH III ...................................................... 214

5.5.1

Phase I .................................................................................................................. 215

5.5.2

Phase II ................................................................................................................. 215

5.5.3

Phase III ................................................................................................................ 216

5.6

xii

Current Status of Verification and Validation of Phase III ................................... 203

CURRENT STATUS AND OPPORTUNITIES FOR FUTURE RESEARCH ............................................... 217

LIST OF FIGURES
FIGURE 1- 1: AERIAL VIEW OF EAST LANDFILL (SOURCE: GOOGLE EARTH)...................................................... 6
FIGURE 2- 1: SCHEMATIC DIAGRAM OF THE WASTE CELL ARRANGEMENT AT THE EAST LANDFILL (APPROXIMATE
SCALE 1:10,000). ...................................................................................................................... 20

FIGURE 2- 2: SCHEMATIC OF EXPERIMENTAL PLATFORM LAYOUTS SHOWING DIMENSIONS (UPPER) AND
ARRANGEMENT OF BLOCKS AND INDIVIDUAL TREATMENT PLOTS (LOWER). NOTE: THE SHADED AREAS WITHIN
PLOTS REPRESENT THE 3X3M HARVEST AREAS OF THE INDIVIDUAL 7X7M PLOTS. ................................... 22

FIGURE 2- 3: VIEW OF CELL 12 EXPERIMENTAL PLATFORMS IN SEPTEMBER 2008 FOLLOWING 2ND FORAGE
HARVEST. (SOURCE: AUTHOR). ..................................................................................................... 23

FIGURE 2- 4: SCHEMATIC DIAGRAMS OF THE ANTHROPOGENIC SOIL PROFILES FOR THE BIOGAS TREATMENT
PLATFORMS, (TABLE 2-1). ........................................................................................................... 24

FIGURE 2- 5: NATURAL SOIL PROFILE OF THE CONTROL PLATFORM (SLESSOR, 2011). .................................. 36
FIGURE 2- 6: PRECIPITATION DEPARTURES FROM NORMAL FOR THE SUMMER OF 2007 (JUNE, JULY, AUGUST)
(SOURCE: ENVIRONMENT CANADA, 2008). .................................................................................... 41
FIGURE 2- 7: AMOUNT OF PRECIPITATION RECEIVED AT HAMILTON, ONTARIO FROM MARCH TO OCTOBER IN
2007 TO 2009 AND THE 30-YEAR CLIMATIC NORMALS FOR 1971-2000 (SOURCE: ENVIRONMENT CANADA,
2010). ..................................................................................................................................... 43
FIGURE 2- 8: AIR TEMPERATURE DEPARTURES FROM NORMAL FOR THE SPRING OF 2009 (MARCH, APRIL, MAY)
(SOURCE: ENVIRONMENT CANADA, 2010). .................................................................................... 44
FIGURE 2- 9: AIR TEMPERATURE DEPARTURES FROM NORMAL FOR THE SUMMER OF 2009 (JUNE, JULY, AUGUST)
(SOURCE: ENVIRONMENT CANADA, 2010). .................................................................................... 44
FIGURE 2- 10: PRECIPITATION DEPARTURES FROM NORMAL FOR THE SPRING OF 2009 (MARCH, APRIL, MAY)
(SOURCE: ENVIRONMENT CANADA, YEAR 2010). ............................................................................ 45

xiii

FIGURE 2- 11: PRECIPITATION DEPARTURES FROM NORMAL FOR THE SUMMER OF 2009 (JUNE, JULY, AUGUST)
(SOURCE: ENVIRONMENT CANADA, 2010). .................................................................................... 45
FIGURE 2- 12: WEED GROWTH IN CELL 8 MIXED FORAGE PLOTS (SOURCE: AUTHOR)..................................... 48
FIGURE 2- 13: WEED GROWTH IN CELL 8 SWITCHGRASS PLOTS (SOURCE: AUTHOR). ..................................... 49
FIGURE 2- 14: VIEW ACROSS CELL 12 IN JULY 2008 SHOWING WELL-ESTABLISHED FORAGE PLOTS IN THE
FOREGROUND AND A DENSE COVER CROP OF OATS ON THE ADJACENT “SWITCHGRASS” STRIPS BEHIND IT

(SOURCE: AUTHOR). ................................................................................................................... 53
FIGURE 2- 15: FORAGE PLOT STRIP, CELL 8 TAKEN 3 WEEKS AFTER FIRST CUT HARVEST, 2009 (SOURCE: AUTHOR).
............................................................................................................................................... 54
FIGURE 2- 16: “BIOFUEL” PLOT STRIP CELL 8 JUNE, 2009 (SOURCE: AUTHOR). ........................................... 55
FIGURE 2- 17: CHANGE IN VOLUMETRIC SOIL-WATER CONTENT (ΘV) IN THE 0-100 CM PROFILE OVER TIME
DURING THE 2008 GROWING SEASON (CELL 12 NO GCL) (SOURCE: NWSL, 2010). ............................. 60

FIGURE 2- 18: CHANGE IN VOLUMETRIC SOIL-WATER CONTENT (ΘV) IN THE 0-100 CM PROFILE OVER TIME
DURING THE 2008 GROWING SEASON (CELL 12 WITH GCL) (SOURCE: NWSL, 2010)........................... 61

FIGURE 2- 19: DENSE VOLUNTEER ALFALFA AND WEEDS GROWING ON THE UNSEEDED SOIL/LEAF-MIX PROFILE
OVER THE CLAY CAP IN AUGUST 2011 (SOURCE: AUTHOR). ............................................................... 78

FIGURE 2- 20: RUTS FROM TRACTOR TIRES BREAKING THROUGH DRY SURFACE SOIL IN SPARSE VEGETATION AREA
(SOURCE: AUTHOR). ................................................................................................................... 80
FIGURE 2- 21: EARLY GROWTH OF 2011 OAT CROP ON 1:1 CLAY/LEAF-MIX SOIL PROFILE (SOURCE: AUTHOR).. 81
FIGURE 3- 1: SCREEN CAPTURE OF THE FINANCIAL SUMMARY MODULE. ................................................... 103
FIGURE 3- 2: SCREEN CAPTURE OF “REHABILITATION COST MODULE” WITH PRESCRIPTION COMPARISON. ....... 105
FIGURE 3- 3: SCREEN CAPTURE OF THE SOIL-FORMING SUB-MODULE. ..................................................... 106
FIGURE 3- 4: SCREEN CAPTURE OF THE MODEL “CROP BUDGET SUMMARY”. ............................................. 108
xiv

FIGURE 3- 5: SCREEN CAPTURE OF “ANNUAL YIELD CURVE” MODULE. ...................................................... 109
FIGURE 3- 6: SCREEN CAPTURE OF “CROP ESTABLISHMENT MODULE”. .................................................... 110
FIGURE 3- 7: SCREEN CAPTURE OF “PERENNIAL CROP ANNUAL MAINTENANCE AND HARVEST” AND “POSTHARVEST COST MODULE”.......................................................................................................... 111
FIGURE 3- 8: DISTRIBUTION OF REHABILITATION COSTS BY PRESCRIPTION, CELL 8 ($/HA). ............................ 114
FIGURE 3- 9: DISTRIBUTION OF REHABILITATION COSTS BY PRESCRIPTION, CELL 12 GCL ( $/HA). .................. 115
FIGURE 3- 10: SENSITIVITY OF CELL 8 PRESCRIPTION ANNUAL LAND COST AMORTISATION TO PROCESS AND
FINANCIAL FACTORS. ................................................................................................................. 116

FIGURE 3- 11: SENSITIVITY OF NPV TO REHABILITATE TO AGRICULTURAL AFTER USE BASED ON TAX REDUCTION
OPPORTUNITIES. ....................................................................................................................... 119

FIGURE 3- 12: COST OF PRODUCTION SENSITIVITY OF SITE GROWN BIOMASS TO YIELD AND INPUT COSTS BEFORE
INCLUSION OF REHABILITATION CAPITAL AMORTISATION. ................................................................. 129

FIGURE 3- 13: EFFECTIVE FUEL COSTS RANGE PER GJ FOR NWSL TRIALS WITH LAND COST OFFSET BY TAX
CONSIDERATIONS ($/GJ). .......................................................................................................... 131

FIGURE 3- 14: EFFECTIVE FUEL COSTS RANGE PER GJ FOR NWSL TRIALS WITHOUT LAND COST OFFSET BY TAX
CONSIDERATIONS ($/GJ). .......................................................................................................... 132

FIGURE 3- 15: COST OF PRODUCTION SENSITIVITY OF POTENTIAL ALTERNATIVE BIOMASS CROPS TO YIELD AND
INPUT COSTS BEFORE INCLUSION OF REHABILITATION CAPITAL AMORTISATION. ................................... 137

FIGURE 3- 16: EFFECTIVE FUEL COSTS PER GJ FOR NWSL-PROPOSED CROPS WITH LAND COST OFFSET BY TAX
CONSIDERATIONS ($/GJ). .......................................................................................................... 138

FIGURE 3- 17: EFFECTIVE FUEL COSTS PER GJ FOR NWSL-PROPOSED CROPS WITHOUT LAND COST OFFSET BY TAX
CONSIDERATION ($/GJ). ............................................................................................................ 139

FIGURE 3- 18: RETSCREEN COMPARISON OF SITE BIOFUEL COMBUSTION VERSUS NATURAL GAS. ................... 144
xv

FIGURE 3- 19: RETSCREEN COMPARISON OF SITE BIOFUEL COMBUSTION VERSUS HEATING OIL...................... 145
FIGURE 3- 20: EXPECTED NPVS ($/HA, 8% DISCOUNT RATE, 50 YEAR INVESTMENT TERM) FOR POTENTIAL CROPS
AT EAST LANDFILL WITH TAX CREDITS INCLUDED............................................................................. 153

FIGURE 3- 21: SENSITIVITY OF MISCANTHUS NPV (50 YEAR TERM, 8% DISCOUNT RATE) TO VARIATION IN
MODELED INPUTS. .................................................................................................................... 154

FIGURE 4- 1: COMPARISON OF AWHC-DERIVED YIELD INDEX TO ARDA PRODUCTIVITY RATINGS BY CLI CLASS. 176
FIGURE 4- 2: PREDICTED CHANGE IN AWHC (VOLUMETRIC), ƟFC AND ƟWP WITH INCREASING OM% IN HEAVY
CLAY SUBSOIL (56% CL BY WEIGHT). ........................................................................................... 183

FIGURE 4- 3: DESORPMOD SENSITIVITY TO DBD IN PREDICTED VOLUMETRIC AWHC (12%SOM). ............ 184

xvi

LIST OF TABLES
TABLE 1- 1: EXAMPLES OF POTENTIAL INPUT, PROCESS, AND OUTPUT CHOICES FOR BIOFUEL PRODUCTION ON
REHABILITATED SITES. .................................................................................................................... 8

TABLE 2- 1: LANDFILL BIOGAS CONDITION AT EAST LANDFILL RESEARCH SITE............................................... 21
TABLE 2- 2: FACTORS AND TREATMENTS USED IN EXPERIMENTAL FIELD TRIALS AT THE EAST LANDFILL. ............. 25
TABLE 2- 3: CONTROL SOIL CHARACTERISTICS. ........................................................................................ 37
TABLE 2- 4: CELL 8 SOIL CHARACTERISTICS SUMMARY.............................................................................. 38
TABLE 2- 5: CELL 12 NO GCL SOIL CHARACTERISTICS SUMMARY. .............................................................. 38
TABLE 2- 6: CELL 12 WITH GCL SOIL CHARACTERISTICS SUMMARY. ........................................................... 39
TABLE 2- 7: CALCULATED AWHC OF EXPERIMENTAL BLOCKS (AVERAGE VALUES). ........................................ 39
TABLE 2- 8: PRODUCTIVITY INDICES FOR CLI SOIL CLASSES FROM * ARDA REPORT NO. 4, THE ASSESSMENT OF
SOIL PRODUCTIVITY FOR AGRICULTURE WITH COMPARISONS TO **ANDERSON FIELD TRIALS FOR FORAGE
CROPS....................................................................................................................................... 40

TABLE 2- 9: AMOUNT OF PRECIPITATION RECEIVED AT ST. CATHARINES, ONTARIO FROM MARCH TO OCTOBER IN
2007 TO 2009 AND THE 30-YEAR CLIMATIC NORMALS FOR 1971-2000 (SOURCE: ENVIRONMENT CANADA,
2010). ..................................................................................................................................... 46
TABLE 2- 10: SEED GERMINATION TRIALS – RAG DOLL TEST RESULTS (2007 SWITCHGRASS SEED STOCK)......... 50
TABLE 2- 11: SEED GERMINATION TRIALS – RAG DOLL TEST RESULTS (2008 SWITCHGRASS AND BIG BLUESTEM
SEED STOCK). ............................................................................................................................. 52

TABLE 2- 12: STATISTICAL SIGNIFICANCE OF BIOGAS AND SOIL-AMENDMENT TREATMENTS ON 2008 FORAGE CROP
YIELDS (TONNES/HA). .................................................................................................................. 56

TABLE 2- 13: STATISTICAL SIGNIFICANCE OF BIOGAS AND SOIL-AMENDMENT TREATMENTS ON 2009 FORAGE CROP
YIELDS....................................................................................................................................... 58

xvii

TABLE 2- 14: CONSOLIDATED SOIL TEST RESULTS FOR P, K, MG, AND PH BY SOIL-AMENDMENT TREATMENT. .... 62
TABLE 2- 15: PLANT TISSUE ANALYSIS RESULTS (2009). .......................................................................... 66
TABLE 2- 16: TRACE METAL ANALYSIS FROM 2009 FORAGE HARVEST FOR THE NWSL SITE. ............................ 67
TABLE 2- 17: STATISTICAL SIGNIFICANCE OF BIOGAS AND SOIL-AMENDMENT TREATMENTS ON 2009 BIOFUEL CROP
YIELDS....................................................................................................................................... 68

TABLE 2- 18: SOIL-FORMING MATERIALS (SFM) PROPERTIES FOR MIXING TRIALS. ........................................ 72
TABLE 2- 19: REPRESENTATION OF SOIL-MIXING MODEL, SFM CHARACTERISTICS INPUT COMPONENT. ............. 73
TABLE 2- 20: REPRESENTATION OF SOIL-MIXING MODEL, CALCULATION, AND OUTPUT COMPONENT. .............. 74
TABLE 2- 21: COMPARISON OF PREDICTED, LAB TRIAL, AND IN-SITU SOIL PROPERTIES FOR SELECTED SOIL MIXES. 76
TABLE 3- 1: SITE FUEL USE BY QUANTITY AND COST, 2010. ....................................................................... 98
TABLE 3- 2: GROSS ENERGY EQUIVALENT TO 10 TONNES DRY BIOMASS FEEDSTOCK (180GJ) (ADAPTED FROM:
USDOE, 2009). ........................................................................................................................ 99
TABLE 3- 3: VALUE OF FUEL TO PROVIDE LOW-GRADE HEAT AT TYPICAL CONVERSION RATES (ADAPTED FROM:
USDOE, 2009). ...................................................................................................................... 100
TABLE 3- 4: COMPARISON OF REHABILITATION COSTS BY PRESCRIPTION. .................................................... 113
TABLE 3- 5: LAND PARCELS FOR SALE WITHIN 25KM OF NWSL SITE, FALL 2011 (SOURCE: WWW.MLS.CA). .... 120
TABLE 3- 6: ASSUMPTIONS USED FOR PLOT YIELD SCALE UP TO FIELD LEVEL. ............................................... 123
TABLE 3- 7: DSS SUMMARY OF BREAK EVEN COSTS FOR NWSL CROPS FROM PHASE I. ................................ 126
TABLE 3- 8: RANGE OF COP FOR SELECTED CROPS BEFORE LAND COST – NWSL RESEARCH SITE. ................... 128
TABLE 3- 9: DSS SUMMARY OF EXPECTED COP FOR ALTERNATIVE FEEDSTOCK AT NWSL. ............................ 136
TABLE 3-10: FINANCIAL EVALUATION OF BEST CASE PYROLYSIS CONVERSION. ............................................. 142
xviii

TABLE 3- 11: EXPECTED FARM GATE SALE PRICE AT P=0.7 FOR BIOMASS PRODUCTS ($/TONNE).................... 149
TABLE 3- 12: CALCULATED NPV AND IRR PER HECTARE FROM SITE PRODUCED BIOFUELS SOLD AS A CASH CROP
(SUMMARIZED FROM DSS MODEL CAPITAL BUDGET). ..................................................................... 150
TABLE 3- 13: EXPECTED FARM GATE SALE PRICE OF FIELD CROPS AT P=0.7 ($/TONNE). .............................. 151
TABLE 3- 14: DSS SUMMARY OF PREDICTED RETURNS AT SITE FOR COMMON FIELD CROPS. .......................... 152
TABLE 4- 1: COMPARISON OF MCBRIDE AND MACKINTOSH (1984B) CLI RATINGS BASED ON AWHC TO
EXPECTED SOIL PRODUCTIVITY. .................................................................................................... 173

TABLE 4- 2: COMPARISON OF ESTIMATED PRODUCTIVITY WITH SOIL DEPTH AND PROFILE AWHC TO CLI
PRODUCTIVITY RATINGS FOR FORAGE AND FIELD CROPS. .................................................................. 175

TABLE 4- 3: SELECTED PROPERTIES OF AVAILABLE SFMS AT EAST LANDFILL. ............................................... 178
TABLE 4- 4: SAFE LIMITS FOR SOIL METALS BY REGULATORY BODY. ............................................................ 179
TABLE 4- 5: SFM-COMPONENT OPPORTUNITY COST ESTIMATES. .............................................................. 188
TABLE 4- 6: COMPARISON OF ECONOMIC RETURNS VERSUS SOIL DEPTH WITH YIELD CORRECTED FOR AWHC
(WITHOUT TAX CONSIDERATIONS). .............................................................................................. 192
TABLE 4- 7: CALCULATED NPV AND IRR FROM BIOFUEL CROPS – 30 CM REHABILITATION DEPTH, NO TAX
CONSIDERATIONS. ..................................................................................................................... 196

TABLE 4- 8: BLENDING TRIAL SUMMARIES FOR EAST LANDFILL. ................................................................ 198
TABLE 4- 9: DSS SUMMARY OF EXPECTED COP FOR ALTERNATIVE FEEDSTOCK AT NWSL – BLEND 5. ............. 201

xix

APPENDICES
APPENDIX 1: GENERALIZED SOIL MAPPING (SCALE 1:100,000) – SITE STUDY AREA ................................... 219
APPENDIX 2: DETAILED SOIL MAPPING (SCALE 1:25,000) - EAST LANDFILL AREA ...................................... 221
APPENDIX 3: LOCAL SOIL CHARACTERISTICS .......................................................................................... 223
APPENDIX 4: SOIL AND SFM RESOURCES AVAILABLE FOR EAST LANDFILL AGRICULTURAL STUDY – PHASE I
(COLVILLE CONSULTING INC., JUNE 26, 2006) .............................................................................. 225
APPENDIX 5: SOIL SAMPLE ANALYSIS (COLVILLE CONSULTING INC., JUNE, 2006) ......................................... 232
APPENDIX 6: GENERAL INFORMATION ON N-VIRO SOIL .......................................................................... 235
APPENDIX 7: SSO COMPOST (NWSL) PROPERTIES ............................................................................... 237
APPENDIX 8: SOIL AMENDMENT APPLICATION RATES – PHASE I............................................................... 241
APPENDIX 9: P LOT T REATMENT AND I NSTRUMENTAL L AYOUT ............................................................ 249
APPENDIX 10: SOIL PLATFORM CONSTRUCTION AND CROP ESTABLISHMENT OPERATIONS – PHASE I FIELD
TRIALS .................................................................................................................................... 254
APPENDIX 11: ASSESSMENT OF THE E XPERIMENTAL D ESIGN BY THE A SHTON L ABORATORY (U NIVERSITY
OF

G UELPH ) ........................................................................................................................... 279

APPENDIX 12: APPLICATION OF THE ‘LEAST LIMITING WATER RANGE’ CONCEPT TO THE STUDY AREA SOILS (EAST
LANDFILL) ............................................................................................................................... 284
APPENDIX 13: DSS MODEL, SOIL MIXING MODEL, AND STANDARD COSTS................................................ 287

xx

List of Common Acronyms Used in This Thesis
ANOVA
APR
AWHC
CHP
CLI
COP
DBD
DM
DSS
EB
FIT
GCL
GJ
IRR
K
KPI
kWe
kWh
LYW
MFH
Mg
MLS
MSW
N
NPV
NWSL
OC
O&M
OMAFRA
OM
OPG
P
ROI
SFM
SOM
SSO
SRWC

xxi

Analysis of Variance
Annual percentage rate
Plant-available water-holding capacity
Combined heat and power
Canada Land Inventory
Cost of Production
Dry bulk density
Dry matter
Decision support system
Enterprise budget
Feed-in tariff
Geo-synthetic clay liner
Giga Joule
Internal rate of return
Potassium
Key process indicator
Kilowatt electrical
Kilowatt hour
Leaf yard waste
Mixed forage hay
Magnesium
Multiple listing service
Municipal solid waste
Nitrogen
Net present value
Niagara Waste Systems Limited
Organic carbon
Operating and maintenance
Ontario Ministry of Agriculture, Food and Rural Affairs
Organic matter
Ontario Power Generation
Phosphorus
Return on investment
Soil-forming material
Soil organic matter
Source separated organics
Short rotation woody crop

1 Introduction and Scope of Study
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Preface: Purpose of Chapter
This chapter provides an introduction to and an overview of a study on the potential for grassland,
arable agriculture, and biofuel-feedstock production on MSW landfill covers in southern Ontario. It
provides a brief methods overview to aid the reader in putting the specific results of this thesis research
discussed in Chapters 2, 3, and 4 into context. The multi-phase nature of this study impacted both the
direction of the research and, to some degree, the selection of research methods used over the 3.5-year
study period. Consequently, within the introduction and discussion of methods, some limited “results”
are referred to when they are pertinent to and clarify the direction of subsequent research efforts.
Although somewhat unconventional, that approach serves to support the rationale for research
direction, and those limited data presented are addressed in more detail in the pertinent “results and
discussion” sections in later chapters.
There is a significant biophysical component to this research in Phase I, which follows a traditional
science-thesis format (background, methods, results, and conclusions) to establish the technical
feasibility of rehabilitating the East Landfill. Phase II is an economic analysis (or, more accurately, a
financial feasibility assessment) based on the technical interpretation of Phase I results. Phase III is also
primarily an economic analysis, but includes a biophysical component to support the development of
improved rehabilitation processes in an attempt to rehabilitate this site in a cost-effective way.
Consequently, Phase II and Phase III follow a less traditional science-thesis format than Phase I, as
necessitated by the focus on cost analysis.

1.1 Background: A Study on the Potential for Grassland, Arable
Agriculture on MSW Landfill Covers in Southern Ontario
There are over 3,700 active and decommissioned municipal solid waste (MSW) landfill sites located in
Ontario (MOE, 1991). Under current legislation, these landfill sites must be rehabilitated to a defined
end use when decommissioned. The solid waste management industry has shown that these sites can be
effectively rehabilitated to industrial, agricultural, or recreational use (Palmer, 1982; Simmons, 1992;
Browning and McRae, 1994). However, much of this experience originates from Europe rather than
North America, where the geoclimatic conditions are potentially different. Furthermore, in Ontario, the
primary prescribed end use of closed landfills in recent years is typically agriculture, and that end use
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can lead to food-consumer concerns, due to the perceived risk of potential contamination of foodstuffs
from legacy materials found in landfills. Converting these sites to produce biomass-energy crops instead
of food crops could mitigate that concern. The use of rehabilitated landfills or similar brownfield sites to
produce biofuels could also help to avoid the current controversy with bioenergy-crop production on
high-capability agricultural land, an ethical issue that has received significant public attention as biofuel
land use increases (Avery, 2006; World Bank, 2008). The challenge for landfill operators is that the
technical and economic feasibility of producing bio-energy crops as an alternative after-use is largely
unknown, as are the processes required to ensure technical and economic success. In May 2006, Niagara
Waste Systems Limited (NWSL) and the University of Guelph entered into a contract to conduct a 3.5year field-research program on the feasibility of grassland agriculture on a capped landfill site to
determine the rehabilitation potential to return these lands to agricultural production. An extensive
literature review conducted at the time identified several gaps in knowledge with respect to the
effectiveness of landfill rehabilitation under Ontario geoclimatic conditions. From that review, the
research program was initiated with the following objectives:
1. To determine the extent to which landfill biogas emissions (CO2 and CH4 flux) at the East
Landfill (in identifiable areas with and without a biogas-recovery system) influence the
growing environment for grassland and arable crops, including some assessment of
temporal and spatial variation.
2. To determine the extent to which exothermic behavior and soil heating (heat flux) at the
East Landfill influences the growing environment for grassland and arable crops, including
some assessment of temporal and spatial variation.
3. To determine the extent to which the properties of the re-constructed soil profile on the
East Landfill, including subsoil comprised of ‘soil-forming material’ (SFM), influence the
growing environment for grassland and arable crops, including some assessment of spatial
variation.
4. To conduct experimental field trials on a portion of the East Landfill cover to test the
performance of common field crops in a landfill environment (several years of perennial
forage crops potentially followed by a maize-soybean-winter wheat rotation), with selected
soil amendments and conditioners as additional ‘treatments’.
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This thesis summarizes that original site-specific study, adds the biofuel-feedstock-productioneconomics component, and attempts to address the feasibility of that component by asking three
questions:
I.

Is it technically feasible to rehabilitate MSW landfill covers for grassland agriculture and
establish bio-energy crops on these sites? (Phase I)

II.

Is it economically feasible to establish and grow bio-energy crops on rehabilitated landfill
covers using conventional rehabilitation methods? (Phase II)

III.

Can an efficient, lower cost alternative rehabilitation and biofuel-feedstock-production
process be developed to establish, grow, and market bio-energy crops and energy products
from landfills and similar-scale brownfield sites? (Phase III)

In short, this thesis asks: If the objective was to rehabilitate this landfill site for grassland agriculture
and/or biofuel-feedstock production, could it be done? If yes, would it be economically feasible to do so
(i.e., would a proponent do it)? And finally, if so, how would it be done?

1.2 Phase I: Establishing Technical Feasibility
The ability to establish and grow forage or biofuel crops on rehabilitated MSW landfill covers (and
similar brownfield sites) with costs and yields comparable to natural, undisturbed soils is a key factor in
using these sites as potential biofuel-feedstock sources. In the case of landfills, the technical challenges
are significant, including, but not limited to:


Selecting the appropriate materials and methods to establish a suitable rooting medium for
crop establishment on top of a typical clay cover or cap.



Improving soil-structure amelioration in backfilled surface soils through the use of various
soil-amendment and/or conditioning materials and cultural practices.



Controlling root-zone biogas accumulation originating from the underlying landfill-waste
stack to minimize or eliminate root and crop damage.



Controlling the potential impact of soil heating within the plant root zone, and subsequent
effects on crop growth.



Achieving crop yields that are competitive with local, undisturbed agricultural soils.
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For a landfill operator, these issues create a complex array of choices as to the most cost-effective
rehabilitation pathway that will allow for establishment and maintenance of an agricultural crop or a
biofuel feedstock suitable for conversion to a biomass-energy application. Understanding the critical
factors, their impact, and the relative effects of control measures on them is the first step in developing
an economically feasible work plan to rehabilitate landfill sites into technically and economically
successful agricultural or biomass-feedstock production sites.
There is currently one PhD candidate (the author) involved in this project. One M.Sc. student graduated
in early 2009 with research based on soil thermal properties and their relationship to potential soil
heating of the plant root zone. A second M.Sc. student graduated in early 2011, with research focused
specifically on the soil-water regime and plant root-zone characteristics of the rehabilitated soil profiles
(Letey, 1985; da Silva et al., 1994; Slessor, 2011). The author’s focus is to consolidate that biophysical
research, as well as the yield and crop performance data gathered from the various treatments, to
examine in a quantitative way the impact of various site-amelioration approaches available to the
landfill operator and the impact of those approaches on potential biomass yields. The objective of Phase
I is to determine if it is technically feasible to rehabilitate and use this landfill site (East Landfill) as a
small-scale biofuel-production facility and to determine the best management practices (BMPs) required
to achieve that goal.
In summary, the Phase I experiment consisted of establishing three constructed platforms or blocks,
each representing a specific biogas treatment, plus a control block on a local farm field. Each block was
then sub-divided into replicated plots, with four soil-amendment treatments and two crop-species
treatments (mixed forage and warm season grass for biofuel feedstock), with four-fold replication and
analyzed as a split-split block design. Biomass yield was measured, beginning in the 2008 growing
season, as the dependent (response) variable. An aerial view of this block/plot layout is presented in
Figure 1-1.
For Phase I, this thesis consolidated the rehabilitation, treatment, and yield data obtained from these
field trials to answer the question: “Is it technically feasible to rehabilitate this landfill cover for
grassland, arable agriculture to produce biofuel feedstock?”
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Figure 1- 1: Aerial view of East Landfill (Source: Google Earth).
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1.3 Phase II: Economic Feasibility of Biofuel Feedstock Production
Using Conventional Rehabilitation Methods
1.3.1 Background
The development of the biofuels industry has taken place outside of a market-based economy. To date,
it has been heavily dependent on subsidies to overcome financial barriers. Economically, development
of a biofuels industry needs to consider costs, revenues, and the distribution of those costs and revenues
among land owners, firms, consumers, and taxpayers. Development in a market-based economy has
two significant components: i) the production of a biofuel feedstock, and ii) the conversion of that
feedstock into a usable energy form. For biofuels to successfully supplant some or all conventional
energy sources, both components need to be economically competitive with their alternatives if biofuels
are to be widely adopted.
Among the challenges to achieving sustainable and profitable biofuel production in Ontario are the
many possible input and output scenarios to establish, grow, process, and market bioenergy products. A
summary of some typical input and output possibilities is shown in Table 1-1. The decision process is as
follows: i) choose feedstock, ii) choose primary processing, iii) choose secondary processing to fuel, iv)
choose tertiary processing (if required), and v) choose form of final energy output. The economic
feasibility of these input/output scenarios is largely unknown in this province.
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Table 1- 1: Examples of potential input, process, and output choices for biofuel production on rehabilitated sites.

Potential Biofuel Feedstock

Primary
Processing to
Fuel or Precursor

Secondary Process to
Fuel

Tertiary Processing to Energy

Final
Outputs as
Energy

Biofuel-targeted
Crops

Alternative Biofuel
Sources

Mixed Forage

Wood Waste

Chopped Biomass

Ethanol: pyrolysis

Direct combustion to heat

Heat

Pure Legume

Potato Processing
Waste

Baled Biomass

Ethanol: enzymatic
digestion

Combustion in internal/external
combustion engine

Electricity

Big Bluestem

Municipal Solid
Waste

Fuel Pellets

Mixed Warm-Season
Grass
Mixed Cool-Season
Grass
Miscanthus
Shrub Willow

Fuel Briquettes
Chipped Biomass

Methanol: via
pyrolysis
Gasification: syngas
Gasification:
methane
Gasification: propane
Direct combustion

Sugar Beet
Sweet Potato
Potato
Grain Corn
Sorghum
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Direct combustion to produce steam
Gasification to fuel cell

Mechanical
power

For growers, production of bioenergy feedstock becomes attractive if it fits their specific
operations, utilizes available inputs, and produces a marketable bioenergy feedstock that
provides a positive and sustainable net revenue stream (Hipple and Duffy, 2002). For an energy
end-user, biofuels become attractive when they effectively replace conventional energy
products (e.g., fossil fuels) at a lower total cost than their current energy source.
Growers and energy end-users need an effective ‘decision support system’ (DSS) to guide them
through to the final selection (or rejection) of a ‘field-to-fuel’ bioenergy system. Several DSS
systems for energy-crop systems exist (De La Torre et al., 1998; Bransby et al., 2005; Miranowski
and Rosberg, 2010; Buchholz and Volk, 2011; Nassar et al., 2011) and some, such as RETScreen
(NRCan, 2011), are widely accepted internationally. However, they frequently lack a detailed,
site-specific analysis component that is critical to individual site decisions to grow biofuel
feedstock, particularly on rehabilitated landfills and similar brownfields.

1.3.2 Preliminary Economic Modeling: Background
There is now extensive literature on virtually every aspect of biofuel production, including
economic analysis of the various feedstock and conversion processes. Much of this literature is
recent and was driven by the spike in fossil fuel costs and subsequent funding for alternative
fuel research from 2005 onwards. Most of this research and the subsequent literature is focused
on larger-scale replacement of conventional fuels with biofuels and based on United States and
European experiences. While there is ongoing research into both production and economics of
biofuels under Ontario geoclimatic conditions, that research is still limited and, again, focused
primarily on larger-scale production of biofuels. This study focuses on small-scale, local
production and use of biofuels, where small-scale is defined as feedstock-production areas in
the order of 10 to 100 hectares. Hence, the quantity of energy potentially produced is a function
of that feedstock-production base and the subsequent conversion efficiencies to a usable
biofuel product.
As noted earlier, Table 1-1 outlines examples of the breadth of input, process, and output
options for biofuel production. With respect to this thesis, which focuses primarily on smallscale, local biofuel-production economics, two key areas are considered. The first is
economically feasible feedstock production, and the second is feedstock conversion to a usable
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biofuel that is competitive with, or preferably less expensive than, conventional fuels (e.g., fossil
fuels).
In order to rapidly assess the opportunity for various biofuel feedstock production processes on
the East Landfill, an MS Excel-based spreadsheet decision support model (DSS Model) was
developed to allow for input of key process indicators, which in turn were used to assess, in a
typical capital budget format, the likely financial outcome of producing biofuel feedstock (or
agricultural crops) on this site. The DSS model was used to estimate the financial impact of
simple value-added processes for biofuel, like densification to briquettes or pellets and various
harvest methods. For more complex conversion of biofuel feedstock to other fuel products such
as electricity, syngas, or ethanol, the model was used to develop input cost data for entry into
the RETScreen model (NRCan, 2011) for overall process analysis. RETScreen was chosen as it is
an extensively tested model developed by Natural Resources Canada, has free distribution, and
is therefore readily available. RETScreen also has the advantage of being widely used and
international in scope. The output is also in a typical capital budget format and it is well
accepted internationally by energy experts and financial institutions.

1.3.3 Economic and Sustainable Bioenergy-Feedstock Production Analysis
Much of the current research into sustainable bioenergy-feedstock production focuses on
switchgrass and similar C4-type tall prairie grass species. This has been largely driven by
research in the United States in the early 1990s, where it was shown that switchgrass either
outperformed or was competitive with other study crops in terms of biomass yields.
Wright (2007) provides an excellent overview of the reasons for selecting switchgrass as a focus
species. In short, switchgrass performed well across a wide range of United States-based trials,
particularly in the mid-west and southern states (Caputo et al., 2005; Graham et al., 2006; Picchi
et al., 2006; Wright, 2007). As a result, Canadian research into biofuels has also focused initially
on switchgrass (Jannasch et al., 2001; Samson et al., 2008). Although potentially successful as a
bioenergy feedstock in the United States, switchgrass can be difficult to establish, is prone to
winterkill, and is often lower-yielding than other potential biomass crops when grown under
Ontario geoclimatic conditions. More recently, focus has begun to shift to other potential
bioenergy feedstock, such as the C4 grass miscanthus and ‘short rotation woody crops’ (SRWC),
like shrub willow and alder, which are long-crop-cycle coppice species (McKendry, 2002; Graham
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et al., 2006; Picchi et al., 2006). While production costs of switchgrass have been documented in
Ontario (Jannasch et al., 2001; Samson et al., 2008), the economics of alternative biofuel crops
are less well known (Jannasch et al., 2001). Furthermore, comparative cost studies of potential
biofuel crops for Ontario are limited. This is significant since crops like conventional mixed hay,
monoculture cool season grasses, Miscanthus, and coppice species (SRWC) may significantly
out-perform switchgrass under Ontario geoclimatic conditions on a dry-matter-cost-per-tonne
basis. Wright (2007) cites studies where harvesting unimproved meadow and ‘weed fields’ as
biomass frequently outperformed cultivated crops on a cost-per-tonne basis, due to the very
low input costs of the former.
The key to profitable bioenergy-feedstock production, from both a grower perspective and as an
input into a biofuel system, is managing the delivered cost-per-tonne of biomass. Consequently,
potential alternative crops were modeled using published and Ontario research-based data
sources as indicated with consideration to observed field performance and local conditions at
the NWSL East Landfill site.

1.3.4 Economics of Biomass Conversion to Fuel
Once a cost-competitive bioenergy feedstock is produced, an equally important decision is the
means to convert the feedstock to a useable form of biofuel-based energy. Conversion to
ethanol or methanol has largely focused on very large-scale plants using fermentation or
enzymatic digestion due to the economies of scale required to produce fuels that are
competitive with traditional petroleum products.
The main focus in small-scale operations has typically been on the simple conversion of biomass
to heat via direct combustion. This usually involves the densification of the biomass (e.g.,
switchgrass) into fuel pellets or briquettes for burning (Jannasch et al., 2001; McKendry, 2002;
Graham et al., 2006; Chau et al., 2009[a,b]). While simple and inexpensive, the acceptance of
this type of biofuel by potential users has been less widespread than anticipated, due to
concerns with logistics, maintenance, and environmental (smoke) issues. On a large scale,
biomass can be successfully converted to more widely acceptable fuels such as syngas, propane,
methane, and even hydrogen, but most of these processes remain in the demonstration or
development phase (NREL, 2007). Commercial small-scale integrated biofuel-conversion
systems are now becoming available, with outputs ranging from 5 kW to 1 MW energy
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equivalents (Bridgewater and Double, 1991; Kristensen and Kristensen, 2004; Bilek et al., 2005;
Caputo et al., 2005). The economics of these systems, and their feasibility in small-scale
applications, is largely unknown under Ontario geoclimatic conditions, but Bilek et al. (2005)
conclude that a 100 kW integrated biofuel plant can provide cost-competitive energy (at 2005
prices) when latent heat is scavenged for direct heating (i.e., combined heat and power, or CHP).
CHP applications are potentially suitable for the greenhouse industry or commercial space
heating, as are similar systems producing syngas (a biofuel-derived gas mixture composed
primarily of CO, CO2 and CH4) for direct substitution of natural gas in a conventional heating
boiler. While these systems may require higher initial capitalization than the direct combustion
approach, their ease of integration into existing infrastructure and low user-maintenance
requirements makes them potentially attractive small-scale conversion alternatives
(Bridgewater and Double, 1991; Bilek et al., 2005; Caputo et al., 2005). To date, the focus of
most of these systems has generally been on large-scale production of biofuels, so the economic
feasibility of small-scale or local applications of these technologies is largely unknown under
Ontario geoclimatic conditions.

1.3.5 Summary of Phase II
The Phase II analysis is primarily an economic analysis of Phase I observations. It consisted of
multivariate input-output modeling of production inputs and a range of potential crops (both
the DSS Model and RETScreen4) analyzing the potential crop-yield-input data from Phase I
treatments, and research data sources as identified. Potential biofuel outputs (e.g., ethanol,
syngas or solid pellet fuel) and fuel production options (e.g., enzymatic versus hydrolysis
conversion of biomass to ethanol, pyrolysis to syngas, pelleted versus chopped solid fuel, etc.)
were assessed. Capital-investment options, system-operating costs, and market and revenue
opportunities were considered. Data for the fuel-output side were obtained from ongoing
research projects, commercial specifications, and current literature on biomass-to-biofuel
conversion systems.
Selection of which processes to model was driven by practicality. The conversion systems
(biomass to useable energy) chosen for final comparisons had to be systems that were likely to
be adopted. The challenge was that, although there is a wide range of conversion technologies
available or becoming available (Table 1-1), the production of biofuels from biofuel feedstock is,
12

at best, a tertiary activity for the NWSL East Landfill site. Thus, it is unlikely that the operator
would select a risky developing technology or one that requires complex skills not readily
available within the existing business structure. Furthermore, the scale of the site and the
magnitude of the potential financial gain of adopting a biofuel system severely limited the
capital-investment opportunities for conversion technologies. Therefore, complex or
developing technologies were quickly eliminated and energy conversion technology analysis was
limited to either sale of the crop as a feedstock or to simple local conversion processes like
combustion for low-grade heat and turnkey-micro-scale-combined heat and power systems.
The objectives of this Phase II preliminary modeling was to provide the landfill operator with
the ability to input site-specific conditions, available market information, cost of production
data, etc., then using the model, identify a best-case production process, from crop
establishment through energy production via practical, readily available technologies.
Development of this model used data from existing, known process costs, current research on
developing technologies, and, where applicable, field trials or experiments to evaluate proposed
processes. Data for the output side were also obtained from ongoing research projects,
commercial specifications, and current literature on biomass-to-biofuel conversion systems as
indicated.
In short, Phase II of this thesis builds on the technical feasibility section of Phase I and answers
the question: “If it is technically feasible to rehabilitate this landfill cover for grassland, arable
agriculture to produce biofuel-feedstock, is it economically feasible?”

1.4 Phase III: Development of the Rehabilitation Process to
Reduce Total Rehabilitation Costs
Phase I demonstrated that it is technically feasible to rehabilitate this site using available SFMs
and conventional rehabilitation methods to an agricultural after-use that will result in crop
yields at least as good (and, in this case, significantly higher than) the control site on a typical
agricultural soil. The preliminary economic analysis presented in Phase II indicates that financial
return to land and management on the rehabilitated site is also comparable to or better than
the control site. However, the inclusion of site rehabilitation costs in the model (Chapter 3),
even though comparable to the cost of purchasing arable land in the area, resulted in a negative
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net present value for the production of either typical field crops or biofuel feedstock. This drove
research efforts to reduce rehabilitation costs at the East Landfill through the reduction of soilprofile building costs and the use of diverted waste materials as potential SFMs.

1.4.1 Soil-Profile Building Costs
Analysis in Phase II identified that the physical process of excavating, transporting, spreading,
and grading soil (i.e., the land-forming process) to produce an anthropogenic-soil profile on top
of the landfill cover was the single largest cost factor in the entire rehabilitation process.
Building a soil base 1-m thick requires the movement and placement of 10,000 m3 of soil per
hectare. The cost of this land-forming process, as discussed in Chapters 3 and 4, is significant.
Even with long-term amortization of that expense, the annual carrying costs of that capital
investment effectively eliminates the opportunity of profitable crop production under current
cost/revenue scenarios, unless that cost can be mitigated. This cost can be mitigated by
reducing the depth of soil applied, but that has an associated impact on root zone plantavailable water-holding capacity (AWHC) and potentially on yield. This relationship is developed
and discussed in Chapter 4.

1.4.2 Managing Soil-Water-Storage Capacity to Reduce Profile-Building Costs
In Ontario, as in most geoclimatic environments where evapotranspiration exceeds rainfall
throughout the growing season, the water-storage capacity of a soil profile is a significant
determinant of crop yields. When a rainfall deficit occurs, the crop relies on stored water in the
soil profile to meet its physiological needs. The ability of a soil to store and provide water to an
actively growing crop is primarily a function of its AWHC and the depth of the plant rooting
zone. Generally, the higher the AWHC on a root-zone basis, the higher the yield, if all other yield
factors are constant (ceteris paribus).

1.4.3 Rehabilitation Process Development and Cost Analysis
Phase III also investigates opportunities to reduce the cost of building an anthropogenic soil root
zone by combining available SFMs diverted from the landfill operations that provide a soil-water
regime comparable to that achieved in the conventional rehabilitation process detailed in Phase
I, but with less material depth (and hence lower cost). This approach used low-risk material
(leaf and yard waste, quarry fines, etc.), which would otherwise represent a significant
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processing cost to dispose of, as large percentage components of the entire anthropogenic-soil
profile. This is in contrast to the more typical approach used in Phase I of this study, where unameliorated SFM material was applied to a depth of 80-100 cm as subsoil, and then overlain
with topsoil to a depth of 20-30 cm, which was conditioned, as noted above. The focus in Phase
III was to manage the AWHC of the anthropogenic soils by altering the entire rooting-zone
texture and/or organic-matter content (i.e., soil conditions uniform through the entire soil
profile) to increase water-storage-per-unit depth of material. This potentially allows a
proportionately shallower depth of soil application to achieve a soil-water regime comparable to
a typical 1-1.2 m depth of soil as applied in Phase I.
For Phase III, potential SFMs were identified from the on-site overburden stockpiles and the
existing waste stream, analyzed for physical and chemical properties. and then assessed as a
manufactured mixed-soil material using a MS Excel-based mixing model to approximate the
potential end product’s key physical and chemical characteristics (e.g., texture, organic matter
content, available nutrients, and heavy metals) (Appendices 1-8). AWHC for these soil/wastestream mixes was estimated using a modification to DESORPMOD (McBride and Mackintosh,
1984) to account for organic-matter contents in excess of the model’s original calibration trials.
From these calculations, it was then possible to estimate a soil-mix-application depth that would
approximate the AWHC of a 1-m deep control soil or an anthropogenic soil with plow-layer
amelioration only, as in the field trials in Phase I.

1.4.4 Reduction of SFM Cost through Use of Waste-Stream Diversions
A second factor in overall production cost is the cost of the SFM mix itself. In Phase I, materials
used for the construction of soil profiles were primarily derived from stockpiled overburden
removed during quarrying operations at the site. These materials were assigned a zero-material
cost, as they were on site and readily available. In the Phase III analyses, the SFMs included
waste-stream diversions, which were assigned an opportunity cost or credit for economic
modeling as follows:
1. If the material being used for the soil mix had an available market as a salable product, the
net sale price of that product was counted as an opportunity cost. For example, compost as
an end product of an SSO-composting process that has a net sale value of $10 per tonne
would be assigned an “opportunity cost” of $10 per tonne in the mixing model.
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2. If the material being used represents a disposal cost that can be avoided, that product
would be assigned an “opportunity credit” equal to the cost of further processing for
disposal. An example would be unprocessed leaf and yard waste, which could be either
composted or buried in the landfill. In that case, an opportunity credit is assigned that is
equal to the least-cost-disposal or -processing method.
Based on the discussion above, the DSS-cost-model-rehabilitation module was modified to
include material costs and soil depths as driven by the mix selection. By selecting materials with
an opportunity-cost credit (i.e., negative cost) as major SFM components of the manufacturedrehabilitation soil, it was possible to partially (or, in some mix scenarios, completely) offset the
cost of earth moving and grading (land forming).

1.4.5 Scale Up for “Proof of Concept” Trials
In the 2010 growing season, a field scale “proof of concept” trial was initiated to determine the
practicality of mixing and spreading SFMs and establishing a crop on a large scale. A simple mix
of: i) lacustrine-clay-parent material from overburden removal at an onsite quarry, and ii) uncomposted (fresh) leaf and yard waste in a 1:1 ratio-by-volume was mixed, spread, and graded
to depths of 50-100 cm over large sections of the landfill cover.
Qualitatively, the large-scale mixing process appeared to be effective. The heavy clay subsoil in
the mix tended to break into large clods (5-30cm) in the initial mixing, but the process of
loading, spreading, and grading did a reasonable job of further breakdown and mixing of these
clods, provided the water content of the soil mix was not too high. The subsequent crossdisking, harrowing, and packing operations resulted in an acceptable seedbed.
The intent at this point was to plant the landfill to winter wheat, under-seeded with a coolseason-grass-forage crop with biofuel-feedstock potential (reed canary grass). However,
conflicting landfill uses and poor weather conditions in 2010 delayed planting beyond the
OMAFRA-recommended planting dates in this region and the landfill surface was left,
temporarily, to naturally regenerate to weed cover from soil-resident weed seeds through the
fall of 2010. A discussion of NWSL’s future planting plans is provided in the Phase III discussion.
During the spring and summer of 2011, several potential new-material mixes were bench trialed
by mechanically mixing potential SFM components on a volume basis to simulate the typical
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mixing process demonstrated in the field-scale proof-of-concept trial. These mixes were subsampled and tested for organic-matter content, plant-available nutrients, and heavy metal
concentrations to indicate suitability as agricultural-plant-growth media. Ideally, these landfill
diversion/soil manufactured mixes should be validated in field trials similar to the Phase I
approach. However, at the time of writing, these trials have not been completed, and thus this
component of the study (i.e., the use of large-scale landfill-diversion materials as SFMs to
reduce rehabilitation costs) remains somewhat developmental. Nonetheless, as discussed in the
Phase III results and discussion section (section 3.3), the initial results are encouraging and have
implications for general site-rehabilitation-cost reductions, as well as for the production of
biofuel feedstock. Additional field trials to ascertain the effectiveness of these manufactured
SFM blends were considered for the 2012 growing season. However, it was decided to plant the
entire landfill surface to a crop of mixed forage hay to aid in stabilization of the landfill surface,
and to maintain that cover for a 2- to 3-year period.
In short, Phase III of this thesis answers the research objective: “If there is potential for
economic feasibility, identify in a quantitative way the potential practices and process required
to achieve economic feasibility.”
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2 Phase I, Methods, Results, and Discussion on the
Technical Feasibility of Rehabilitating a MSW
Landfill Cover for Grassland Agriculture and
Biofuel Feedstock Production
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Preface
Chapter 2 summarizes three years of field trials, which were initiated to determine the technical
feasibility of rehabilitating the NWSL East Landfill to an after-use of arable, grassland agriculture
and the production biofuel-feedstock crops using conventional rehabilitation methods. It
addresses previously identified gaps in knowledge with respect to landfill gas emissions into the
plant root zone, subsurface landfill heating, and the use of available SFMs to rehabilitate the
landfill to a productivity level at least equal to surrounding undisturbed farm land. The overall
objective of Phase I is to determine the technical feasibility of rehabilitating this (or similar)
landfill cover site(s) to a productive agricultural condition and to define the process by which
this can be achieved.

2.1 Methods Overview: Phase I
2.1.1 Establishment of Research Plots
The Phase I field program consisted of replicated field trials comparing landfill biogas conditions,
soil conditioning materials, and two crops – mixed forage hay and switchgrass. The experimental
design was a variation of a split-split plot design, with whole plot treatment not randomized, as
necessitated by the use of a single landfill site with biogas collection conditions consistent within
individual landfill cells as described below.
The East landfill is divided into operational areas defined as “cells” and numbered by the landfill
operator. Each cell represents a functional unit of the landfill which may be in any condition
from active landfilling to closed and rehabilitated. In this study, experimental plots were
established in 3 locations (one on Cell 8 and two on Cell 12). Both cells had been filled and
capped with a compacted clay cover, but not rehabilitated. Cell 8 had a landfill gas collection
system in place when the experiment was established, Cell 12 did not. Each of the three
locations of the East landfill selected for study, represented distinct landfill-biogas conditions
(Figure 2-1). An additional “control” location was established on undisturbed soils at a nearby
farm (properties of these soils are presented in Appendices 1-8). These locations are
characterized in Table 2-1.
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Figure 2- 1: Schematic Diagram of the Waste Cell Arrangement at the East Landfill (approximate scale
1:10,000).
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The landfill operator had adequate soil material on site to reconstruct soil profiles at a plot scale
on the landfill cover. At each of the three landfill study locations, soil-forming materials (SFMs)
were obtained locally from previously excavated clay-rich topsoil and subsoil that had been
stripped and stockpiled as part of the ongoing quarrying operation. Soil characteristics for these
materials are provided in Appendices 1-8. These SFMs were used to construct a platform 34 m
wide by 62 m long and approximately 120-cm deep on the landfill cover at each study location
(i.e., on top of the existing 120-cm thick clay cap). Each platform provided a reconstructed plant
root zone on top of the clay-capped landfill cell. These platforms each formed the structure for
establishment of 4 experimental “blocks”, each block containing 8 experimental “plots”
arranged in two crop strips of 4 plots each, or 32 plots total for each biogas treatment platform
(Table 2-1, Figure 2-2).
Table 2- 1: Landfill Biogas Condition at East Landfill Research Site.



Cell 8: On landfill with an existing biogas-recovery system consisting of conduits
through the waste cells that are overlain by a 1-m thick clay cap.



Cell 12, With GCL: On landfill with no biogas recovery but incorporation of a geosynthetic clay liner (GCL) installed on top of the clay cap to totally exclude biogas
from entering the plant root zone.



Cell 12, No GCL: On landfill with no biogas recovery and no attempt to mitigate
biogas migration that may evolve from the underlying waste stack.



Control: A location on a nearby undisturbed farm field was selected for its
similarities in slope, aspect, soil texture, and structure.
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Figure 2- 2: Schematic of experimental platform layouts showing dimensions (upper) and arrangement of
blocks and individual treatment plots (lower). Note: The shaded areas within plots represent the 3x3m
harvest areas of the individual 7x7m plots.
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The construction of each platform mimics typical large-scale “progressive rehabilitation”
practices that the landfill operator uses to decommission completed cells to a productive
agricultural after-use (Mackintosh and Mozuraitis, 1982). This resulted in a reconstructed soil
profile 100-120 cm deep over the compacted clay cap consisting of up to 1 m of clay-rich subsoil
overlain with a topsoil surface horizon (seedbed) approximately 20-30 cm deep. A sloped ramp
was constructed around the perimeter of each platform to facilitate access to the blocks by
conventional farm machinery. Figure 2-3 is a photograph of a completed platform. A schematic
diagram of the soil profiles constructed for these three biogas treatments (Table 2-1) is
presented in Figure 2-4.

Figure 2- 3: View of Cell 12 experimental platforms in September 2008 following 2nd forage harvest.
(Source: Author).
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Figure 2- 4: Schematic diagrams of the anthropogenic soil profiles for the biogas treatment platforms,
(Table 2-1).
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2.1.2 Treatments within Biogas Condition Factor
Having constructed 3 platforms, each representing a distinct biogas condition on the landfill
surface, 4 experimental blocks were established on each of the platforms (Figure 2-2). Each
block was further subdivided into two 4-plot strips per block with each strip planted to one of
two crop species. Each crop strip contained 4 plots, randomized within the strip to provide a 4fold replication of soil-amendment treatments (1 treatment plot per strip, replicated in 4 blocks
per platform with 2 crop species strips per block).
These treatments are summarized in Table 2-2 and illustrated in Figures 2-2 and 2-3. For
treatments 1.1 and 1.2, blocks were established on cell platforms that were constructed directly
on the clay cap surface with no attempt to ameliorate any potential biogas diffusion from the
waste stack. For treatment 1.3 (no biogas recovery + GCL), a geo-synthetic clay membrane was
placed on the cap surface, then covered with 10 cm of crushed stone and flat plastic tile drains
prior to building the 100 cm soil profile. This barrier provided an additional seal between the
landfill cap and anthropogenic-soil profile to effectively ensure no flux of landfill gas into the
plant root zones on this treatment.
Table 2- 2: Factors and treatments used in experimental field trials at the East Landfill.

Factor
1. Landfill Biogas

2. Soil Amendment/Conditioner
(Note: NPK added as per soil analysis on all
treatments)
3. Crop Species
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Treatments
1.1 On Landfill- biogas recovery
1.2 On Landfill- no biogas recovery
1.3 On Landfill- no biogas recovery + GCL
1.4 Off Landfill- normal agricultural field
2.1 Biosolids (N-VIRO soil)
2.2 Compost (SSO and/or green waste)
2.3 Mix of biosolids and compost
2.4 No soil conditioner
3.1 Forage Crop (grass/legume)
3.2 Energy from biomass/fibre crop
(switchgrass)

2.1.3 Detection of Biogas in the Root Zone
Biogas diffusion into the root zone was measured indirectly with an Eijkelkamp-soil-oxygencontent-analysis system. This system consists of a metal soil probe and a simple oxygen content
meter. The probe is pushed into the soil manually. Once at the prescribed sampling depth, the
probe handle is lifted slightly in order to open the gas-sampling pathway. Next, the oxygencontent meter is connected to the probe and, using a bellows, soil gas is drawn through the
meter and the O2 content is measured. The probe has a small dead volume, so that a
measurement can be obtained accurately within minutes.
The oxygen-content meter operates with an electrochemical cell. This cell has a limited service
life (about 1.5 years), but can be calibrated easily with air (21% O2) and with a gas free of oxygen
(e.g., methane, nitrogen, carbon dioxide). The intent with this system was to monitor for
evidence of reduced oxygen levels in the plant root zone. This would indicate that landfill gases
were displacing soil oxygen in that zone. If reduced oxygen levels were detected, the intent was
to conduct a more detailed analysis of three specific gases (CH4, CO2, C2H4). Plots were
randomly sampled through the 2008 and 2009 growing seasons with the Eijkelkamp system.
In addition, qualitative observation of white bean indicator plants (OAC Rex) were undertaken
weekly throughout the growing season to determine if there was any indication of tropospheric
ozone damage. (Ozone may form at ground level as a result of photochemical reactions with
methane evolving from the waste stack.)

2.1.4 Measurement of Soil Thermal Properties
The potential for evolution of significant quantities of heat from the waste stack beneath the
research plots into the plant root zone was extensively evaluated as a M.Sc. thesis component
on this project (Mercer, 2009). The student measured soil thermal properties with two
methods: direct measurement of subsoil thermal activity and indirectly through thermal imaging
of the plot-area surface temperatures. Data from Mercer (2009) were used to explain
observations relevant to this thesis.
For direct measurement, a Decagon Thermolink instrument was used to measure the thermal
conductivity (K), volumetric specific heat (C), and thermal diffusivity (D) simultaneously for these
clay-rich soils. Soil-profile-temperature measures were obtained with a series of 12 nests of
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data logged thermistors (“Hobo” air/water/soil temperature sensors) set at depths of 25, 50, 75,
and 100 cm, installed on selected plots and connected to a 4-channel-Hobo-H8 data-logger.
Data from these measurements on the treatment plots were compared to the control site to
quantify the magnitude of any exothermic behavior in the waste stack.
For indirect measurement, the M.Sc. student acquired aerial thermal imagery from the East
Landfill surface and the control-field area. In the early winter of 2006 and the spring of 2007,
several series of reconnaissance-level aerial images (thermal infra-red [IR] and true colour) were
captured of the raised platforms that had been constructed on the East Landfill, with the goal of
detecting any discernible heat flux through the clay-rich landfill-cover soils (about 1.2-m thick
over waste stack) and/or the soil platforms constructed on top of the landfill cover (an
additional 1-m thick). These images were obtained with specialized hand-held cameras around
mid-day from a specially equipped light aircraft. Examples of this imagery can be found in
Mercer (2009).

2.1.5 Measurement of Soil-Water Regime
The volumetric soil-water content of the treatment platforms and control site were monitored
throughout the growing seasons, using a Delta-T PR1/6 profile probe in the 2008 growing season
and a Delta-T PR2/6 in the 2009 growing season. Measurements were taken from previously
installed access tubes at three locations within each treatment plateau and at depths of 10, 20,
40, 60, and 100 cm. Voltage readings from this probe were converted to volumetric soil water
content using both the manufacturer’s general calibration and a soil-specific calibration
developed as a component of one M.Sc. student’s research (Slessor, 2011). Data from these
measurements were used primarily in the development of that student’s M.Sc. thesis, but
proved valuable in explaining the differences in yields between treatment plateaus as is
discussed in the results and discussion section of this chapter (Section 2.10).
Rainfall data were collected on site using data-logged tipping rain gauges (model RG3-M, Onset
Computer Corporation, Massachusetts, USA). Additional climate data were collected from local
Environment Canada weather stations and from the NASA climate database (NASA, 2010).
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2.1.6 Soil-Amendment/Conditioning Treatments
NWSL has a composting facility near the East Landfill that can be used as a source of soilconditioning materials. At the time of establishment of this research program, material similar
to the current products being produced by NWSL was obtained from another facility to validate
the use of these products as soil amendments for the pending landfill-rehabilitation process.
Two composted material types were available:
i.

Source Separated Organics (SSO) and green-waste (from grass clipping, leaves, etc.)
compost.

ii.

Bio-solid waste in granular form processed according to the N-Viro process (N-Viro
soil).

These materials were used at a plot level to be evaluated for their effectiveness in seeding-zone
soil conditioning of the constructed soil profiles as described. Four soil-conditioning treatments
were selected for study:
i.

N-VIRO soil applied at a rate of 20 tonnes/ha

ii. Compost applied at a rate of 70 tonnes/ha
iii. A 50/50 mix of compost and N-VIRO soil applied at a rate of 45 tonnes/ha
iv. A control or NIL application with no soil conditioner
These materials were broadcast-applied and harrowed into the surface soil to a depth of
approximately 10 cm. Application rates (dry-matter basis) were chosen for compliance with
MOE Nutrient Management Act maximum N loading requirement (Appendices 1-8). Details of
the available SFMs and their analysis are provided in Chapter 4.

2.1.7 Plant Species Selection
The focus of this study was to rehabilitate the East Landfill to grassland agriculture and grow a
crop suitable as a feedstock for a potential biomass-energy product (e.g., digested to ethanol or
as pelleted or similarly densified fuel), and hence switchgrass (var. Cave-in-Rock) was initially
chosen for this purpose. However, site conditions, particularly the poor soil structure and clayrich surface soils, were not ideal for the establishment of switchgrass (Jannasch et al., 2001), so
an additional crop-species treatment was introduced into the experimental plan. The second
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plant-species treatment selected was a commercially available, mixed-forage seeding (consisting
of alfalfa, double-cut red clover, Hakari brome grass, and timothy), seeded at the recommended
rate of 20kg/ha (OMAFRA field-crop recommendations). This crop allowed for comparison of
site treatments using a crop with well understood management requirements and a long history
of production under Ontario geoclimatic conditions.
In addition to the central plant-species treatments, two indicator plants (i.e., Zea mays
[CG60xCG108, a sister line cross rather than a hybrid] and white beans [OAC Rex]) were planted
in a prescribed buffer zone to qualitatively monitor possible impediments to root growth, with
corn indicating the degree soil compaction and beans indicating tropospheric ozone damage.
These two species are preferred indicator plants for these conditions (Hertstein et al., 1995;
Morgan et al., 2006).
Due to switchgrass establishment issues in 2007, in 2008 the “switchgrass” plots were replanted
to a mixture of switchgrass and big bluestem (Andropogon gerardii) in an effort to ensure warm
season grass establishment.

2.1.8 Planting and Establishment
Treatment plots were established within blocks on each biogas treatment in the summer of
2006 with sufficiently large buffer zones around each plot to avoid edge effects and other
aberrations in subsurface hydrology within the plots themselves (Figure 2-2). The same
block/plot layout was established on the control site (off landfill) on natural soil. In this case, the
construction of a platform was not required and the block/plot layout was established directly
on the field surface. The control soil was extensively characterized to allow for crop productivity
comparisons to the anthropogenic soils constructed on the landfill cover. A detailed review of
the local natural soil conditions is provided in Appendices 1-8. The block/plot platforms and the
control site were planted and managed with conventional farm equipment to duplicate
expected management practices of a large-scale commercial planting of biomass crops (disked,
harrowed, roll compacted, and planted with a Brillion seeder).
Planting and establishment methods generally followed standard OMAFRA field-crop
recommendations (OMAFRA, 2010) for the establishment of forages and hay crops, except that
no herbicides were applied prior to or during the planting and crop cycle.
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Due to the regulatory requirement to control levels of contamination in the landfill’s surface
water containment ponds, NWSL expressed a wish to avoid any risk of contamination of the
landfill soils or runoff-collection ponds through the use of herbicides. This restriction is
significant in its impact on the ability to establish agricultural crops or biofuel feedstock on this
and similar sites. This consideration, driven by regulatory requirements for rehabilitated sites,
dictated that a less standard (herbicide-free) crop-establishment procedure was required.
Thus, in the absence of chemical weed control, plots were mechanically clipped periodically
through the 2007 growing season in an attempt to control competition from weeds and allow
the forage or switchgrass to establish to a point where the crops could successfully compete
with naturally occurring weeds. While this was effective with the forage plots, it was not with
the switchgrass plots (see Results and Discussion, section 2.2)
Switchgrass failed to establish in the 2007 growing season (See Results and Discussion, section
2.2). In response, the plots were clipped for weeds and over-seeded without cultivation at a reseeding rate of approximately 8 kg/ha. By September 2007, there was still no evidence of
switchgrass germination on any of the three platforms on the landfill surface. The control-field
site exhibited only a few scattered switchgrass plants, but certainly not enough to support the
intent of the research program. Weed growth, on the other hand, was extensive and vigorous. A
decision was made to wait until the spring of 2008 to determine if any of the switchgrass seeds
planted in 2007 would break dormancy and emerge in early 2008.
Observations made of the field plots in mid-May 2008 confirmed that switchgrass had not
established. Weed growth was already significant on these plots, and based on the
establishment failure, it was decided to re-plant these plots with a mix of switchgrass and big
bluestem with the following management changes from the prior year:
1. Switchgrass to be planted from a new seed lot with higher viability (lower dormancy)
2. Big bluestem to be planted with switchgrass (See Results and Discussion section 2.5.2)
3. Seeding rates to be based on worst-case rag doll test results to ensure rapid
establishment
4. A nurse crop of oats to be planted to suppress early weed growth and allow grass
seedlings to develop

30

From June 14-18, 2008, the switchgrass strips in the four experimental areas were mowed and
raked clean of debris, tilled to a depth of 15 cm with a tractor-mounted rotary tiller, roller
packed, and seeded with a drop-style seeder at the seeding rates discussed below. An oat nurse
crop was broadcast sown at a seeding rate of 70 kg/ha and a second pass of the roller packer
was used to compact the seedbed. No additional fertilizer or herbicide was applied as per soiltest recommendations and site restrictions.
Both big bluestem and switchgrass were seeded in the biofuel plots with a small, push-type
drop-style seeder. The seed box was loaded with seed and weighed prior to seeding each plot,
then re-weighed to confirm the seed-application rates for each plot. Application rates were
shown to be consistent on these plots using this weight-verification method.
For big bluestem, the application rate averaged 10.4 Kg/ha of pure live and viable seed (after
correction for inert matter, dormancy, and germination rate). For switchgrass, the average
application rate was 12 kg/ha of pure live and viable seed. The total seeding rates of viable
seeds for both species of grass (22.4 kg/ha) were significantly higher than recommended rates
(6.5 to 10 kg/ha of total grass seed). This heavy seeding rate was deliberate in an attempt to
ensure that the grass plots were effectively established in the 2008 growing season. Clearly, this
high seeding rate would have an establishment-cost impact, if such a high seeding rate was
routinely required on a field-scale basis for successful establishment.

2.1.9 Plot Harvest and Yield Determination
Plots were hand harvested as per OMAFRA forage-crop-production recommendations, with a
two-cut system for mixed forage and a single-cut fall-harvest system for switchgrass plots. In
the 2009 field program, with the forage crop well established, three cuts were taken from the
forage plots.
Individual plots were harvested by clipping with a Jari sickle bar mower, within a 3m x 3m
harvest area, delineated by a portable template constructed of 7.5 cm ABS tubing. The clipped
material was raked, bagged and weighed on a digital scale to determine fresh weight harvest. A
subsample from each harvest area was weighed fresh, dried to constant mass at 60oC, and reweighed to determine the dry mass. Where applicable, plant tissue samples for major plant
nutrients and heavy metals were analyzed by the University of Guelph laboratory services. Fresh
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weight yields (tonnes ha-1) were corrected for moisture content and reported on a dry-matter
basis.

2.1.10 Statistical Analysis and Observations
Statistical analysis was performed on dry-matter yield and plant-moisture content for each
harvest date, as well as for total cumulative yields for the 2008 season. Analysis of variance
(ANOVA) was performed using the GLM procedure available in the SAS statistical software (v9.1,
SAS Institute Inc., Cary, NC). Where a significant treatment effect for either biogas or soil
amendment was found, significant differences among means were determined using Fischer’s
Protected LSD test. Where the ANOVA showed no significant treatment effect, the means were
assumed to be not significantly different, and no multiple-range test was performed.
The necessary physical separation of the four platforms into three biogas treatments and a
control precluded the use of a randomized complete block analysis. Instead, this experimental
design is a split-split plot design, as necessitated by the physical separation of “treatments” for
the biogas condition and subsequent systematic (or non-random) assignment of treatments
within blocks to practically accommodate a comparison of two crop species. Statistically, this
means that a “whole plot” (i.e., biogas-treatment, factor 1) analysis of variance (ANOVA) will be
irrelevant, due to the systematic arrangement of treatments 1.1 through 1.4. Therefore, even
where differences due to the biogas-treatment may have been shown to be statistically
significant, any conclusions based purely on the statistical analysis need to be made with
caution.
The University of Guelph Ashton Laboratory assisted in determining the appropriate analysis for
this experimental design. Their findings, summarized above, are presented in Appendix 11.
As with most biophysical research, observation plays an important role in this thesis. This is
particularly true in discussions of differences in crop response between biogas treatments, in
light of the statistical limitations noted above. Throughout section 2.2, an effort was made to
identify whether conclusions were based on statistical analysis, direct or indirect observations.
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2.2 Results and Discussion
2.2.1 Landfill Biogas Emissions and its Influence on the Growing Environment
on the East Landfill
An important aspect of this study was to determine the impact, if any, of landfill-biogas
evolution from the waste stack into the plant root zone of the overlying cultivated soils. The
potential for high concentrations of landfill biogas in the plant root zone has been a major
obstacle to the success of conventional agricultural production on landfill covers at some sites
(reported elsewhere). Landfill-biogas flux from the waste stack into the landfill-cover soils (plant
root zone) may adversely influence crop growth/yield, or, in the extreme, cause total crop
failure, due to the displacement of oxygen in the soil air by some gases (e.g., CH4) and toxic
effects on the plant root systems by other gases (e.g., CO2, C2H4). Ethylene (C2H4) in particular
acts as an active plant hormone and can affect plant metabolism by changing membrane
permeability of cells. Furthermore, photochemical reactions involving methane (CH4) can
produce high levels of ground-level ozone, which in turn can damage ozone-sensitive crops,
such as white beans.
Distinctly different biogas treatment levels existed between Cell 8 (biogas collection in place)
and Cell 12 (no biogas collection, no biogas collection with impervious GCL barrier) for the
purposes of this agronomic experiment. Soil oxygen levels, as noted earlier, were monitored
throughout the 2008 and 2009 growing seasons using the Eijkelkamp-soil-oxygen-contentanalysis system. Initially, these readings were taken weekly at random locations within each gas
treatment block. The readings did not indicate any measurable displacement of oxygen in the
root zone in any treatment at any time, so the testing was reduced first to bi-weekly, then to
monthly, through the 2009 growing season. Similarly, the indicator plants (white beans) in the
indicator strips did not show any indication of ozone damage throughout the two crop seasons.
The absence of any detectable oxygen displacement in the root zone from either the
quantitative (O2 levels) or qualitative (observations of the indicator plants) lead the research
team to conclude that evolution of landfill biogas from the waste stack into the crop root zone
was not a significant factor in this experiment.
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The author cautions that this is a site-specific conclusion. Certainly, the waste stack is producing
large volumes of methane gas, which is piped to a collection facility and distributed to both an
on-site 1MW electrical generator and to a local manufacturing facility where it provides process
and heating fuel. The apparent lack of gas evolution from the waste stack through the 1 m clay
cover can be attributed to the desirable properties of capping material provided by locallyavailable lacustrine clay subsoil and the observed attention to detail by the landfill operator in
their capping process.

2.2.2 Soil Thermal Properties and Waste-Stack Heating
The study of waste-stack heating of the soil root zone was the subject of a M.Sc. research
project on this site. It is briefly discussed for the purpose of underscoring its significance to the
crop performance observed at this site.
Several studies have shown that landfill-heat flux can be significant (Hartz et al., 1982; Yesiller
and Hanson, 2005) and that subsurface evolution of heat from the waste stack can influence
frost depth, frost-free dates, and, to some extent, the soil-water regime within the plant root
zone. Mercer (2009) took extensive direct measurements of soil temperature (to 1-m depth).
Aerial thermal imaging, colour and false-colour infrared aerial photography, and analysis of local
solar radiation and weather data were also used to determine the magnitude and extent of
waste-stack heating and its potential impact on crop performance of this site.
While Mercer (2009) did find evidence of statistically significant spatial variability of soil-surface
temperatures, this was primarily attributed to site variations, such as slope aspect, ground
cover, and crop type. The analysis was, to some extent, limited by the sensitivity of the
handheld thermal-imagery camera system used. Practically, these differences were small (in the
order of 0.5 0C) and not considered to be an important factor in crop performance.
Similarly, soil temperatures at depth did indicate, as one would expect, the presence of some
exothermic behavior in the waste stack under the platforms in Cells 8 and 12, but again, the
practical magnitude of variation was small. Thus, there is little evidence that the limited heat
flux from the waste stack had any measurable effect on forage crop growth.
Consequently, based on the work by Mercer (2009), heat transfer from exothermic activity in
the waste stack was not considered to be a significant factor in the crop performance at this
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site. The author again cautions that this conclusion is site-specific and may not be the case at
other landfill sites.

2.3 Characteristics of Regional and Anthropogenic Soils in this
Study
2.3.1 Characteristics and Agricultural Capability of Regional Soils
One of the main objectives of the landfill operator in this study was to rehabilitate the East
Landfill such that yields of agricultural or bioenergy crops were comparable to those of regional
soils. This objective set a baseline target of achieving yields on the landfill platforms at least
equal to those of the control site, which was situated on a typical farm field adjacent to the
landfill property.
The dominant soil associations in the region are comprised of lacustrine silty clay parent
materials over Queenston shale or, to a lesser degree, an underlying clay loam till. The
dominant soil series are Beverly and Toledo series, which are the imperfectly drained and poorly
drained members, respectively, of the same soil catena. Under the Canada Land Inventory
system (CLI), the Beverly soils are generally Class 2d, where the “d” subclass refers to
undesirable soil structure. The Toledo soils are Class 3w, where the “w” subclass refers to soils
with excess soil water in the plant root zone (i.e., poorly drained). Published CLI mapping for the
control soil block area indicated a capability rating of 2d, and soil-survey mapping denotes this
soil as Beverly silty clay loam. Core sampling and physical analysis (Table 2-3) confirmed both
the CLI rating and the soil series as typical of the area surrounding the landfill site. CLI Class 2
soils are considered prime arable land in Ontario, with limited restrictions to yield (in this case,
undesirable soil structure due primarily to the high clay content). Figure 2-5 illustrates the
profile of this soil as observed in a soil-characterization pit.
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Figure 2- 5: Natural Soil Profile of the Control Platform (Slessor, 2011).

Table 2-3 presents selected control-soil physical properties, which are summarized from those
reported by Slessor (2011). As illustrated in Table 2-3, this soil is typical of the local Beverly
series with a silty-clay-loam plow layer (Ap) underlain by lacustrine heavy clay parent material.
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Although not apparent in this table, core samples taken within the block/plots indicated the
presence of an intermittent “plow pan” or compacted layer of soil at a depth between 20 and 25
cm. This condition is typical of soils of this textural group that have been cultivated under less
than ideal moisture conditions.
Table 2- 3: Control Soil Characteristics.

Profile
Depth
(cm)
0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
90-100

Dry Bulk
Density
(g/cm3)
0.99
1.13
1.22
1.27
1.31
1.33
1.33
1.35
1.35
1.35

Organic
Carbon
Content (%)
1.72
2.30

Textural Analysis
Sand (%)

Silt (%)

Clay (%)

Textural Class

11.7

55.4

33.1

Silty Clay Loam

5
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Silty Clay

7.1

30.2

62.7

Heavy Clay

0.74

1.92

2.3.2 Characteristics of the Anthropogenic Soils on Cells 8 and 12
The rehabilitation prescription used to construct soil profiles on the Cell 8 and 12 experimental
blocks was typical of large-scale rehabilitation projects. Soil-forming material was selected from
available soil materials that had been previously excavated during quarrying operations on site.
Details of the chemical and physical properties of the SFMs are provided in Appendices 1-8.
Table 2- 4 presents average soil physical properties for experimental block/plot platforms, which
are again summarized from those reported by Slessor (2011). Note that the data in Table 2- 4
were obtained in situ during the 2009 growing season, and thus represent the conditions on the
respective biogas treatments three years after their construction. While some further soil
consolidation may occur over time, these blocks should be considered to be largely stabilized
after two years of cropping and three seasons of freeze-thaw cycles.
Effectively, this rehabilitation process resulted in a two-horizon anthropogenic-soil profile with
an ameliorated plow layer, dependent on treatment, approximately 20-cm thick, overlying a
consolidated layer of silty clay loam 80-100 cm thick. Volumetric AWHC (in cm/100 cm depth)
for each experimental block was calculated using Desorpmod (McBride and Mackintosh, 1984),
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with the average block texture, dry bulk density (DBD), and organic-carbon content obtained
from core sampling within the experimental block and averaged across the blocks.
The textural difference (heavy clay on control, SiCL on the constructed profiles) in the lower
profiles between the control and anthropogenic soils on the experimental blocks, and the lower
bulk density at depth, resulted in a higher calculated profile AWHC for the constructed
experimental blocks, as noted in Table 2-7. The anthropogenic soils on Cells 8 and 12 were
comparatively homogeneous, as would be expected, since the SFMs and soil-profile
construction processes were consistent between platforms (Table 2-4 through Table 2-6).
Table 2- 4: Cell 8 Soil Characteristics Summary.

Profile Depth
(cm)
0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
90-100

Dry Bulk
Density
(g/cm3)
0.89
1.11
1.19
1.25
1.31
1.32
1.30
1.31
1.30
1.26

Organic
Carbon
Content (%)
1.89

Textural Analysis
Sand (%)

Silt (%)

Clay (%)

Textural Class

13.4

51.6
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Silty Clay Loam

11.3

53.5

35.1

Silty Clay Loam

12.8

56.8

30.4

Silty Clay Loam

1.73
0.87

0.62

Table 2- 5: Cell 12 No GCL Soil Characteristics Summary.

Profile Depth
(cm)
0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
90-100

Dry Bulk
Density
(g/cm3)
0.97
1.12
1.20
1.25
1.23
1.22
1.27
1.24
1.22
1.17

Organic
Carbon
Content (%)
2.2

Textural Analysis
Sand (%)

Silt (%)

Clay (%)

Textural Class

13.8

56.4

29.8

Silty Clay Loam

12.8

56.1

31.1

Silty Clay Loam

13.4

52.5

34.1

Silty Clay Loam

1.47
0.95

0.71
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Table 2- 6: Cell 12 with GCL Soil Characteristics Summary.

Profile Depth
(cm)
0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
90-100

Dry Bulk
Density
(g/cm3)
1.02
1.06
1.17
1.28
1.32
1.33
1.36
1.36
1.36
1.33

Organic
Carbon
Content (%)
2.43

Textural Analysis
Sand (%)

Silt (%)

Clay (%)

Textural Class

12.1

55.8

32.1

Silty Clay Loam

12.8

56.1

31.1

Silty Clay Loam

13.8

56.4

29.8

Silty Clay Loam

1.61
0.71

0.68

Table 2- 7: Calculated AWHC of Experimental Blocks (Average values).

Block
Calculated AWHC (cm/100 cm depth)
Control
10.1
Cell 8
16.8
Cell 12 with GCL
14.7
Cell 12 No GCL
19.1
Anthropogenic Average*
16.2
*Determined from average soil properties across all anthropogenic blocks
Of note is that, on average, the anthropogenic soils stored 6.1 cm/100 cm more available water
than the control site (Table 2-7). That difference in plant-available water storage is likely to
have a long-term productivity impact under Ontario geoclimatic conditions, which, in most
years, results in a moisture-deficit condition for at least part of the growing season. The
additional water-storage capacity of the anthropogenic soils will mitigate at least some of this
seasonal water deficit. In comparing the anthropogenic soil profiles constructed on the landfill
cells to the control site, the differences in subsurface dry bulk density and texture in the
anthropogenic soil would qualify it as Class 1 under the CLI-soil-capability rating system. The
control soil, as noted, was rated Class 2d, primarily due to its heavy clay parent material and
relatively higher dry bulk densities at depth. Hoffman and Noble (1975) applied productivity
indices to the 7 CLI classes, based on their likely relative yield for common field crops.
Characterization of these indices (Table 2-8) have since been refined by ARDA (1971) and
Hoffman and Noble (1975) , McBride and Mackintosh (1984), McRae et al. (2000), and
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Pettapiece (1995) in their efforts to quantify the relative productivity of the 7 CLI classes based
on readily measurable soil characteristics, but the ratings themselves are largely unchanged.
Table 2- 8: Productivity Indices for CLI soil classes from * ARDA Report No. 4, The Assessment of Soil
Productivity for Agriculture with Comparisons to **Anderson field trials for forage crops.

Class
1
2
3
4
5
6
7

Common Field Crop Yields*
1.00
0.80
0.64
0.49
No Value
No Value
No Value

Anderson’s Forage Yields**
1.0
0.80
0.66
0.58
0.53
0.44
No Value

2.4 Regional and Local Growing Season Weather Conditions
(2007-2009)
2.4.1 Regional Growing Season Weather Conditions (2007-2009)
The crop-establishment year for this study (2007) turned out to be a very poor year for both the
forage-crop and ‘indicator-crop’ (i.e., corn, white beans) establishment on the East Landfill, due
to an extreme precipitation shortfall in the region and across much of southern Ontario. Figure
2-6 summarizes the magnitude of the rainfall deficit (June - August) that was encountered in the
crop-establishment year. It shows an extreme precipitation shortfall (40 - 60% below normal)
over the Niagara Peninsula during this three-month period. Regionally, Environment Canada
reported that the summer of 2007 was the eighth driest in the Great Lakes area since 1948.
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Figure 2- 6: Precipitation departures from normal for the summer of 2007 (June, July, August) (Source:
Environment Canada, 2008).

To underscore the magnitude of the precipitation shortfall, the City of Hamilton received a total
of 142.4 mm of rain over four months (May - August) in 2007. The climatic normal for this area is
326.6 mm. This amounts to only 43.6% of the normal precipitation.
It is difficult to carry out meaningful plant-based field research (rain-fed, not irrigated) under
drought conditions of this severity. The forage plots at the East Landfill showed reasonable
establishment of grasses, but initially the legume component did not establish itself well. The
switchgrass plots showed little if any seed germination or seedling emergence, despite repeated
over-seeding. Two forage-plot harvests were carried out during the 2007 growing season,
largely for weed control. There was no third harvest due to the lack of forage re-growth under
the abnormally dry conditions in the summer of 2007. No biomass yield data were collected in
2007, as the periodic weed clipping and drought conditions would not have allowed for the
collection of meaningful yield data.
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The 2008 growing season was somewhat cooler and wetter than the 30-year climatic norms for
the region. The 2009 growing season was even wetter than 2008 and produced generally good
growing conditions for cool-season forage crops at the East Landfill research site.
Figure 2-7 through Figure 2-11 show broad regional trends for 2009 in relation to nationwide 30year climatic norms. Figure 2-8 illustrates that air temperatures during the spring months of
2009 (March - May) were slightly warmer than normal in the R.M. of Niagara, but during the
summer months of 2009 (June - August) were significantly cooler than typical seasonal values
(Figure 2-9). The abnormally cool conditions were most prevalent in July. For example, Hamilton
had an average July air temperature that was 2.8oC below the 30-year climatic norm (the coolest
since 1992). These cooler spring and early summer conditions favoured cool-season grass and
weed growth, which appeared to impact the establishment of warm-season grasses in the
biofuel-feedstock plots.
Figure 2-10 and Figure 2-11 illustrate that precipitation amounts were significantly above
normal throughout the 2009 growing season in the R.M. of Niagara on average, although
September was a particularly dry month. Table 2-9 provides the most reliable and complete
precipitation data for the Niagara Peninsula region (St. Catharines) for the 2007-2009 growing
seasons. For example, Table 2- 9 shows that St. Catharines had almost 75% more precipitation
that normal in July 2009 (63 mm above normal) and more than double the normal amount of
precipitation in August 2009 (90 mm above normal). In particular, the heavy rains in late July
2009 caused severe flooding in St. Catharines on July 26. In contrast, St. Catharines received only
29 mm of precipitation in September 2009 (30-year climatic norm = 82 mm).
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Figure 2- 7: Amount of precipitation received at Hamilton, Ontario from March to October in 2007 to
2009 and the 30-year climatic normals for 1971-2000 (Source: Environment Canada, 2010).

This combination of somewhat warmer early-season temperatures and cooler mid-season
temperatures in 2009, in combination with above-normal precipitation from May to August,
provided near-optimal conditions for the growth of the cool-season forage crops at the East
Landfill research site, and this was reflected in the yields of the forage plots.

43

Figure 2- 8: Air temperature departures from normal for the spring of 2009 (March, April, May) (Source:
Environment Canada, 2010).

Figure 2- 9: Air temperature departures from normal for the summer of 2009 (June, July, August) (Source:
Environment Canada, 2010).
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Figure 2- 10: Precipitation departures from normal for the spring of 2009 (March, April, May) (Source:
Environment Canada, year 2010).

Figure 2- 11: Precipitation departures from normal for the summer of 2009 (June, July, August) (Source:
Environment Canada, 2010).
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2.4.2 Localized Growing-Season Weather Conditions (2007-2009)
In 2008 and 2009, the St. Catharines area (Table 2-9 and Figure 2-7) exhibited moderate
temperatures and regular rainfall throughout the growing season (94% and 114% of 30-year
climatic normal for 2008 and 2009, respectively).
Table 2- 9: Amount of precipitation received at St. Catharines, Ontario from March to October in 2007 to
2009 and the 30-year climatic normals for 1971-2000 (Source: Environment Canada, 2010).

2007
Month
March
April
May
June
July
August
September
October

2008

Precip
Precip
% of Norm
(mm)
(mm)
99
48
28
37
43
19
43
30

212
68
38
45
58
26
47
44

73
36
48
113
107
61
73
34

2009

% of Norm

Precip
(mm)

156
52
64
136
145
84
80
50

83
104
45
127
119
108
23
53

30-Year Normal

% of Norm
177
149
61
153
161
149
25
78

Precip (mm)
46.6
70.2
74.6
82.6
73.6
72.1
91.5
68.5

TOTAL
347
60
545
94
661
114
579.7
Note: Months located below the dotted line are considered to be part of the growing season (May to October). Months located
above the dotted line indicate the potential amount of water available for recharge of the soils at the East Landfill and field control
experimental sites.

As a result, the forage yields on all three biogas-treatment platforms and the field control were
high, relative to typical local forage yields. In 2008, using a two-cut system, the average total
yield for all plots was 11.6 tonnes/ha. Had a third cut been taken, the average yield would likely
have been over 13 tonnes/ha, more than 5 tonnes/ha higher than would be expected in a
typical growing season in the region (OMAFRA, 2012). In 2009, with three cuts, total yield was
12.9 tonnes/ha. The cumulative yield for 2008 and 2009 combined was observed to be higher on
all the constructed soil profiles on the landfill than on the undisturbed control-field site (see
Section 2.6). Although this yield difference cannot be validated statistically due to limitations in
the experimental design, it is an important observation in that it supports the hypothesis that
reconstructed soil profiles built on a landfill cover in the manner of this experiment can produce
crop yields that are comparable to similar soils in their natural, undisturbed state.
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2.5 Crop Establishment and Early Growth
2.5.1 Cool-Season Mixed-Forage Establishment and Early Growth
As noted, the field-research plots constructed in 2006 were planted to either mixed
grass/legume forage or to switchgrass, as per the experimental design in the spring of 2007. The
extremely dry conditions of the 2007 growing season (see Section 2.4) were a challenge to the
establishment of both the forage and switchgrass crops, particularly with site restrictions
eliminating the use of chemical herbicides. Mechanical clipping for weed control was generally
successful with the cool-season mixed forages, but was not successful at all with switchgrass
plots.
In the case of the forage crop, native weed seeds naturally resident in the topsoil layer of the
constructed soil profile germinated rapidly and, without the use of herbicides, quickly
dominated the mixed-forage-crop seedlings. Routine clipping of these weeds to a height of
approximately 15-20 cm (above the growing point of the forage species) allowed the
establishing forage crop to eventually out-compete the native weed plants. The dry 2007
growing season, coupled with the need to mechanically clip for weeds, precluded the
production of a measurable biomass harvest that year, but by autumn, it was clear that the
mixed-forage species had become the dominant vegetation in their respective plots. In the
spring of 2008, this was confirmed as the cool-season grass component of the seed mix rapidly
surpassed germinating native weeds and the legume component established itself to become
the dominant species for the second harvest. The 2009 growing season continued the trend,
with the cool-season grasses and alfalfa rapidly out-growing and out-competing the weed
seedlings in early spring. Mixed-forage crops were harvested for dry matter in both 2008 and
2009.

2.5.2 Switchgrass Plot Establishment and Early Growth
Switchgrass failed to establish in the 2007 growing season. Obviously, the success of growing
crops for biofuel is dependent on the ability to establish that crop in the field. Switchgrass,
although a potentially high-yielding warm-season grass in established stands, can be extremely
difficult to establish. Lack of establishment in 2007 on the study plots was likely due to a
combination of several factors. First, dry conditions following planting are known to induce
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dormancy in switchgrass seeds (Evers and Parsons, 2003). Second, the fine-textured soils found
at the research site results in lower germination rates and less vigorous seedlings than occurs on
coarser soil textures (Samson, 2007). Finally, since switchgrass is a warm-season species, it does
not grow vigorously during the early part of the growing season, whereas many weed species
are well adapted to these cool conditions. This situation proved difficult to overcome without
the use of herbicides. Figure 2-12 and Figure 2-13 illustrate the difference in establishment
observed between the forage plots and the switchgrass plots. In Figure 2-12, the forage plots do
show heavy weed growth, but a dense stand of alfalfa is also evident. In Figure 2-13, the
“switchgrass” plots are fully occupied by weeds, with little grass evident.

Figure 2- 12: Weed growth in Cell 8 mixed forage plots (Source: Author).
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Figure 2- 13: Weed growth in Cell 8 switchgrass plots (Source: Author).

2.5.2.1

Seed Viability and Dormancy

The Cave-in-Rock variety of switchgrass planted in 2007 had the following supplier guarantees:
i.

Pure seed rating of 99.9%;

ii. Germination rate of 12%;
iii. Dormancy rate of 84%.
With approximately 850,000 switchgrass seeds per kilogram, one would expect at least 10
rapidly germinating seeds per square meter, even at a low 12% germination rate. This would be
more than adequate for a vigorous stand of switchgrass, even with significant seedling failure.
Following initial seeding, the remaining seeds from this planting lot were stratified by storing in
a refrigerator (4oC) from October 2007 through May 2008, and verification of germination was
conducted in May 2008 using a ‘rag doll’ test (Douglas and Grabowski, 2003). Results of this
germination trial are provided in Table 2- 10. The rag doll test results are not intended to be a
rigorous analysis, but are an effective and quick indication of seed viability. Nonetheless, the
trial results are interesting and worth noting.
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In a rag doll test, seeds are placed on a paper towel moistened to its saturation point, rolled into
a tube shape, and placed in a re-sealable plastic bag. The towel is unrolled periodically and
germinated seeds are counted. The towel is then re-rolled and placed back in the bag until the
next counting date. If the bag is carefully re-sealed after each count, the towel will remain moist
for the duration of the test. However, if the bag is left open, the towel will dry out over 3-5 days
and remain dry until re-moistened. Allowing this to happen can roughly approximate the natural
drying and rewetting cycles of a seedbed in the field, and the impact on germination can be
generally observed.
Table 2- 10: Seed Germination Trials – Rag Doll Test Results (2007 switchgrass seed stock).

Date

Trial 1
Count

Comments

Trial 2
Count

Comments

Count

Comments

(Initial seeds)

100

May 15 2008

0

Start

0

Start

N/A

N/A

May 20 2008

0

Dry towel

1

Dry towel

0

Start

May 26 2008

11

Moist towel

11

Moist towel

0

Dry towel

June 4 2008

0

Dry towel

11

Moist towel

0

Dry towel

June 9 2008

2

Moist towel

16

Moist/Moldy

8

Moist towel

June 18 2008

2

Moist towel

2

Moist/Moldy

16

Moist towel

Total Germination
%

100

Trial 3

15%

100

36%

24%

Note that in trial 1, with a moist-dry-moist-dry-moist-moist cycle over 33 days, the overall seedgermination rate of 15% was close to the stated germination rate of 12% (Table 2- 10). It is also
interesting to note that 11 of the 15 germinated seeds germinated between days 6 and 12 of the
trial. In trial 2, where the seeds were kept moist continuously after the initial dry down,
germination continued until the seeds began to mold, and three times as many seeds
germinated, compared to the first trial. In trial 3, with seeds kept moist for 8 days, allowed to
dry for 8 days, then re-moistened, germination was delayed considerably and was lower overall
than when the drying cycle occurred earlier. The results of this quick trial confirm that the
average germination rate of 12% as stated on the seed tag was reasonably accurate, and that
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the actual germination rate of the seeds was dependent on moisture conditions, which is
consistent with the literature.
In the 2007 growing season, where conditions were somewhat dry at planting and remained
very dry for an extended period of time, there was no observable evidence that actual
germination approached even 12%. Volunteer weeds, on the other hand, with their seeds
distributed more deeply in the topsoil, would have likely had more moist soil conditions through
their germination and establishment phase. Combined with more vigorous cool-season growth,
they likely depleted some soil moisture and rapidly out-competed the later germinating
switchgrass.
2.5.2.2

2008 Switchgrass Re-Plant

As noted in Section 2.1.8, the failure of the 2007 switchgrass crop resulted in a re-plant of these
plots in 2008 of a blend of both switchgrass and big bluestem in an effort to improve
establishment performance. Big bluestem is a warm-season, native tall prairie grass that is
similar to switchgrass and compatible with it in a mixed stand. As a monoculture planting, yields
of big bluestem tend to be slightly lower than switchgrass on average. However, mixed stands of
big bluestem and switchgrass tend to out yield monoculture stands of either grass over time, as
the mixed stand is less susceptible to variations in growing conditions (Henning, 1993). Big
bluestem has the added advantage of higher germination rates and more vigorous seedling
development, which can be a significant advantage in difficult establishment conditions. Hence,
the 2008 grass re-planting was done with a mixture of big bluestem and switchgrass as noted
below (and hereafter referred to as “biofuel” plots).
Rag doll tests on 2008 seed lots (Table 2-11) confirmed that germination rates of both
switchgrass and big bluestem were consistent with supplier guarantees. It is noteworthy that
the big bluestem germination rates are approximately three times those of switchgrass.
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Table 2- 11: Seed Germination Trials – Rag Doll Test Results (2008 switchgrass and big bluestem seed
stock).

Switchgrass
Date

Count

(Initial seeds)

100

May 26, 2008

0

Start

0

Start

June 04, 2008

8

Moist Towel

43

Moist Towel

June 09, 2008

13

Moist Towel

24

Moist Towel

June 18, 2008

1

Moist Towel

2

Moist/Moldy

Total Germination (%)
Expected Germination (%)

Comments

Big Bluestem
Count

Comments

100

22%
21%

69%
66%

2.6 Forage and Grass Crop Growth, 2008 and 2009 Growing
Seasons
2.6.1 2008 Forage and Grass Crop Growth
The mixed forage plots, planted in late May through early June, 2007 planting season, overwintered well, and the cool-season grass components (brome grass and timothy) grew rapidly in
early spring of 2008, out-competing the majority of the weeds in the plots. With good spring
soil-moisture conditions, the crop grew vigorously on all plots through to the first cut harvest.
After the first cut harvest, the alfalfa and red clover components re-grew rapidly and, as would
be expected, were observed to be the dominant species in the second cut harvest. Although a
third cut was possible in the 2008 season, it was decided to allow the crop to stand in order to
improve winter hardiness and spring re- growth (i.e., ‘snow management’ for soil-moisture
conservation and minimizing frost depth). Measured yields, as discussed below, were high for all
forage plots in the 2008 growing season.
The biofuel plots’ oat nurse crop germinated within 4-5 days and established rapidly. Volunteer
weeds also germinated profusely, so the plots were clipped to a height of approximately 15 cm
to control taller weeds when the oat crop was about 10 cm high. The oat nurse crop continued
to grow well, tillered rapidly, and successfully out-competed the remaining weeds (Figure 2-14).
Within three weeks of planting, both big bluestem and switchgrass seedlings were evident in all
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the plots, in what appeared to be acceptable plant densities. The oat crop was allowed to grow
to the soft dough stage, and was clipped on August 15, 2008, in order to prevent viable seed
production (and hence volunteer oats in the following growing season), and allow the smaller
switchgrass and big bluestem grasses to develop. The grass mixture appeared to be establishing,
but grew very slowly through the fall and did not reach maturity. Stand densities, however, were
encouraging. Biomass from these plots was not harvested in 2008.

Figure 2- 14: View across Cell 12 in July 2008 showing well-established forage plots in the foreground and
a dense cover crop of oats on the adjacent “switchgrass” strips behind it (Source: Author).

In 2009, the now-well-established forage crop began rapid early growth in late April, and under
favorable growing conditions, rapidly outgrew native weeds, producing abundant forage yields
in three consecutive cuts on all plots. Figure 2-15 shows the re-growth of a healthy forage strip
on Cell 8, three weeks after the first cut harvest.
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Figure 2- 15: Forage plot strip, Cell 8 taken 3 weeks after first cut harvest, 2009 (Source: Author).

Unfortunately, the same cannot be said of the biofuel plots. Neither the switchgrass, nor the big
bluestem components over-wintered well. As with 2008, cool-season weed seeds resident in
the soil again germinated rapidly and quickly out-competed the warm-season grasses. The plots
were mechanically clipped to a height of approximately 15 cm in late May to control weeds and
expose any warm-season grasses to light, but that clipping proved ineffective. By late June,
there was little evidence of surviving warm-season grasses under the extensive weed cover.
Figure 2-16 shows the poor stand of grass and extensive weed re-growth on strip 2 of Cell 8.
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Figure 2- 16: “Biofuel” plot strip Cell 8 June, 2009 (Source: Author).

2.6.2 Forage Harvest and Supporting Data Collection
2.6.2.1

Forage Biomass Yield Measurement

Biomass-yield measurements were taken only on the forage plots during the 2008 growing
season, since the biofuel plots (re-planted in the spring of 2008) did not mature to the point
where there would have been harvestable yields. Above-ground biomass yield was measured in
each forage plot twice during the 2008 growing season. The first cut was taken on June 24-25,
and the second cut was taken on August 26-27. These harvest dates corresponded to the fullflowering growth stage for alfalfa and red clover, and full-seed development stage of timothy
and brome grass in order to maximize biomass yields.

55

2.7 2008 and 2009 Forage Yield Observations
A summary of 2008 forage yields is presented in Table 2-12.
Table 2- 12: Statistical significance of biogas and soil-amendment treatments on 2008 forage crop yields
(tonnes/ha).

Crop Yield 100% DM Basis
(T/ha)
Total
Cut 1
Cut 2
Cut 1
Cut 2
2008
Effect of Biogas Treatment
Mean
Mean
Mean
Mean
Mean
Cell 12 no GCL
71.0a
74.1a
6.59b
5.56a
12.15a
Cell 12 with GCL
70.0a
71.7b
5.75c
4.82c
10.57b
Cell 8
70.5a
72.9ab
7.61a
5.28ab
12.89a
Control
67.4b
73.4a
5.94c
5.06bc
11.00b
Effect of Amendment Treatment
Mean
Mean
Mean
Mean
Mean
NVS
69.0*
73.0*
6.68a
5.23*
11.91a
SSO
70.5
73.2
6.60a
5.28
11.88a
Blend
69
73.3
6.94a
5.22
12.17a
Nil
70.5
72.5
5.67b
5.00
10.67b
Means followed by different letters within a column and main effect are significantly different
(p<0.05)
*Fischer Protected L.S.D. not valid since treatment mean effect not significant
%Moisture at Harvest

2.7.1 2008 Biogas (Cell) and Soil-Amendment Treatment Effects
It should again be stressed that the differences among biogas treatments discussed below must
be interpreted cautiously because of the limitations of the experimental design noted earlier.
However, the levels of this treatment showed highly significant differences at the first harvest
for forage yield and moisture content, as well as seasonal biomass yield (p≤0.0003 in all cases).
These differences are significant enough to cautiously conclude that some effect of ‘biogas
treatment’ is real. At the second harvest, differences were less pronounced (p=0.01).
Analysis of variance (ANOVA) on yield data from the first harvest indicated both a significant
biogas-treatment effect (p<0.0001) and a significant soil-amendment effect (p=0.0006) on yield.
For the second harvest, biogas treatment had a significant effect (p=0.0095), but soil
amendment did not affect yield (p=0.5789). For total seasonal yield, both the biogas and soilamendment treatments were highly significant (p<0.0001 and p=0.0052, respectively).
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Analysis of variance on forage-moisture-content data indicated a significant biogas-treatment
effect for both the first and second harvest dates (p=0.0003 and p=0.0111, respectively). A soilamendment effect on moisture content approached significance for the first harvest (p=0.0839),
but was not significant for the second harvest (p=0.6330).
There was no instance when a (biogas x amendment) effect was significant. Therefore, the data
were pooled across biogas treatments to determine if soil-amendment means were significantly
different from one another, and data were pooled across soil-amendment treatments to
determine if biogas-treatment means were significantly different from one another. Treatment
means and significant differences are shown in Table 2- 8.

2.7.2 2009 Biogas (Cell) Treatment Effects
The effect of biogas treatment on forage yield was observable in 2009 for all three harvest dates
(Table 2-13). At the first harvest, forage yield on the Cell 8 platform (with biogas collection and
no GCL) was the highest. On Cell 12, the yield was statistically indistinguishable on the two
adjacent platforms (i.e., regardless of the presence or absence of a GCL). All three landfill
platforms out-yielded the field control by at least 2.3 tonnes/ha. By the second harvest, forage
yields from all reconstructed soil profiles on the landfill were statistically indistinguishable.
Though forage yields from the landfill platforms tended to be higher, this difference only
reached significance for Cell 12 where no GCL was installed. For the third cut in 2009, yields on
all locations on the landfill were similar and all were significantly higher than the field control.

57

Table 2- 13: Statistical significance of biogas and soil-amendment treatments on 2009 forage crop yields.

%Moisture at Harvest
Cut 1

Cut 2

Cut 3

Crop Yield 100%DM Basis (T/ha)
Total
Total
Cut 1
Cut 2
Cut 3
2009
2008+2009

Effect of
Biogas
Mean
Mean
Mean
Mean
Mean Mean Mean
Mean
Treatment
Cell 12 no
GCL
72.1a
74.1a
78.2a
7.99b
3.40a 2.23a 13.61ab
25.77a
Cell 12 with
GCL
72.1a
71.7a
76.3b
8.06b
3.07ab 2.34a 13.47b
24.04b
Cell 8
73.1a
72.9a
79.0a
8.92a
3.27ab 2.13a 14.32a
27.21a
Control
69.1b
73.4a
80.3a
5.68c
3.04b 1.34b 10.06c
21.06c
Effect of
Amendment Mean
Mean
Mean
Mean
Mean Mean Mean
Mean
Treatment
NVS
71.1*
73.0*
79.0*
7.54*
3.12* 2.01* 12.67*
24.38a
SSO
71.7
73.2
78.3
7.92
3.17
2.10
13.18
25.06a
Blend
71.8
73.3
79
7.96
3.34
1.92
13.22
23.38a
Nil
71.8
72.4
77.4
7.24
3.15
2.00
12.39
23.05b
Means followed by different letters within a column and main effect are significantly different
(p<0.05).
*Fischer Protected L.S.D. not valid since treatment mean effect not significant
When the total yield from 2009 (three cuts) was considered, again, all landfill platform
block/plots significantly out-yielded the control site; however, some differences among
platforms (cells) became apparent (Table 2-13). Cell 8 had the highest forage yield, and this
difference was significant when compared to Cell 12 with the GCL, but was not significant when
compared to Cell 12 with no GCL. The forage yield in the presence of the GCL was numerically
lower than without the GCL on Cell 12, but this difference was not significant. The cumulative
yield from 2008 and 2009 (Table 2-13) showed that Cell 8 and Cell 12 with no GCL were similar
and outperformed Cell 12 with a GCL. However, Cell 12 with a GCL still significantly out-yielded
the field-control site.

2.7.3 Yield Anomaly in Cell 12 with GCL Liner
Biogas-treatment (cell) differences, although statistically significant (and cautiously interpreted),
are likely not related to actual biogas concentrations in the root zone or the evolution of biogas
from the waste stack. As noted in section 2.2.1, at no time or location was there any evidence of
oxygen levels in the rooting zone being below levels in the ambient air, nor was there any
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indication of tropospheric ozone damage to the white bean ‘indicator crop’. This lack of
evidence of biogas migration from the waste stack through the clay cap indicates that this is not
likely the cause of differences among biogas treatments. Nevertheless, ‘biogas treatment’
effects were evident and merit discussion.
The major difference in soil-profile construction between Cells 8 and 12 was the addition of an
underlying, impervious geosynthetic clay liner (GCL), covered by 15 cm of coarse gravel on top
of the compacted clay cap for the Cell 12 GCL treatment. The Cell 12 platform without a GCL and
the Cell 8 platform were constructed directly on top of the existing clay cap, with no additional
drainage or waste-cell sealing. The field-control soil profile was, of course, naturally occurring,
with no subsoil or profile disturbance beyond normal cultivation. In the absence of detectable
biogas evolution from the waste stack, this construction difference was likely significant, in that
the gravel layer underlying the GCL platform would have an impact on the drainage of that
constructed soil profile, relative to the other two treatments and the field-control site.
Following the excessively dry 2007 growing season, all three reconstructed soil profiles and the
field-control site exhibited deep, vertical profile cracking, typical of a heavy clay soil. As these
sites dried out through the season, the soil profiles fractured into vertical columnar peds, with
typical diameters of 30-50 cm. The depth of cracking was more than 50 cm in many places. In a
typical clay soil profile, these vertical cracks allow for the rapid infiltration of water during
recharge cycles (heavy rains or snowmelt), and water floods the cracks at depth. Over time, and
in the absence of free drainage, this excess water will be absorbed and re-wet the soil, the clay
will expand, and the cracks will close. In the case of Cell 12 with a GCL and gravel substrate
layer, it is quite likely that recharge water would run through the cracks, then drain freely
(preferential flow) through the gravel layer without saturating or fully rewetting the soil profile
at depth, since the heavy clay subsoil has relatively low hydraulic conductivity. With an
extremely dry 2007 and wetter 2008 and 2009 growing seasons, this drainage difference could
significantly impact the total quantity of soil water available to the crop if there was a significant
difference in soil-water recharge among treatments.
This condition was evident in the soil-water-content data collected during the 2008 growing
season. A comparison of volumetric soil-water contents between the adjacent platforms in Cell
12 shows clearly that the biogas treatment with GCL and gravel over the clay cap had a
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significantly lower soil-water content by volume at depths below 50 cm than did the adjacent
platform without this freely draining profile structure. This difference was evident throughout
the entire growing season. This condition likely resulted in more deficit plant-water stress for
the crop grown with the GCL/gravel layer than without. Figure 2-17 and Figure 2-18 illustrate
this difference. Furthermore, on-site observations through the spring and early summer of 2008
revealed that water was flowing freely from the elevated block in Cell 12 GCL and ponding in the
runoff areas adjacent to the block. This was not observed from Cell 12 (without the GCL/gravel
layer). This observation adds further credence to the hypothesis that preferential flow of
rainfall through the cracked subsoil limited the recharge of this soil profile at depth in the early
part of the 2008 growing season.

Figure 2- 17: Change in volumetric soil-water content (θv) in the 0-100 cm profile over time during the
2008 growing season (Cell 12 no GCL) (Source: NWSL, 2010).
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Figure 2- 18: Change in volumetric soil-water content (θv) in the 0-100 cm profile over time during the
2008 growing season (Cell 12 with GCL) (Source: NWSL, 2010).

2.8 Effect of Soil Amendments on Soil Fertility and Forage Yield
2.8.1 Soil Fertility
Ten soil-core samples were taken per experimental plot to a depth of 20 cm, then mixed and
sub-sampled in order to measure the soil nutrient status. These samples were tested for sodium
bicarbonate extractable phosphorus, ammonium acetate extractable potassium and
magnesium, and soil pH, using OMAFRA-accredited soil-test procedures. A summary of the soil
analytical results is presented in Table 2-14. Based on these results, additional P and K fertilizer
was not added to the plots, as the likelihood of a significant P or K fertilizer response was low.
In 2008, soil amendments had a significant effect on biomass yield at the first harvest and total
season yield, but not on the second harvest yield. The soil amendment had no effect on
biomass-moisture content. Where no soil amendment was applied, the lowest yields were
measured. The N-Viro soil, SSO compost, and the blend of the two all increased forage yield
above the Nil treatment to a similar degree. Soil-nutrient testing indicated that the soil
amendments improved phosphorus and potassium soil-test values as shown in Table 2-14.
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Table 2- 14: Consolidated soil test results for P, K, Mg, and pH by soil-amendment treatment.

OMAFRA Accredited soil test results
P

K

Mg

pH

Effect of Biogas
Mean
Mean
Mean
Mean
Treatment
Cell 12 no GCL
17b
201a
383a
7.7a
Cell 12 with GCL
16b
190a
412a
7.7a
Cell 8
17b
212a
391a
7.7a
Control
23a
159b
287b
7.2b
Effect of Amendment
Mean
Mean
Mean
Mean
Treatment
NVS
19a
211a
316a
7.6a
SSO
20a
185a
412a
7.6a
Blend
23a
239a
321a
7.7a
Nil
12b
125b
424a
7.3a
Means followed by different letters within a column and main effect are significantly different
(p<0.05)
Addition of soil amendments raised the soil-test phosphorus (P) from an average of 12 ppm to
around 20 ppm. This increase corresponds to a change in the OMAFRA soil-test rating for
forages from a medium to a low probability of yield response to added phosphorus fertilizer.
Soil amendments also increased soil potassium (K) levels from medium to a rare probability of
response to added potassium fertilizer. In the presence of any of the soil amendments, the pH
increased from 7.3 to about 7.6.
Neither the SSO, N-Viro soil, nor the blend of both were significantly different from each other
from a P-, K-, or Mg-fertility standpoint, nor was there any significant difference in yields among
these treatments. All three amendment treatments were significantly higher than the Nil
treatment in both fertility (as measured by P, K, and Mg soil tests) and forage yield. This
suggests that, from a rehabilitation standpoint, SSO, N-Viro soil, or a blend of both can be used
with equal success as a soil amendment.
Although there was no significant difference among SSO, N-Viro soil, and the blend in full-season
yields in 2009, the Nil treatment had significantly lower cumulative forage yield (2008+2009)
than any of the three soil amendments (Table 2-12 and Table 2-13), and merits discussion.
Linear regression of yield versus P and K soil test by individual plot showed a coefficient of
determination (r2) of 0.14 for K versus yield, and 0.02 for P versus yield (total of 2008 and 2009).
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This low predictive capability indicates that yield differences observed among soil-amendment
treatments and within platforms were not strongly related to the P and K from the
amendments. Similar results were observed for Mg and pH. Therefore, it is unlikely that P-, K-,
or Mg-fertility levels were a significant factor in the observed yield differences. This conclusion is
consistent with soil-test results from plots without soil amendments, indicating a medium
probability of response to added P and K.
Since yield increases in the presence of added soil amendments cannot be well explained based
on increases in P, K, Mg, or pH, some other factor related to added soil amendments must have
caused the higher yields. Soil available nitrogen (N) was not measured, but the application of
SSO compost, N-Viro soils or the blend at the rates applied in 2006 added between 100 and 200
kg/ha (based on application rates in described in Appendix 8) of available nitrogen to the
treated plots versus 0 kg/ha on the Nil treatments. There is ample literature that reports a
significant yield response of grasses to applications of N from similar organic sources at similar
rates under a wide range of soil conditions. Additionally, the first cut harvest, composed
primarily of N responsive cool-season grasses, showed a significant amendment-treatment
response, while the second cut harvest, composed primarily of nitrogen-fixing legumes that are
typically unresponsive to added N, did not show a significant yield response. This seasonal
response pattern to the added soil amendments is consistent with a nitrogen effect and
supports the hypothesis that the main benefit of amendments was an increase in yield through
additional N.
By contrast, there was no statistically significant difference in forage yield in 2009 between
amended soils and the Nil treatment (Table 2-13). Since the amendments were applied in 2006,
any residual effect of additional N was likely subdued by 2009. However, when total cumulative
yield from 2008 and 2009 was considered, the soil-amendment effect was still significant. The
SSO, N-Viro soil, and the blended amendment treatments were all equivalent and resulted in a
yield improvement of 1.93 tonnes/ha of dry biomass over the two years, the majority of the
average yield increases being seen in the 2008 growing season.
The significance of the above observations is that the use of SSO compost, N-Viro soil, or a blend
of the two as amendments in a reconstructed soil profile is beneficial and will likely result in
significant forage-yield improvements over a Nil application. Since the response is similar among

63

the treatment applications, material cost and/or availability should be the deciding factor in
determining which amendment to use.

2.8.2 Yield Differences between Control, Cell 8, and Cell 12 Blocks
The relative difference between amendment-treatment yields within blocks was similar across
the blocks (Table 2-12 and Table 2-13). However, the control block yields were, on average,
consistently lower than on the landfill blocks. As discussed in section 2.3.2, this difference in
yield is likely due to the higher AWHC of the anthropogenic soils versus the control, largely
driven by subsoil (below 20 cm) differences in texture and dry-bulk density. Simple linear
regression, though not significant due to the small sample size and the use of block averages for
both the dependent values (yield) and the independent variables (AWHC), resulted in a
coefficient of determination (r2) for 2009 and two-year total yields of 0.792, and 0.771
respectively. The r2 for 2008 was lower (0.408), and that was driven by the unexpectedly lower
yields on Cell 12 GCL. The observed relationship is interesting and consistent with the
hypothesis that AWHC is a primary determining factor for crop yield at this site. Furthermore,
the low r2 in 2008, being due to lower yields on Cell 12 GCL, is consistent with the observed
deficient recharge in the lower profile. It can be hypothesized that the lack of soil-water
recharge in the 50-100 cm depth range (Figure 2-17 and Figure 2-18) effectively reduced the
volume of stored water in the entire soil profile available to the crop through the early part of
the growing season, making it more susceptible to soil-water-deficit stress through the growing
season. Correction for the recharge deficit in the linear-regression analysis by calculating AWHC
within the top 60 cm only (i.e., the depth of soil that did recharge to field capacity by the spring
of 2008) improved the 2008 r2 for yield versus AWHC to 0.727. Again, the author cautions that
this analysis is not statistically sound, due to the use of block averages and the lack of
replication, but the trend does support the hypothesis that soil-water availability was the main
determining factor in forage-yield differences between the control and the three “biogas”
treatment blocks.

2.8.3 Forage Quality
One of the landfill operator’s concerns with rehabilitation to grassland or arable agriculture on
this site is the potential risk of crop contamination from materials within the underlying waste
stack. Practically, this is unlikely, since the depth of the anthropogenic soil profile (>1m)
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represents the expected limit of rooting depth of most field crops. Since this soil profile in turn
overlies a 1 m-thick heavy clay cap, compacted close to the maximum Proctor density, it is very
unlikely that the root systems of typical field crops could penetrate the underlying waste stack.
Additionally, the SFMs used were from stockpiled native overburden excavated during earlier
quarry operations and did not contain any contaminated soil materials.
To verify that such a risk was not an issue, harvested biomass from both the forage and the
biofuel plots were subsampled and tested for typical plant nutrients (Table 2- 15) and trace
elements, including heavy metals (Table 2- 16). These data were then compared to existing
cattle-feed recommendations and regulations (Department of Justice Canada, 2011) to
determine the suitability of the harvested plant material for animal feed. Forage samples were
taken from each of the four main experimental blocks at the time that each of the three
harvests were carried out in 2009. The biofuel plots (i.e., originally planted to switchgrass) were
only sampled at the time of the first harvest. Forage samples from Cell 12 (no GCL) and the
control field (second harvest only) were also subjected to trace element analysis.
Overall, the ash content was somewhat high and variable in the forage samples (range 7.5-13%),
but less variable in the biofuel samples (range 8.4-10%). Magnesium (a plant ‘mesonutrient’)
was below the ‘critical minimum’ level in the first-cut forage. Sporadic deficiencies in
manganese and boron (plant ‘micronutrients’) occurred as well (Table 2- 15). The trace element
analysis (particularly heavy metals) indicates that there was, as expected, no concern using this
plant material as animal feed (Table 2-16).
These findings are meaningful from a land use perspective and support an unrestricted
agricultural after-use for this site consistent with the Ontario Ministry of the Environment’s
Regulation 347 (MOE 1991). An agricultural after use on similar sites, public perception aside, is
common practice in Europe and North America (Palmer, 1982; Simmons, 1992; Browning and
McRae, 1994).
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Table 2- 15: Plant Tissue Analysis Results (2009).

N

P

K

Mg

Ca

Cu

Zn

Mn

Bo

Fe

%

ppm

ppm

ppm

ppm

ppm

ppm

ppm

ppm

ppm

0.2

1.7

0.2

5.0

10.0

20.0

20.0

40.0

Critical Min.

Crop

Cut

Max. Normal

5.5

0.5

3.5

1

4

30

70

100

90

1000

Typical Range

1.52-4.4

0.13-.38

1.7-2.6

0.15-.27

0.57-2.1

4.6-7.4

16-28

29-105

15-20

42-117

Block

Forage

1

Cell 8

2.09

0.241

2.31

0.174

0.889

6.2

16

20

19

120

Forage

1

Cell 12 - no GCL

2.49

0.261

2.45

0.196

1.05

7.3

19

18

23

130

Forage

1

Cell 12 - GCL

2.33

0.266

2.38

0.168

0.943

6.8

20

17

25

110

Forage

1

Control Field

1.97

0.214

1.86

0.194

0.956

6.8

18

25

18

150

0.264

2.33

0.269

1.33

9.1

23

44

28

900

Forage

2

Cell 8

2.73

Forage

2

Cell 12 - no GCL

2.91

0.314

2.83

0.257

1.28

8.9

24

26

25

250

Forage

2

Cell 12 - GCL

3.16

0.282

2.44

0.24

1.32

9.1

26

33

31

250

Forage

2

Control Field

3.04

0.342

2.58

0.273

1.33

9.1

23

21

23

110

Forage

3

Cell 8

3.17

0.403

2.29

0.291

1.21

9.6

25

36

17

750

Forage

3

Cell 12 - no GCL

3.39

0.333

3.1

0.223

1.04

8.9

22

21

24

150

Forage

3

Cell 12 - GCL

3.56

0.308

3.22

0.233

1.14

8.6

23

27

28

190

Forage

3

Control Field

3.32

0.334

3.19

0.22

1.06

8.9

22

24

24

150

Biomass

1

Cell 8

1.48

0.379

1.94

0.233

0.982

5.5

34

38

14

140

Biomass

1

Cell 12 - no GCL

1.17

0.296

2.05

0.203

0.937

5.4

29

21

15

160

Biomass

1

Cell 12 - GCL

1.6

0.335

2.01

0.257

1.14

6.4

29

29

19

180

Biomass

1

Control Field

1.47

0.323

2.37

0.245

1.19

7.6

26

20

21

240

* Plant analysis ranges (e.g., critical min. max. and normal) are based on OMAFRA crop recommendations for alfalfa at early bud.
*Plant analysis data denoted in bold are below OMAFRA 'critical minimum' level
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Table 2- 16: Trace metal analysis from 2009 forage harvest for the NWSL site.

Analysis (ppb)
Regulatory Range*
Element
Control
Cell 12 no GL
Min.
Max.
Al
>6300
>6300
N/A
N/A
Ar
91
25
N/A
N/A
Bo
28000
24000
N/A
N/A
Cd
33
36
N/A
N/A
Cr
1200
700
N/A
N/A
Cu
9200
9500
10000
100000
Fe
420000
150000
10000
750000
Pb
490
170
N/A
N/A
Mn
6300
6300
20000
200000
Hg
<65
<65
N/A
N/A
Ni
1200
960
N/A
N/A
Se
75
40
0
300
Sn
<140
<140
N/A
N/A
Ti
5500
1900
N/A
N/A
Zn
22000
21000
20000
250000
*Government of Canada Feed Regulations, 1983 (updated May 17, 2011)

2.8.4 Biofuel-Feedstock Yields, 2009 Growing Season
As noted earlier, neither switchgrass planted in 2007 nor the switchgrass/big bluestem grass mix
planted in 2008 established successfully in the biofuel plots. Nonetheless, these plots did
produce a significant volume of biomass, composed mostly of volunteer weed species, which
were harvested in a single cut on September 8 and 9, 2009. Data from this harvest are
summarized in Table 2-17.
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Table 2- 17: Statistical significance of biogas and soil-amendment treatments on 2009 biofuel crop yields.

%Moisture at Harvest

Crop Yield 100%
DM Basis (T/ha)

Cut 1

Cut 1

Effect of Biogas
Treatment

Mean

Mean

Cell 12 no GCL

28.7a

8.08a

Cell 12 with GCL

32.5a

7.06b

Cell 8

30.9a

7.60ab

Control
Effect of Amendment
Treatment

28.7a

4.81c

Mean

Mean

NVS

30.5*

6.61a

SSO

29.5

6.89a

Blend

31.3

7.35a

Nil
30.5
6.72a
Means followed by different letters within a column and main effect are significantly different
(p<0.05)
*Fischer Protected L.S.D. not valid since treatment mean effect not significant
Statistically, there was no difference among amendment treatments in the 2009 harvest. There
was a significant (again, interpreted cautiously) “biogas” effect with all three treatments,
yielding significantly higher than the control site, and Cell 12 with GCL yielding higher than both
Cell 12 (no GCL) and Cell 8. However, these yield differences were observed to be more a
function of the density of the volunteer weed populations on individual plots than a true
treatment effect. The variability between replications of individual amendment-treatment plots
was high and very similar to the variability between amendment treatments, hence the lack of
statistical significance.
The control blocks exhibited lower yields than the treatment blocks, which was consistent with
observations on the forage plots. The difference in AWHC likely impacted on these yields as
well, but there was also an observable difference in weed density at the control site versus the
treatment blocks on the landfill. The control site has been under a continuous cropping cycle
for many years, and herbicides had been routinely applied at this site, consistent with normal
row crop practices. It is likely that this has suppressed the quantity of viable weed seeds in the
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plow layer at this site, which would at least partially explain the relatively lower weed
populations at this location.
In spite of the failure to establish a specific biofuel feedstock (switchgrass) on these plots, the
primarily weed biomass yields obtained were impressive, with treatment blocks averaging 7.6
tonnes/ha and the control averaging 4.8 tonnes/ha. The author cautions that these are research
plot yields, and that under typical field harvesting conditions, these yields are likely to be 2530% lower, due to harvest and process losses (Buckmaster, 2009). The impact of this on the
economics of biofuel production is dealt with in more detail in Chapter 3 of this thesis, but it
does indicate some potential for low-cost biofuel production from unimproved (i.e., naturally
regenerated) lands.

2.9 Scale-Up of Research Plots to Field-Level Rehabilitation,
2010 and 2011
The 3.5-year field trial results were used, with some modification, to develop a rehabilitation
plan for the entire 37-acre (14-ha) East Landfill site starting in 2010. Based on the trial results
from 2007 through 2009, the following conclusions with regard to rehabilitation prescriptions
were made:


In view of the absence of detectable gas evolution into the root zone at this site, and in
the demonstrated ability of the landfill operator to construct an impervious clay cap
with on-site available heavy clay materials, it should not be necessary to install a GCL
barrier on the surface of the clay cap prior to reconstructing an anthropogenic soil
profile. This conclusion, specific to this site, would significantly reduce the rehabilitation
costs as GCL liners typically cost approximately $50,000-$85,000 per hectare (US-EPA,
1997; Meyers, 2008; Purdy and Shedden, 2008; NWSL, 2010).



Since a significant waste-cell heating effect was not detected in the plant root zones of
the research blocks, no action beyond the standard inclusion of a 1-m thick clay cap over
the East landfill should be necessary. Subsurface biogas collection has been extended
throughout the landfill and connected to the existing gas-supply pipeline feeding the
1MW generator and local factory gas supply.
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Based on the above two points, Cell 8 conditions (biogas collection with no GCL layer)
were chosen as the model for the rest of the East landfill, with a total constructed
profile depth of 100 cm, consisting of 70-80 cm of clay-rich subsoil, overlain by an
ameliorated surface (topsoil) rooting zone approximately 20-30 cm deep.

An inventory of onsite SFMs revealed that the material selected for the sub-surface horizons in
the Cell 8 plot prescription were not available in quantities sufficient for the entire 14 hectares
at the East landfill site. Material that was available in quantity had considerably higher clay
content, as illustrated in Table 2-18. Since the rehabilitation costs at this site were already
prohibitive to successful agricultural production (Chapter 3), alternative, locally available
material was considered. The landfill had received large quantities of leaf and yard waste (LYW),
which had been ground and screened through a 0.5 inch (13 mm) screen, then stockpiled in
windrows pending composting. This triggered an effort to investigate its use as an alternative
SFM. Heavy clay and LYW material, along with screened SSO, were batch-mixed in the
laboratory and analyzed for chemical and physical properties to assess the feasibility of mixing
to improve organic-matter content, fertility, AWHC, and, over time, soil structure versus the unameliorated clay subsoil material available in quantity.

2.9.1

Preliminary Soil Mixing to Ameliorate Clay Subsoil Material

Typically, LYW material arrives at the landfill in large quantities in the fall, and is either
composted in the on-site composting facilities or buried in the landfill. The focus of this initial
trial was to determine if this material could be successfully blended with the available heavy clay
materials to provide an alternative to importing better quality soil material to cover the landfill
cap, without going through the composting step for LYW. Chapter 4 describes a more
comprehensive mixing study that was completed in an effort to expand the use of landfill
diverted materials, while this section deals only with the initial efforts in the fall of 2010.
A preliminary laboratory mixing trial was initiated to investigate appropriate mix ratios of LYW,
SSO compost, and heavy clay. Clay soil and LYW component samples were analyzed for key
chemical and physical properties, as presented in Table 2-18. They were then batch-mixed in
small quantities (10 liters) on a volume basis, in a 0.5 m3 electric cement mixer, to provide a
uniform mix. The mix was sampled and analyzed using the same laboratory analysis as the
components to determine actual physical and chemical properties of the mix. The selected soil
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mixes were then scaled up and spread on the landfill surface in varying depths to facilitate
potential further research. Field samples were obtained approximately six months after
spreading to confirm chemical and physical properties in situ. Since the proposed on-site mixing
method was to be on a volume basis, a MS Excel-spreadsheet model was developed to convert
material analysis on a weight basis, and estimate, based on the relative proportion by weight of
materials blended and their properties, the likely outcome of the soil mix with respect to those
properties. This model was then used as a screening tool to determine potential blends and
their costs. Samples from lab mixes and the in situ sampling “post-field application” were used
to compare actual physical and chemical properties of the mix to those predicted by the mixing
model. A representative example of this model is illustrated in Figure 2-17 (simple version) and
is discussed in more detail in Chapter 4. (Note that the representations of the model [Appendix
13] presented in this thesis are visually different than in the actual model in order to
accommodate publishing limitations, but they are functionally representative).
Chemical analysis of the LYW material indicated very high levels of soluble plant nutrients (Table
2-18). Based on predictions from the mixing model, a maximum mixing ratio of 1:1 by volume
(Clay:LYW) was determined to be the safe maximum to avoid excessive nutrient loads in the
blend.
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Table 2- 18: Soil-forming materials (SFM) properties for mixing trials.

Material Properties
Dry bulk density as received (g/cm3)
Gravimetric soil water content (%kg kg-1)
Total carbon (%)
Organic Carbon (%)
OM (OCx1.7) (%)
Plant Available Nutrients (ug/g)
Phosphorus
Potassium
Magnesium
Manganese
Zinc
pH
Textural Analysis (Mineral Components Only)
Sand (%)
Silt (%)
Clay (%)

72

Heavy Clay
Sub-soil
1.3
13.5
2.05
0.3
0.5

Leaf Yard
Waste
0.4
40.0
36.7
35.5
60.7

3.9
130
770
23
0.64
7.9

84
3000
920
15
19
7.5

80
1100
3900
29
28
7.9

4
40
56

N/A
N/A
N/A

N/A
N/A
N/A

SSO Compost
0.4
40.4
23.6
22.5
38.5

Table 2- 19: Representation of soil-mixing model, SFM characteristics input component.
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Table 2- 20: Representation of soil-mixing model, calculation, and output component.

Units

Mix ratio (volume)
% by volume
Dry bulk density
kg material/m3
Kg/material/mix
kg organic matter per m3
kg OM/m3 contribution to mix
% OM
SOIL TEXTURE
Sand
Silt
Clay
Texture
PLANT AVAILABLE NUTRIENTS
Phosphorus
Potassium
Magnesium
Manganese
Zinc
pH
SIMPLE COSTING MODEL FOR MIX
Component Cost
Transportation Cost
Mixing Cost
Total Cost

Notes

a
b

5
% by wt
% by wt
% by wt

c

(soil test)
ug/g
ug/g
ug/g
ug/g
ug/g
ug/g

d

Mineral
1

Mineral
2

Mineral
3

Mineral
4

Clay
Subsoil

Heavy Clay
Parent
Material

Leaf and Yard
Waste
Ground

Screened
Compost

Organic
3

Organic
4

Organic
5

0
0%
0.00
0
0
0.0
0

0
0%
0.00
0
0
0.0
0

0
0%
0.00
0
0
0.0
0

0
0%
1.00
0
0
0.0
0

0
0%
1.20
1200
0
9.2
0

5
50%
1.30
1300
6500
7.1
36

5
50%
0.05
450
2250
273.2
1366

0
0%
0.40
400
0
153.9
0

0
0%
0.00
0
0
0.0
0

0
0%
0.00
0
0
0.0
0

0
0%
0.00
0
0
0.0
0

80.0%
15.0%
5.0%

0
38.1%
55.8%
6.1%

0
50.4%
44.7%
4.9%

0
17.7%
49.3%
32.6%

0
7.9%
43.0%
49.2%

2
4.0%
40.0%
56.0%

0
0
0
0
0
0

0
0
0
0
0
0

0
0
0
0
0
0

0
0
0
0
0
0

5.8
170
730
9.3
0.37
7.9

3.9
130
770
23
0.64
7.9

84
920
3000
15
19
7.5

80
1100
3900
29
28
7.9

0
0
0
0
0
0

0
0
0
0
0
0

0
0
0
0
0
0

0

0

0

0

0

0

-1

0

0

0

0

58
23.5
18.5

e
$/m3
$/m3
$/m3
$/m3

Expected Blend
Result
Total Mix
10
0.9
875.0
8750
140.1
700.7
16.0%
Soil Texture
4.0%
40.0%
56.0%
100.0%
Expected Result
42.0
525.0
1885.0
19.0
9.8
7.7
Material Cost
-$1.00

-$1.00

a Mix ratio input: key to model, enter proportions of each material to develop mix and costs
b Material qualities driven by mix ratio
c Mix based texture calculator (to modify texture with sand etc)
d Nutrient calculator to determine final fertility of mix under expected results (note, mix result cell turns red if excessive)
e Simple mix material cost estimator- considers individual component costs of mix to give mix material cost, input mixing and other costs to get total cost
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Two field trial mixes, a 1:1 (clay:LYW) and a 4.5:4.5:1 (clay:LYW:compost) mix-by-volume of
these materials, were selected to provide “manufactured” soil mixtures with properties as
illustrated in Table 2-20. In-situ sample data (i.e., field samples obtained six months after the soil
was spread and disked) are also presented in Table 2-20. Since the objective of this exercise was
a practical proof of concept, a rigorous and statistically valid trial was not conducted ( i.e., lab
verifications are the mean of samples from three replications of lab prepared samples, and insitu verification are the mean of two samples taken from similarly treated landfill covers).
However, the results of model estimates, laboratory sample testing, and in-situ soil testing
performed after the field-scale mixing process indicated reasonably good agreement between
lab and field results, and predicted results for OM content and major and minor plant nutrients
(Table 2- ). Additional testing for trace metals was also conducted to ensure heavy metal
contributions from the compost and LYW did not exceed regulatory maximums, and this too is
discussed in Chapter 4.
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Table 2- 21: Comparison of predicted, lab trial, and in-situ soil properties for selected soil mixes.

1:1 Clay:LYW
Model
Estimate
Number of Samples for Average
OM (OCx1.7) (%)
Plant Available Nutrients (ug/g)
Phosphorus
Potassium
Magnesium
Manganese
Zinc
pH
Textural Analysis (mineral components only)
Sand (%)
Silt (%)
Clay (%)

4.5:4.5:1 Clay:LYW:Compost
In-situ
Verification
2
12.3

Model
Estimate

16

Lab
Verification
3
16.8

42
1535
845
19
9.8
7.7

79
1237
707
24
11.6
7.7

55
905
500
27
7.9
7.8

4
40
56

17.2

Lab
Verification
3
17.7

In-situ
Verification
2
16.8

46
1513
1184
20
12
7.7

88
2800
865
18
19
7.4

63
1240
610
25
12.9
7.6

4
40
56
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2.9.2

Field Scale-Up from Soil-Mixing Trial

For the field-scale work-up, between 50-80 cm of un-ameliorated clay subsoil was spread on the
landfill cap, using a laser-guided bulldozer to control depth of application. Application depth was
deliberately varied to accommodate potential field trials in the post-2012 crop years. The subsoil
material was then overlain with a 20-50 cm depth of either the leaf/soil mix or the
leaf/soil/compost mix, to give a total profile depth of approximately 100 cm.
Large scale mixing of SFMs was a challenge. This was achieved by excavating the heavy clay material
from storage piles, which were unloaded in windrows adjacent to the stored LYW- and SSOcompost windrows. A large excavator with a skilled operator then selected alternate full buckets of
clay subsoil, LYW, and compost, approximating a 1:1 volume ratio for the LYW:clay and 4.5:4.5:1 for
the LYW:clay:compost, which was dumped into a central windrow. The central windrow was then
mixed and stirred with the excavator bucket, loaded into earthmovers with a bucket loader, and
dumped in adjacent windrows in the field. Those windrows were graded to a uniform depth, using a
bulldozer with laser-blade height guidance and low ground-pressure wide steel tracks (to minimize
compaction). The entire process resulted in a reasonably well-mixed soil material, and it was
evident that the mechanical actions of scooping, stirring, loading, unloading, and bulldozing this mix
effectively broke down the large clods in the clay subsoil material and distributed the LYW mix
thoroughly through the soil-mineral matrix. Given the rather crude (but effective) approach to
mixing on a large scale and the inherent variability of LYW material, the variability noted between
modeled, lab trials and in-situ field testing is not unexpected.
Following spreading and leveling, the applied manufactured soil was deep-ripped (40 cm) with a
wide-track (high-flotation) bulldozer, and, with conventional farm equipment, disked twice in
perpendicular directions, then harrowed to develop seedbed tilth. The intent at that point was to
plant a crop of winter wheat for harvest in the 2011 growing season, then plant the landfill surface
to mixed forages and a selection of potential biomass crops for future evaluation. Unfortunately,
continued operations on the landfill delayed the backfilling and grading operations, and the
optimum planting dates were missed, so the land was left fallow over the winter for planting in the
2011 growing season.
In the spring of 2011, it was evident that the landfill surface had over-wintered well. There was
minimal visual evidence of erosion, even on the steeper sloped areas, suggesting rapid rainfall
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infiltration and high soil-water-holding capacity of the clay:LYW mix. Cultivation and seedbed
preparation using conventional farm equipment began in early May. By mid-May, however, regular
and heavy rainfall began to occur at the site and planting preparation became impossible.
Approximately three hectares of oats were planted at the end of May, but continuing wet
conditions further delayed planting operations. Heavy rains continued well into June and saturated
the manufactured soils on the clay cap, making it unworkable with conventional farm equipment.
The oats that were planted grew reasonably well, but wet conditions through the typical harvest
period prevailed, and a meaningful harvest was not possible.
Natural re-vegetation of the unplanted areas at this site, consisting of weeds and voluntary alfalfa,
resulted in significant biomass cover (Figure 2-19) through late June to early September, and that
material was left in place to stabilize the landfill surface and provide winter cover. The landfill
operator remains optimistic and cooperative, and in 2012, the landfill was planted to a stabilizing
forage cover crop (alfalfa, double-cut red clover, and timothy) that could be used as either forage or
a biofuel feedstock.

Figure 2- 19: Dense volunteer alfalfa and weeds growing on the unseeded soil/leaf-mix profile over the clay
cap in August 2011 (Source: Author).
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The expectation for this thesis was that the 2011 growing season would provide an opportunity for
validation of the scale-up, from plot-level to field-level trials with both forage crops and planned
biofuel alternatives, to switchgrass, such as reed canary grass and timothy/brome grass mixtures.
However, weather conditions at the site through the planting and harvesting season precluded this.
While frustrating from a research standpoint, some valuable general observations were made that
will aid in establishing field trials in the post-2012 growing seasons.
The 1:1 by volume mix of heavy clay and LYW absorbed rainfall rapidly throughout the profile
depth, and, in the wet conditions of 2011, became saturated throughout the profile in early spring.
In areas where significant volunteer biomass grew (Figure 2-19), it was possible later in the season
to use conventional farm equipment to plow, disc, and harrow the surface to prepare a seedbed.
However, in areas with sparse volunteer biomass, the surface dried to a point where it was
workable, but the soil at depth remained wet, and was not capable of supporting conventional farm
equipment. In these areas (Figure 2-20), the tractor tires would break through the dry-surface soil
and sink to its axles in the relatively unconsolidated subsurface soil material. Dry bulk density
sampling, to a depth of 20-40 cm, indicated densities in the order of 0.90-0.95 g/cm3. It can be
surmised from these observations that once saturated, the rate of drying of this soil is slow at depth
(i.e., a function of surface evaporation and saturated hydraulic conductivity only), unless there is a
significant root mass at depth supporting a rapidly transpiring crop, in which case subsurface the
water-extraction rate will increase through transpiration. The implication from this observation is
that the management practices used on this high-organic-matter-content-soil/LYW mix will require
either processes or equipment more consistent with organic-soil management, or the early
establishment of a forage or similar perennial crop for several years, while the soil consolidates and
stabilizes.
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Figure 2- 20: Ruts from tractor tires breaking through dry surface soil in sparse vegetation area (Source:
Author).

Although weather conditions thwarted efforts to validate the rehabilitation process via crop-yield
measurement, the overall rehabilitation process was deemed successful. The landfill operator was
able to use waste-stream diversions (primarily LYW) and clay-rich parent material to produce a
manufactured soil that provided high AWHC and good workability across an acceptable range of
soil-water contents. The potential productivity of these soils, though not validated for yield at this
point in time, is likely high, as indicated by the aggressive volunteer growth (Figure 2-19) and the
strong germination and early growth of the area planted to oats in 2011 (Figure 2-21).
Clearly, an opportunity exists to use uncontaminated, low-risk waste-stream diversion materials
(i.e., LYW, composted SSO, quarry fines, etc.) to ameliorate soil materials, such as heavy clay, for
use in rehabilitation projects. Use of these types of materials, which would otherwise be landfilled
or processed to compost, is a potentially cost-effective disposal method if appropriate management
techniques (i.e., tillage, planting, and harvesting) are developed specific to these soil mixes. A more
thorough analysis and discussion of these issues are presented in Chapter 4, where these materials
are considered as an opportunity for cost reduction in the rehabilitation process.
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Figure 2- 21: Early growth of 2011 oat crop on 1:1 clay/leaf-mix soil profile (Source: Author).

2.10 Conclusions from the Field Trials Conducted at the NWSL Site
The primary purpose of the 3.5-year field trial was to develop and validate rehabilitation
prescriptions on a closed landfill site (East landfill), and to determine the technical feasibility of
rehabilitating such sites to a productivity level at least equal to typical, undisturbed agricultural soils
in the region. The secondary purpose was to evaluate the East landfill as a potential location for
biofuel-feedstock production (e.g., switchgrass and big bluestem), and evaluate the technical
feasibility of biofuel-feedstock production as an alternative to conventional agriculture-crop
production. Within that context, the field-research program evaluated the potential impacts of: i)
landfill-gas evolution, ii) waste-cell-heating issues, and iii) the use of locally available SFMs and soilamendment/conditioning materials in a defined way to construct a productive anthropogenic soil
on the landfill cover. The following can be concluded for this research site:


At this site, where suitable clay-rich materials were available and appropriate care was
taken to ensure the integrity of the landfill cap during its construction, biogas evolution
from the waste stack was not detected and appeared to be adequately controlled without
the use of additional sealing material, such as a geosynthetic clay liner (GCL). The addition
of a GCL liner did not have a measurable impact on site productivity.
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Switchgrass, given the site-management restrictions (i.e., no chemical weed control) and
less-than-ideal soil conditions (fine texture), was not a viable crop for biofuel-feedstock
production at this site, due primarily to establishment failures on both the anthropogenic
and control soils. The failure of switchgrass to establish does not, however, preclude the
production of other potential biofuel feedstock, which may be better suited for these
specific site restrictions and soil conditions.



In spite of the issues with switchgrass, mixed-forage hay performed very well on this site,
surpassing the yields on the control soil significantly. Hence, it can be concluded that, given
appropriate crop selection for site-management restrictions and soil conditions, it is
technically feasible to rehabilitate this site using locally available SFMs and
amendment/conditioning materials to a productivity level at least equal to (and in this case
better than) local undisturbed agricultural soils.
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3 Phase II: Analysis of the Economic Feasibility of
Rehabilitating the East Landfill for Grassland
Agriculture and Biofuel Feedstock Production using
a Conventional Rehabilitation Process
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3.1 Background and Methods
Having determined that it is technically feasible to rehabilitate the subject landfill site to produce
crop yields comparable to native agricultural soils in Phase I, the next step was to determine the
economic viability of doing so, and, more specifically, the economic viability of field crops or
biofuel-based energy production at this location.
For both growers and energy end-users, biofuels become attractive when they effectively replace
conventional energy products (e.g., electricity or fossil fuels) at a lower total cost than their current
energy source. However, the cost savings must not be offset by significant inconvenience, userintervention requirements, or increased risk (Demirbas, 2005; Theis et al., 2006; Chau et al., 2009
[a,b]).

3.1.1 Assessing Economic Viability
As noted earlier, several DSS systems for larger scale alternative energy systems exist (De La Torre
et al., 1998; Bransby et al., 2005; Miranowski and Rosberg, 2010; Buchholz and Volk, 2011; Lee et
al., 2011; Nassar et al., 2011; NRCan, 2011a). As noted, most lack a detailed, site-specific analysis
component that is critical to individual site decisions to grow biofuel feedstock, particularly on
rehabilitated landfills and similar brownfields.
Thus, Phase II develops and assesses a business-case-style model and supporting components that
can be used at a site level to determine the effective use of available materials (e.g., SFMs) and
rehabilitation processes needed to transform the site to produce a crop or a biofuel feedstock at a
competitive cost. That cost can then be used in a model, like RETScreen4, to determine the overall
economic viability of small-scale field-to-fuel biomass-production systems.
The MS Excel-based DSS model presented was developed to allow for input of key process
indicators, which in turn were used to assess the likely financial outcome of rehabilitating this (or
similar) site(s) to produce biofuel feedstock (or agricultural crops). For simplicity, the model
calculates outcomes based on both standard costs (i.e., derived from industry averages) and userinput site-specific costs (i.e., reflecting actual site conditions). This allowed a degree of flexibility to
account for site variations and local considerations, as well as providing “what if?” capabilities.
Standard Costs were developed from readily accessible Ontario data sources, such as OMAFRA crop
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budgets (OMAFRA, 2011) and custom farm-rate surveys (OMAFRA, 2010), and published
agricultural statistics as noted in the model detail. For crops such as Miscanthus and coppice
species, where long-term yield and production costs from OMAFRA were not available, standard
costs were derived from ongoing local research and supporting literature, as noted.
The model was also used to calculate the financial impact of simple value-added processes for
biofuel, like densification to briquettes or pellets and various harvest methods. For more complex
conversion of biofuel feedstock to other fuel products such as electricity, syngas, or ethanol, the
model was used to develop input cost data for entry into the RETScreen4 model for overall process
analysis.
Initially, the intent was to develop the model into a version that encompassed the entire field-tofuel cycle and provided a detailed economic analysis of the entire process. However, review of the
literature revealed that a number of screening models already existed to perform this function,
albeit with some limited functionality (Kammen et al., 2007; Evans et al., 2010; APEC, 2010; Nassar
et al., 2011; NRCan, 2011a). For example, the RETScreen model does a good job of comparing
relative process costs, financial returns, and risk analysis, if the costs of rehabilitation, feedstock
production, and other inputs required for a given process are known.
Thus, development of the model for this thesis was limited to assessing rehabilitation and cropproduction costs, including low-level processing, such as densification. That, in turn, provided the
required input data to RETScreen for more complicated energy-conversion processes. RETScreen
was chosen because it is an extensively tested model developed by Natural Resources Canada, has
free distribution, and is therefore readily available. The output is in a typical business-case format,
and it is well accepted internationally by energy experts and financial institutions (NRCan, 2011a).
To summarize, this phase develops a business-case-style DSS model with components that can be
used at a site-specific level to determine the feasibility of biofuel-based energy-crop production. It
assesses the use of available materials (e.g., SFMs) and rehabilitation processes needed to
rehabilitate the site to produce feedstock at a competitive cost. It compares site production cost
estimates of a range of potential biofuel feedstock and couples those costs with rehabilitation costs
to arrive at a site cost for biofuel-feedstock production in a simple business-case format. Those
costs can then be used in a model, like RETScreen, to determine the overall economic viability of
small-scale field-to-fuel biomass-production systems.
90

3.1.2 Site-Rehabilitation Costs and Process Opportunities
The first step in rehabilitating the East Landfill (or any similar site) for grassland agriculture crops or
biofuel feedstock was the physical construction of an appropriate soil profile on top of the sealed
landfill cap. That involved the excavation, transfer, and distribution of selected SFMs from
stockpiles and other material sources to the surface of the landfill cover, followed by surface soil
conditioning/amelioration and tillage to produce a suitable seedbed. The scale of this process is
significant. Construction of a 1 m-thick anthropogenic soil profile requires 10,000 m3 of SFMs to be
placed per hectare. That scale requires large, construction-class excavation equipment and
represents a significant cost, which, amortized over a reasonable time period (typically 25-30
years), represents an annual “land cost” for crop production on the rehabilitated site. As will be
evident in the following financial analysis, high costs in the rehabilitation process can drive net
revenues from crop production to negative values, and significantly impact the financial viability of
any crop-production system.
The model includes a rehabilitation-cost module to accommodate analysis of the financial impact of
various rehabilitation prescriptions. That allows the user to assess multiple scenarios, such as depth
of soil applied, materials used (including geosynthetic clay liners [GCL] and tile drainage), and local
excavation costs to help determine the most cost-effective rehabilitation process. The “standard”
prescription for rehabilitation was based on the processes used in the field trials presented in Phase
I of this study (Chapter 2). The prescription for Cell 8 was 80 cm of subsoil material applied directly
to the cell cap (i.e., no GCL barrier, no tile drainage), overlain with 20 cm of topsoil, amended and
conditioned with either SSO compost or N-Viro soil for the seedbed. This prescription was selected
as the base process considering yield performance relative to the Cell 12 process (i.e., no significant
yield difference, despite the inclusion of drainage and the GCL liner as applied in Cell 12). That
process is as follows:
i.

Excavate SFM from stockpiles and load to truck

ii. Spread in windrows directly on top of the landfill clay cover
iii. Spread, using a bulldozer with laser leveling, to a depth of 100 cm on top of landfill cover
iv. Deep rip to a depth of 50 cm using a bulldozer with subsoiler tines
v. Apply surface amendment and conditioning material to specified depth and application rate
with a manure or similar spreader
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vi. Disc seedbed twice in alternate directions to break up soil clods
vii. Harrow and cultipack surface to form seedbed
viii. Plant green manure crop for surface stabilization and soil-structure development
ix. Plow in green manure prior to crop establishment and prepare seedbed
Establishing a standard cost for the excavation and spreading process (steps i through iii) proved
difficult. A review of the literature illustrated this, with excavation and placement costs ranging
from $1.50-$15.00 per cubic meter, depending on site conditions and available resources (Carson,
2001; Hanna, 2002; Purdy and Shedden, 2008; USDA Forest Services, 2008; Government of Alberta,
2011). Practically, this makes sense, since availability of SFMs, equipment, haulage distances, etc.
are all site-specific variables. For example, with contracted excavation (i.e., where the primary
business of the contractor is excavation), all equipment capital, labour, and variable costs must be
averaged across the quantity of soil excavated. An analysis of contract-bid prices by the
Government of Alberta shows the average cost of excavation contract bids to move soil in the order
of $7.50 per cubic meter (Government of Alberta, 2011). In the case of an active landfill operation,
particularly the East landfill location and its associated quarry operations, there is generally
appropriate construction-class equipment available on site, the capital cost of which is already
accounted for in the primary business model (quarry, landfill, and waste-stream processing
activities). Judicious use of this equipment on an availability basis allows for costs allocation limited
to the equipment’s variable cost (i.e., fuel, maintenance, and labour), which can result in
significantly reduced internal cost for the rehabilitation land-forming steps.
In this analysis, the industry partners’ internal (variable) cost analysis for this site to perform steps i
through iii (land forming) averaged in the order of $3.50 per cubic meter of soil (NWSL, 2010,
personal communication) placed on the landfill cover, and this figure was chosen as a site-specific
standard cost. This figure is considerably lower than the Government of Alberta average cost of
$7.50 per cubic meter, but does accurately reflect the local costs, as allocated, in this study. A
similar strategy was used for other material handling costs. (It should be noted that the industry
partner, as a private company, understandably protects its detailed internal costs as proprietary, so
the costs presented are general averages, but are nonetheless representative). Due to the sitedependent nature of excavation costs, a detailed local-cost analysis is warranted for other sites to
validate the material-handling costs required for rehabilitation. Other costs for the rehabilitation
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component (e.g., tillage and planting) are derived from OMAFRA custom rates and enterprise crop
budgets as indicated.
Having established a base rehabilitation process or prescription and appropriate costing for this
site, the rehabilitation-cost module of the DSS model was used to evaluate the economic impact of
varying the process with respect to factors such as material depth applied, SFM material costs, and
modification of process steps in order to arrive at a “land cost” figure for the crop-production-cost
component of the model. The model accommodates adjustments for yields due to changes in the
manufactured soil profiles via an index component, the value of which is determined exogenously.

3.1.3 Economic Considerations – Biomass Crop Production
This thesis, which focuses primarily on small-scale, local biofuel-production economics focuses on
two key areas. The first is economically feasible feedstock production. The objective in this case is
to produce a suitable biofuel feedstock at the lowest attainable cost of production in order to
minimize the fuel cost component of the field to fuel system. The next step is to determine if that
feedstock can be converted to a usable biofuel energy product that is competitive with, or
preferably cheaper than, locally available conventional fuels.

3.1.4 Bioenergy-Feedstock Production Considerations
Much of the current research into sustainable bioenergy-feedstock production focuses on
switchgrass and similar C4-type tall prairie grass species. This has been driven by research in the
United States in the early 1990s, where it was shown that switchgrass either outperformed or was
competitive with other study crops in terms of biomass yields. Wright (2007) provides an excellent
overview of the reasons for selecting switchgrass as a focus species. In short, switchgrass
performed well across a wide range of United States-based trials, particularly in the mid-west and
southern states (Caputo et al., 2005; Picchi et al., 2006; Wright, 2007).
Canadian research into biofuels has also focused initially on switchgrass (Jannasch et al., 2001;
Samson et al., 2008). Although potentially successful as a bioenergy feedstock in the United States,
switchgrass can be difficult to establish, is prone to winterkill, and is often lower yielding than other
potential biomass crops when grown under Ontario geoclimatic conditions. That was clearly evident
in Phase I of this study, where traditional forage crops performed well on both the control and
anthropogenic soil profiles, but warm-season grasses (switchgrass and big bluestem) failed to
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establish on either plot locations in two consecutive growing seasons. Consequently, focus has
begun to shift to other potential bioenergy feedstock, such as miscanthus, and ‘short rotation
woody crops’ (SRWC), like shrub willow, alder, and similar coppice species (McKendry, 2002;
Graham et al., 2006; Picchi et al., 2006).
While production costs of switchgrass have been documented in Ontario (Jannasch et al., 2001;
Samson et al., 2008), the economics of alternative biofuel crops is less well known (Jannasch et al.,
2001). Furthermore, comparative cost studies of potential biofuel crops for Ontario are still limited.
This is significant in that crops, like conventional mixed hay, monoculture cool-season grasses,
miscanthus, and coppice species (SRWC), may significantly outperform switchgrass under Ontario
geoclimatic conditions on a dry-matter-cost-per-tonne basis. In fact, Wright (2007) cites studies
where harvesting unimproved meadow and ‘weed fields’ as biomass frequently outperformed
cultivated crops on a cost-per-tonne basis, due to the very low input costs of the former. Regardless
of end use, a key to profitable bioenergy-feedstock production, from both a grower perspective and
as an input into a biofuel system, is managing the delivered cost of production (COP) per tonne of
biomass. Consequently, potential alternative crops were selected and analyzed in the DSS model,
using published (OMAFRA, 2010; Virani, 2011) and Ontario or similar-geoclimatic-area-researchbased data sources (Gordon et al., 2009; Buchholz and Volk, 2011; Shiks et al., 2011), as indicated
for comparison to site-grown forage and switchgrass.

3.1.5 Economic Considerations of Biomass Conversion to Fuel
Once a cost-optimized (i.e., lowest net cost per tonne delivered to the point of end use) bioenergy
feedstock is produced, an equally important decision is the means to convert the feedstock to a
useable form of biofuel-based energy. Conversion to higher fuels, such as ethanol, methanol, and
syngas, has focused on very large-scale plants, using fermentation or enzymatic digestion for liquid
fuels and pyrolysis for gaseous fuels, due to the economies of scale required to produce fuels
competitive with traditional petroleum products.
The main focus in small-scale operations has typically been on the simple conversion of biomass to
heat via direct combustion. This generally requires the densification of the biomass feedstock into
fuel pellets or briquettes to facilitate transportation and storage, fuel feed and consistency
requirements of current combustion technologies (Obernberger, 1998; Jannasch et al.,2001;
McKendry, 2002; Graham et al., 2006; Chau, 2009 [a,b]). That densification process is
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accommodated in the DSS model analysis. While simple and inexpensive, the acceptance of biofuel
combustion by potential users has been less widespread than anticipated, due to concerns with
logistics, maintenance, and environmental (smoke) issues, which may outweigh the financial
benefits from the use of biofuel-based combustion fuels. On a larger scale, biomass certainly can be
successfully converted to more widely acceptable fuels such as syngas, propane, methane, and
even hydrogen, but most of these technologies are still in the demonstration or developmental
phases.
Commercial small-scale integrated biofuel-conversion systems that transform biomass to higherlevel fuels and energy are now becoming available with outputs ranging from 5 kW-1 MW energy
equivalents (Bridgewater and Double, 1991; Bilek et al., 2005; Caputo et al., 2005; NREL, 2007;
Aldas, 2009). The economics of these systems and their feasibility in small-scale applications is less
well known under Ontario conditions, but Bilek et al. (2005) conclude that a 100 kW pyrolysis-based
biofuel plant could provide cost-competitive energy, including electricity (at 2005 prices) when
waste heat is scavenged for direct heating in a combined heat and power format (CHP). This type of
application is potentially suitable for the greenhouse industry or commercial space heating, as are
similar (generally pyrolysis-based) systems producing syngas for direct substitution of natural gas,
propane or heating oil in a conventional heater or boiler system.
While pyrolysis systems (producing syngas and low-grade heat) require higher initial capitalization
than the direct combustion approach, their relative ease of integration into existing infrastructure
and low user-maintenance requirements makes them potentially attractive small-scale conversion
alternatives (Bridgewater and Double, 1991; Bilek et al., 2005; Caputo et al., 2005). To date, as with
digestion processes for syngas and ethanol, the focus of most pyrolysis systems has been on largescale production of biofuels, so the economic feasibility of small-scale or local applications of these
technologies versus traditional (grid-connected) energy supply is less well known. What is evident
in the literature is that the capital costs of installing small-scale (less than 100 kWe, where kWe
represents the scale of the electrical component of energy capacity) biofuel-based systems for the
production of higher-level energy sources such as electricity require significantly higher capital
investment per kW of capacity than mid- to large-scale systems.
For systems under 100 kW in North America, Capital and O&M costs range up to $7,000.00 per kW,
while larger systems (>1MW) are typically in the $1,500.00-$2,000.00 per kW range (Peterson and
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Haase, 2009). European estimates are higher (Londo, 2009; ETSAP, 2010), with capital costs for
systems less than 1MW ranging from $10,000.00-$14,000.00 per kW versus larger scale systems in
the 20-50 MW range at $3000.00-$6000.00 per kW. Depending on the investment and rate of
depreciation of capital, capital and O&M costs in a typical small-scale system converting biomass to
electricity can add as much as $0.12 per kWh to small-scale electrical-generation costs, making it
non-competitive with grid-connected energy. Hence, scale becomes a determining factor in a
decision to either sell biomass as a feedstock (e.g., a cash crop) or convert that feedstock locally
into a useable energy form.

3.1.6 Scale, Conversion Efficiency, and Cost Considerations
At East Landfill, an objective was to investigate if site produced biofuel feedstock could replace a
portion of, or supplement existing energy sources at competitive cost. Participation in the
subsidized Ontario feed-in tariff (FIT) program (direct sale of electricity to the grid) was considered,
but rejected by the industry partner. The rational for the rejection was that the current fit program
required significant capital expense to install a pyrolysis based feedstock-to -electricity production
system, and the sale price for electricity was likely to be lower than the delivered cost of grid
electricity within two years. The FIT program pays a maximum of 13.8 cents/kw with annual price
increases limited to 20% of the consumer price index, over a 20-year contract period. Since the
delivered cost of electricity to site (electricity rate plus delivery charges plus debt reduction
charges, etc.) was already close to this rate, it was determined internally that production of
electricity on site as partial replacement for purchased electricity was likely to provide a better long
term opportunity.
When determining the feasibility of replacing grid-connected or conventional energy sources with
biofuel-based alternatives, the scale of replacement and the subsequent cost/savings associated
with that decision matter. The theoretical specific-energy yield (at 100% conversion rates) for
biofuel feedstock typically ranges from 16-19.5 Gigajoules per tonne of harvested dry matter
(Butterworth, 1964; Woodward and Prine, 1993; Samson et al., 2005). Conveniently, 18GJ/tonne
converts to 5,000 kWe (kilowatt electrical) of electrical energy, therefore, a feedstock crop
averaging 10 tonnes/ha yield with a net energy content of 18GJ/tonne will yield a gross energy
potential of 180GJ of low-grade heat or 50,000 kWe of equivalent electrical energy per hectare. At
$0.12 per kWh (the opportunity cost of replacing grid connected electricity as supplied in 2010,

96

Table 3-1), the gross value of that energy as a replacement for grid electricity is potentially
$6,000.00 per hectare. However, converting that gross energy into recoverable cost-competitive
net-usable energy is dependent on both the efficiency and the cost of the conversion process.
Consider a commercial, small-scale biomass-pyrolysis system that converts biomass into electrical
energy at a conversion efficiency of 22% with an 85% duty cycle (or uptime) on an annual basis (i.e.,
a run time of 7,450 hours per year) (Community Power Corp, 2012). One hectare of land producing
a sustainable yield of 10 tonnes per hectare could fuel that system at an electrical generation rate
of approximately 1.5 kWh (50,000 kWe per hectare X 0.22 conversion factor)/7,450 hours). If the
electrical energy produced (1.5 kWh X 7,450 hours = 11,175 kWe) could be purchased from the grid
at a net delivered cost to site of $0.12 per kWh, then the net value, or opportunity cost, of the
electricity produced would be approximately $1,341.00 per hectare. If total cost (i.e., COP plus
storage and handling, etc.) of the biofuel feedstock was $70.00 per tonne or $700.00 per hectare,
the difference between the value of electricity produced ($1,341.00) and production cost of the
feedstock ($700.00) of $641.00 per hectare must cover the amortized cost of capital and all
operating costs of the conversion process to break even. Assuming current capital and O&M cost
per kW is in the order of $7,000.00 per kWe of nameplate capacity and the life of the conversion
equipment is 15 years, then the annual capital amortization (at a conservative 3%) and operating
costs for a 1.5 kWe system (i.e., processing one hectare of biofuel feedstock production) are in the
order of $880.00 per hectare per year, for a fuel and process cost of $0.141 per kWh, effectively
negating any potential for savings when compared with grid-connected electricity. Conversely, in a
large-scale conversion process with capital and annual O&M cost of $2,000.00 per KWe, system
conversion costs drop to approximately $250.00 per hectare, and total electrical production costs
(fuel and conversion) drops to $0.085 per kWh, which becomes a more attractive alternative to
grid-connected electricity at $0.12 per kWh.
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Table 3- 1: Site fuel use by quantity and cost, 2010.

Units as
Purchased

Quantity Used

Equivalent
Gigajoules

Unit
Cost

Cost
$/GJ

Total Cost

Electricity

kWh

16225250

58411

$0.12

$27.78

$1,947,030

Diesel Fuel

Liters

3074153

111899

$1.25

$34.34

$3,842,691

Gasoline

Liters

311780

9977

$1.20

$37.50

$374,136

m3

2612521

100060

$0.22

$7.31

$545,755

Liters

323723

8190

$0.77

$30.43

$249,267

Fuel Used

Natural Gas
Propane
Totals:

198483

$7,144,630

At a site level, the impact of scale and conversion costs drives the decision-making process with
respect to the adoption of a biofuel-based energy-conversion process. For perspective, the industry
partner in this research project (NWSL) consumed 288,537GJ in 2010 for all on-site activities at its’
Thorold Campus at an average cost of $24.76 per GJ across all energy sources (Table 3-1).
The tillable area on the East Landfill of approximately 14 hectares could produce (at 10 tonnes per
hectare biomass yield and at a very optimistic 85% conversion rate for simple heat using CHP
technology) a total of 2,142GJ of usable (low-grade heat) energy per annum, or 0.7% of the total
on-site energy use. The annual value of that energy at the average cost of $24.76/GJ represents just
over $53,000.00, or 0.74% of the total annual energy expenditure of $7.14 million, at average
energy costs. Realistically, however, the likely fossil fuel source for low-grade heat at this site is
natural gas, with a delivered cost of approximately $7.31/GJ (2.7 cents/Kw) or a $15,658.00
opportunity cost for the equivalent 2,142GJ of net energy potentially produced by biofuel
combustion from the 14 hectares. Replacing that $15,658.00 worth of energy with biofuel-derived
energy has both feedstock ($9,800.00 at a delivered cost of $70.00 per tonne) and energyconversion costs associated with it (see financial analysis section 3.7), so the potential for cost
savings to the operators, if any, is miniscule compared to their total energy use and costs. Like the
electrical conversion example above, that makes it difficult to develop a compelling business case to
develop this site as a biofuel-based fuel-replacement source producing higher-level fuels, like
electricity or syngas, when the relative potential contribution from those fuels to total energy use is
so low.
98

Conversion efficiency of fuels to usable energy output also impacts the economics of biofuels. In
the example above, an optimistic conversion efficiency of 85% was used for biomass to low-grade
heat based on a commercially available best-case technology (Community Power CHP pyrolysis
system). However, when partial load, start-up, and shut-down operational cycles are considered,
typical net CHP conversion factors are more likely to be in the 55-80% range with existing smallscale combustion systems, with 65% being more typical of modern, high-efficiency biomass burners
(NRCan, 2012). High-efficiency natural-gas and mid-efficiency oil-burning furnaces convert fuel to
heat at seasonal efficiencies (AFUE) of 89-97% and 83-89%, respectively (NRCan, 2012). The relative
conversion rate matters with respect to the actual replacement cost of grid fuels with biomass, as
illustrated in Table 3-2 and Table 3-3. Table 3-2 presents typical energy contents and costs per GJ as
converted from USDOE, Energy Efficiency & Renewable Energy tables and recent (2009) market
prices relative to 10 tonnes of biomass.
Table 3- 2: Gross energy equivalent to 10 tonnes dry biomass feedstock (180GJ) (Adapted from: USDOE,
2009).

Energy Source
Electricity
Natural Gas
Propane
#2 Heating oil
Gasoline
Coal

Units
kWh
m3
Liters
Liters
Liters
tonnes

Quantity to Deliver
180GJ@100% Conversion
50000
4700
7051
4656
5197
7.67

Market Price
($/unit)
0.12
0.28
0.77
0.85
1.20
70

Value ($)
6000
1316
5429
3958
6236
537

From Table 3-2, the initial perception would be that a high economic return for biofuels (before
conversion costs) could be realized from the direct replacement of an expensive energy source, like
electricity, propane, or heating oil. Table 3-3 corrects the fuel gross-cost-to-net-cost using typical
conversion factors for readily available technology. The opportunities are now less attractive and
represent fuel-cost equivalents only, net of capital and operating costs, which must be included to
determine a final heating cost. It now appears unlikely that one could cover the capital cost from
converting from grid-connected natural gas to biofuel feedstock with the difference in fuel costs
from a 14 hectare biomass supply (i.e., [$901.00 natural gas X 14 hectares] – [$700.00 biomass X 14
hectares]= $2,814.00 per year fuel-cost-avoidance opportunity). With biofuel replacement of
propane or heating oil, the opportunity cost improves ($39,606.00 per year and $30,184.00 per
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year, respectively), but may still not be enough to the cover capital and operating costs of
conversion as shown in section 3.7.
Table 3- 3: Value of fuel to provide low-grade heat at typical conversion rates (Adapted from: USDOE, 2009).

Energy Source
10T Biomass
Electricity
Natural gas
Propane
#2 heating oil
Coal

Conversion
Efficiency

Net (Usable)
Energy Output

0.65
0.98
0.95
0.90
0.85
0.70

117GJ
117GJ
117GJ
117GJ
117GJ
117GJ

Qty of
Source Fuel
Required
10 tonnes
32500 kWh
3320m3
4583L
3361L
6.06 T

Unit Cost

Total Value

$70
$0.12
$0.28
$0.77
$0.85
$70

$700
$3900
$901
$3529
$2856
$424

In summary, the relatively small scale of potential energy production at the East Landfill site limits
the choices of potential conversion technologies. The high capital investment per unit of energy
produced required at the site scale severely impacts the overall economics of potential conversion
technologies relative to the cost of conventional, grid-connected fuel sources. That is quite evident
in the economic-modeling analysis presented in section 3.7.

3.2 Cost of Production and Financial Analysis Methods
3.2.1 Financial Analysis: A DSS Model for Business-Case Assessment
Assessment of the economic (or, more aptly described, financial) viability of rehabilitation and
biomass-feedstock production on the East landfill site was accomplished by developing a MS Excelbased-spreadsheet model, designed as a decision support system (DSS), to determine preliminary
economic feasibility of biofuel production. The model consists of three primary components: a
rehabilitation-cost module, a crop-production module, and a financial-analysis module. The
financial-analysis module provides a financial summary, driven by the data from both the
rehabilitation and crop modules. The intent of the model is to: i) to calculate the net present value
of rehabilitating this or similar sites for the production of biomass feedstock or agricultural crops,
and ii) to provide a tool to evaluate multiple rehabilitation processes, crop, and management
scenarios to support or reject a range of possible alternative crop-production scenarios. A
description of the model and summary of the individual templates are described below.
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3.2.2 Overview of the Model: the Financial Summary Template
The model (Figure 3-1) provides a summary comparison of any two crop-production and
rehabilitation scenarios in a simple business-case format based on calculations using data from both
the rehabilitation-cost template and a selected crop model, imported into a working crop template
module (i.e., in this example, a comparison between standard and actual site costs for forage hay,
without rehabilitation costs). The user enters key process indicators (KPIs) into the key input data
area to initiate the model. These KPIs include site area (set to 1 hectare in the example)
amortization periods and rates for land and crop establishment, inflation rates, and expected end
product sale price. Land costs are selected by entering binary codes (1 or 0) into the appropriate
cells, which allows the analysis to proceed with either no land cost (crop assessment only), a “rent
cost”, or an amortized cost of rehabilitation determined from the Rehabilitation Cost Template.
That flexibility allows for a range of evaluations and “what ifs?” to be run in the model (for example:
What if the crop is grown on rented land instead of rehabilitating this site?).
Based on the user-defined KPIs, the model then calculates key financial data (i.e., production costs,
break-even costs, etc.) and generates a cash-flow analysis to provide typical financial indicators
(e.g., net present value [NPV], return on investments [ROI], internal rate of return [IRR], payback
period, etc.). This information is then used to evaluate the potential business case.
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Net Present Value is calculated as follows:

Where:
t is the time period in years
Rt Is the annual net revenue in dollars in time t (total revenue - annual fixed and variable costs)
r is the discount rate
Co is the total cost incurred to rehabilitate the site minus the cost required to rehabilitate the site to
the minimum regulatory requirement
Co is calculated in the model by specifying the minimum rehabilitation depth required to meet a
regulatory requirement as entered in the rehabilitation sub module. The module then subtracts
that cost from the total rehabilitation cost to provide a net cost for rehabilitation for the scenario
(i.e., soil depth) specified.
Payback calculations in the model are driven by the rehabilitation cost and crop-establishment cost,
if land costs are included or only establishment cost if land costs are excluded. IRR is determined
based on the crop-establishment cost or crop-establishment plus net-rehabilitation cost, depending
on the land cost selection. This allows the user to view a simple payback analysis on the financial
summary, regardless of whether land costs are included in the analysis.
The two-scenario format allows for easy “what if?” or comparative analysis by initially setting both
scenarios equal, then varying single or multiple inputs on one scenario. Differences in scenarios are
automatically highlighted by conditional formatting so the user can identify what has changed
between scenarios. Scenario descriptions are imported from the rehabilitation cost and cropbudget modules, as selected by the user.
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Financial Summary and Cash Flow Module

Scenario 1

Scenario 2

User Scenario description: Crop

forage hay (OMAFRA standard costs before
land)

forage hay site costs (before land)

User Scenario description: Land Rehabilitation

BASE COST SCENARIO (Cell 8 prescription )

BASE COST SCENARIO (Cell 8 prescription )

forage hay (OMAFRA standard costs before
land)

forage hay site costs (before land)

Key Input Data
site size
Amortization period - land
Amortization rate - land
Amortization period - crop establishment
Amortization rate - crop establishment
Amortization rate - annual operating loan
Annual inflation rate - for NPV calculation
End Product Sell Price
Land cost

Units
hectares
years
%
years
%
%
%
$/tonne

Units
rent or other land costs $/ha
Net Annual rehabilitation cost(From RCM) $/ha/yr.
(cost for land calculation) $/ha

Target ROI

1
30
3
1
3
5
3
110
rate
100

use
1
0

1
30
3
1
3
5
3
110
use
1
0

100
0
100

%

100
0
100

4%

4%

28,533
525
68

28,533
515
67

226
30
25
56
13
69

188
20
25
45
11
56

7.4
1.07%
1.04%
93.8
96.6
1.0%
79%

9.4
1.79%
1.74%
55.9
57.6
1.7%
117%

Key financial data
Start up Costs
Rehabilitation Start up capital (total for site)
Crop establishment costs
Annual establishment amortization
Annual costs
annual fixed production costs
annual fixed production cost (10 year aver)
annual variable production costs
Feedstock break even cost (before land)
Rent or Land Rehab cost per tonne (ave..)
Feedstock break even cost(including land)

Site returns at specified land area
Tonnes biomass produced (average/year)
10 yr. aver annual return to (simple)
10 yr. aver annual return to (NPV method)
Simple payback period for land rehabilitation
Discounted payback period for land rehabilitation
Average annual ROI (based on NPV)
IRR

$/site
$/site
$/site
$/ha
$/tonne
$/tonne
$/tonne
$/tonne
$/tonne

tonnes
$
$
years
years
% (Red if under target)
%

Cash Flow Model
Scenario 1

Year
0
1
2
3
4
5
6
7
8
9
10
10 yr. ave.

Simple cash
flow
($525)
$76
$210
$344
$344
$344
$344
$344
$344
$344
$344

adjusted net adj. net cash
cash flow
pos.
($525)
$76
$76
$210
$286
$344
$631
$344
$975
$344
$1,320
$344
$1,664
$344
$2,009
$344
$2,353
$344
$2,698
$344
$3,042

$304

$304

Scenario 2
discounted
cash flow
($525)
74
278
613
947
1,281
1,616
1,950
2,285
2,619
2,953
$295

Simple cash adjusted net adj. net
flow
cash flow
cash pos.
($515)
($515)
$222
$222
$222
$392
$392
$614
$561
$561
$1,175
$561
$561
$1,737
$561
$561
$2,298
$561
$561
$2,860
$561
$561
$3,421
$561
$561
$3,983
$561
$561
$4,544
$561
$561
$5,106
$511

discounted cash
flow
($515)
215
596
1,141
1,686
2,231
2,776
3,321
3,867
4,412
4,957

$511

$496

Figure 3- 1: Screen capture of the Financial Summary Module.

3.2.3 The Rehabilitation-Cost Module
The rehabilitation-cost module is used to derive a “land cost” for the financial analysis, based on the
investment required to rehabilitate the site, as specified in the model. This template-style
component can also be used independently to assess a range of processes and methods, as defined
by the user, to determine the optimum local rehabilitation process from a financial perspective. By
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varying input costs and comparing base costs to site or “what if?” costs, an optimized rehabilitation
process with sensitivity to process and materials can be derived.
Figure 3-2 is a screen capture of a typical analysis using this module – in this case, a comparison of
the Cell 8 and Cell 12 rehabilitation prescriptions from Phase I. Costs in the example are based on
OMAFRA custom rates for planting and tillage, and actual site costs for tile drainage and land
forming ($3.50 per cubic meter to excavate, haul, and spread SFMs). The cost used for the
installation (in this example) of a GCL liner in the Cell 12 prescription is a differential cost between a
1 m-thick compacted clay layer with an estimated site cost of $7.00 per square meter and a site
cost to supply and install a GCL barrier of $8.50 per square meter (NWSL, 2012, personal
communication). Although a GCL barrier was installed on top of the landfill clay cover in this study
(to accommodate research trials on the effect of gas evolution), in typical landfill-closure practice,
either a clay cover or the GCL barrier would be installed, but not both. At this site, suitable clay
material was locally available for the final cover, and, as demonstrated in the Phase I field trials,
fully met the closure requirements for this site. Had that not been the case and gas evolution was a
significant barrier to crop production with a compacted clay cover, substitution of a GCL barrier for
the compacted clay cover would have been warranted to support crop production. Thus, correct
allocation of cost would be to allocate the equivalent cost of the clay cover to the landfill closure
costs, with only the differential cost ($1.50 per cubic meter) of a GCL allocated to the rehabilitation
process as required for crop production.

104

Simple Rehabilitation Cost Module

USER SCENARIO DESCRIPTION:

BASE COST SCENARIO (Cell 8
prescription )

Rehabilitation Model Basic Input Data
Depth of soil forming material to apply (cm)
Regulatory minimum soil depth (cm)
Tonnes/ha seedbed amelioration material to apply
Average Density of amelioration material (Tonne/m3)
Calculated volume of amelioration material applied (m3)
Interest rate for annual cost amortization calculation (%)
Amortization term in years
Rehabilitation Process Costs
Install GCL clay barrier on ground surface (including material)
Install tile drainage (including material)
Truck, spread and level soil forming material
Cost correction credit for regulatory minimum depth
Truck Spread and apply seedbed amelioration material
Deep rip soil profile
Incorporate (disk/plow) amelioration material
Broadcast fertilizer application
Seed bed cultivation and preparation (plow, disc, harrow, pack total)
Weed control application
Plant green manure crop
User defined cost 1
User defined cost 2
User defined cost 3
Total process cost

units
per Ha.
per Ha.
per M3
per Ha.
per M3
Per Ha.
Per Ha.
Per Ha.
Per Ha.
Per Ha.
Per Ha.
Per Ha.
Per Ha.
Per Ha.

Site actuals best case

Site Actuals, with
mixing

100
20
10
0.5
20
3
30

100
20
10
0.5
20
3
30

Base Assumptions
unit cost $ # units
cost/ha ($)
15000
0
0
1500
0
0
3.5 10000
35000
3.5 -2000
-7000
0.75
20
15
60
2
120
40
1
40
20
0
0
129
1
129
22
0
0
57
1
57
0
0
0
0
0
0

$

BASE COST SCENARIO (Cell 8
prescription )

Site Specific Assumption
unit cost $ # units
cost/ha ($)
15000
1
15000
1500
1
1500
3.5
10000
35000
3.5
-2000
-7000
0.75
20
15
60
2
120
40
1
40
20
0
0
129
1
129
22
0
0
57
1
57
0
0
0
0
0
0
0

$28,361

$44,861

Rehabilitation Material cost
Net soil forming material cost/opportunity credit
Seed bed amelioration material (compost etc.)
Herbicides
Fertilizers
Green Manure Seeds
User defined cost 1
User defined cost 2
User defined cost 3

0 10000
5
20
50
0
0.8
0
6
12

Total material cost
Amortization calculation
Total rehabilitation process and material costs
Rehabilitation credits (Incentives, grants, tax credits etc. external calc.)

Net rehabilitation process and material capital
term
interest rate
Annual Amortized cost of land rehabilitation
Deductions for Annual incentives, tax credits etc.
Net Annual rehabilitated land cost

0
100
0
0
72
0
0
0

0
5
50
0.8
6

10000
20
0
0
12

0
100
0
0
72
0
0
0

172

172

Per Ha.
Per Ha.

$28,533
$0

$45,033
$0

$/ha

$28,533

years
%
$/ha/yr.
$/ha/Yr.
$

30
3.0%
$1,455.73

$45,033
30
3.0%
$2,297.55

$1,455.73

$2,297.55

Figure 3- 2: Screen capture of “rehabilitation cost module” with prescription comparison.
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Soil Forming Material Mixing Sub Model

Mix
fraction by
volume
1

Material
Stockpile soil (zero cost material)
Supplemental soil (additional cost material)
Leaf/yard waste
Paper waste
Quarry fines
Sand
Composted SSO
User defined material 1
User defined material 2
User defined material 3
User defined material 4
User defined material 5

0
0

Total volume (must be 1)

Base Assumptions
cost or
opportu
nity
credit Mix cost contribution
($/m3) ($/M3)
0
0
5
0
-3.6
0
-17.6
0
4.2
0
13.2
0
4
0
0
0
0
0
0

1

material cost/credit
Mixing charge($/M3)
Mixing credit($/M3) (corrects for single material no mixing)
User defined charge ($/M3)
SFM net cost/M3

Site Specific Assumption
cost or
opportu
Mix
nity Mix cost
fraction by credit contribution
volume
($/m3) ($/M3)
1
0
0
0
5
0
0
-3.6
0
0
-17.6
0
0
4.2
0
0
13.2
0
4
0
0
0
0
0
0
1

0
1.5
-1.5
0

0
1.5
-1.5
0

0

0

Figure 3- 3: Screen capture of the Soil-Forming Sub-Module.

To use the template, the user enters appropriate data (green cells), and this data are used by the
model to calculate outcomes (blue cells). Primary rehabilitation steps and materials are provided,
and the user “chooses” these steps by entering an appropriate rate of use in the “units” column
(i.e., a zero entered into units in any step means that step does not take place, and any other
number drives a calculated cost, with “1” generating a standard cost).
The model automates a number of steps and calculations based on input into the “Rehabilitation
Model Basic Input Data” area, including volume of soil-forming material applied, conversion of
amelioration materials from a mass to a volume basis, and cost correction for application of SFMs
greater than the minimum required under local regulatory environments for site closure (in this
example, 20 cm). This correction assumes that regulatory requirement costs for closure would be
allocated to the primary business (i.e., landfill closure to pre-1998 MOE regulations), and not the
proposed case of additional rehabilitation to an agricultural after-use. The module provides a sideby-side comparison of two scenarios, with differences between the scenarios highlighted by
conditional formatting, so the user can readily identify variation between the two scenarios.
A “Soil-Forming Material-Mixing Sub-Model” (Figure 3-3) provides a material cost calculator for SFM
cost or opportunity credits, which was introduced in Chapter 2 and is discussed in more detail in
Chapter 4. To accommodate user and site flexibility, the model includes a number of “user-defined”
process and material calculation lines, which can be used to fine-tune the model for site-specific
considerations.
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3.2.4 Crop-Production Cost Modeling: The Crop-Budget Template
Figure 3-4 provides a screen capture (i.e., in this case, a comparison of OMAFRA enterprise budget
versus site actuals for forage hay) of the Crop Budget Summary component of the DSS, used to
assess the economic viability of crop-production scenarios. This summary is driven from the “crop
annual yield curve” module (Figure 3-5), which is used to adjust 10-year average yields to account
for typical change in yield over the life of the crop (for annual crops, the annual yield index is
always 1), the Crop Establishment Cost Module (Figure 3-6), the “perennial crop annual
maintenance cost module” and the “harvest and post-harvest cost modules” (Figure 3-7).
The modular format of the crop-budget templates allows the user to select and adjust appropriate
processes and materials for specific crops, and, like the rehabilitation-cost template, perform input
sensitivity, comparative, and “what if?” analysis between any two scenarios. “Standard costs”, as
noted earlier, are primarily derived from OMAFRA enterprise budgets and can be modified to fit the
site. The user enters appropriate data into the module and the model then generates a crop-budget
summary (Figure 3-4), which is in turn used to drive the financial summary and cash-flow models
for the scenarios modeled. Some flexibility is, again, built into the module. For example, to allow
adjustment for crop yields based on time of harvest (spring or fall), a yield-index-correction factor is
included. If site-specific factors, such as depth of soil applied, are varied, a second yield-index input
is provided to adjust expected yield.
It is important to note that the crop-budget template is an operating budget (i.e, assumes the
decision to pursue the business has been made). For example, with perennial crops it assumes that
the cost of crop establishment will be amortized over the crop life cycle with an operating loan and
treats the amortized annual cost of that loan as an expense when calculating cost of production.
Thus, the cash flow analysis generated from the financial summary module is an operational cash
flow from cropping activities. For overall viability of the proposed business enterprise, a capital
budgeting worksheet is provided to determine net present value (NPV) and internal rates of return
(IRR) from proposed rehabilitation-through-crop production scenarios.
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Pick a Crop

CROP: Mixed Forage Hay
Base Assumptions

Site Assumptions

forage hay (OMAFRA standard costs
before land)

forage hay site costs (before land)

KEY DATA INPUT
USER SCENARIO DESCRIPTION:
UNITS
T/ha
Index
Index
years
%

ESTIMATED MAXIMUM CROP YIELD
HARVEST TIME CORRECTION FACTOR (FALL=1, SPRING=.7)
USER DEFINED CROP YIELD ADJUSTMENT
CROP LIFE CYCLE (for amortization calculation)
DISCOUNT RATE (for annual payment calculation)

BASE
7.9
1
1
10
5

SITE
10
1
1
10
5

Annual yield curve (for variable cost and cash flow calculations)
Base Assumptions
Site Assumptions
Production Annual yield Expected
Annual
year
index
Yield
yield index Expected Yield
max yield:
7.9
10
1
0.6
4.7
0.6
6
2
0.8
6.3
0.8
8
3
1
7.9
1
10
4
1
7.9
1
10
5
1
7.9
1
10
6
1
7.9
1
10
7
1
7.9
1
10
8
1
7.9
1
10
9
1
7.9
1
10
10
1
7.9
1
10
10 yr. ave. Yield

7.43

9.40

CROP BUDGET SUMMARY

UNITS
$/ha
$/ha
$/ha
$/ha
$/ha

Base Assumptions
Base cost
309.00
22.00
0.00
114.00
445.00

$/ha
$/ha
$/ha
$/ha
$/ha

130.00
0.00
0.00
6.25
136.25

130.00
0.00
0.00
6.25
136.25

TOTAL ESTABLISHMENT MATERIALS AND PROCESS COSTS $/ha

581.25

581.25

75.27

75.27

38.81
40.00
78.81

38.81
40.00
78.81

$/ha
$/ha
$/ha
$/ha

42.00
118.82
67.58
228.39

42.00
150.40
85.54
277.94

ESTIMATED TOTAL ANNUAL COST $/ha

382.48

432.02

51.51

45.96

CROP ESTABLISHMENT: PROCESS COSTS
TILLAGE
WEED/PEST CONTROL (Mechanical or Chemical)
FERTILIZER APPLICATION
PLANTING
TOTAL PROCESS
CROP ESTABLISHMENT: MATERIAL COSTS
SEEDS/RHIZOMES/CUTTINGS
FERTILIZERS
PESTICIDES
MISCELLANEOUS COSTS
TOTAL MATERIALS

ESTABLISHMENT COST ANNUAL AMORTIZATION $/ha

Site Assumptions
Site cost
309.00
22.00
0.00
114.00
445.00

PERENNIAL CROP ANNUAL MAINTENANCE
ANNUAL PROCESS COSTS $/ha
ANNUAL MATERIAL COSTS $/ha
PERENNIAL CROP ANNUAL MAINTENANCE TOTAL $/ha

HARVEST AND POST HARVEST COSTS
HARVESTING FIXED COSTS
HARVESTING VARIABLE COSTS (Ave. yield basis)
POST HARVEST PROCESSING COSTS
TOTAL HARVEST AND POST HARVEST COSTS

ESTIMATED AVE. PRODUCTION COST PER TONNE (@ ave. yield) $/Tonne

Figure 3- 4: Screen capture of the model “Crop Budget Summary”.
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Annual yield curve (for variable cost and cash flow calculations)
Base Assumptions
Site Assumptions
Production
Annual yield
Expected
Annual
Expected Yield
year
index
Yield T/ha
yield index
T/ha
max yield:
7.9
10
1
0.6
4.7
0.6
6
2
0.8
6.3
0.8
8
3
1
7.9
1
10
4
1
7.9
1
10
5
1
7.9
1
10
6
1
7.9
1
10
7
1
7.9
1
10
8
1
7.9
1
10
9
1
7.9
1
10
10
1
7.9
1
10
10 yr. ave. Yield

7.43

9.40

Figure 3- 5: Screen capture of “Annual Yield Curve” module.
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CROP ESTABLISHMENT COST MODULE
CROP ESTABLISHMENT: process
TILLAGE
Moldboard Plow
Chisel Plow
Disc - Primary Tillage
Disc - Secondary Tillage
Field Cultivate
Harrowing
Deep Tillage/Subsoil
Packing/Rolling
Stock/Straw Chopping
Other operation - user defined

UNITS
$/ha
$/ha
$/ha
$/ha
$/ha
$/ha
$/ha
$/ha
$/ha

Base Assumptions
STD cost
# units
cost/ha
59
1
59
50
0
40
0
35
1
35
30
2
60
20
1
20
60
2
120
15
1
15
37
0

TILLAGE TOTAL
WEED/PEST CONTROL (Mechanical or Chemical)
Inter-row cultivation
Mechanical Weed Control -Rotary hoe
Mechanical Weed Control - Clipping
Pull-type sprayer
Self-propelled Sprayer
Rope wick
Field spraying
Other operation - user defined

$/ha
$/ha
$/ha
$/ha
$/ha
$/ha
$/ha
$/ha

27
20
22
22
22
12
25
0

$/ha
$/ha
$/ha
$/ha
$/ha
$/ha

20
30
35
22
27

1
0

0

FERTILIZER APPLICATION TOTAL
PLANTING
Conventional row planter-without fertilizer
Conventional row planter-with fertilizer
Minimum till planter-without fertilizer
Minimum till planter-with fertilizer
Conventional drill - with fertilizer
Conventional drill - without fertilizer
No-till drill - with fertilizer
No-till drill - without fertilizer
No-till renovation seeding
Air seeder without fertilizer
Air seeder with Fertilizer
Brillion type seeder
Broadcast seeder
Rhizome/Cutting planting
Other operation - user defined
Other operation - user defined

Site Assumptions
# units
cost/ha
1
59
0
0
1
35
2
60
1
20
2
120
1
15
0

309

WEED/PEST CONTROL TOTAL
FERTILIZER APPLICATION
Spread dry fertilizer
Side dress fertilizer
Anhydrous injection
Liquid - ground applied
Liquid - injected/side dress
Other operation - user defined

Site cost $
59
50
40
35
30
20
60
15
37

$/ha
$/ha
$/ha
$/ha
$/ha
$/ha
$/ha
$/ha
$/ha
$/ha
$/ha
$/ha
$/ha
$/ha
$/ha
$/ha
PLANTING TOTAL $/ha

47
50
53
55
45
40
57
57
57
55
57
57
10
0.03

0

1

309

0
0
22
0
0
0
0
0
22

27
20
22
22
22
12
25
0

0
0
0
0
0
0
0

20
30
35
22
27

0

0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
57
0
0
0
57
114

47
50
53
55
45
40
57
57
57
55
57
57
10
0.03

0

0
0
0
0
0
0
0
0
0
0
0
57
0
0
0
57
114

cost/ha
114
16
0
0
0
0
0
0
0
0
0
0
0
130

Site cost $
9.5
4
24
18
15
12

# units
12
4

0.06
0.1

0

0
0
0
0
0
0
0

0.49
0.4
0.38
0.8

1
0

1

0
0
22
0
0
0
0
0
22

ESTABLISHMENT YEAR MATERIAL COSTS
SEEDS/RHIZOMES/CUTTINGS
Seed - Alfalfa
Seed- Timothy/Brome Grass
Seed- Switch Grass
Seed - Big Bluestem
Seed - Reed Canary Grass
Seed - Other forage
Seed - Grain Corn
Seed - Soy bean
Seed - Cereal Grains
Seed - Other Grain
Seed/Rhizome/Cutting - User defined
Rhizome - Miscanthus
Cutting - Woody Biomass misc.

UNITS
$/Kg
$/Kg
$/Kg
$/Kg
$/Kg
$/Kg
$/Kg
$/Kg
$/Kg
$/Kg
UD
each
each

STD cost
9.5
4
24
18
15
12

# units
12
4

0.06
0.1

0

SEEDS/RHIZOMES/CUTTINGS TOTAL
FERTILIZERS
Nitrogen (urea)
Phosphorus
Potassium
Starter Mix 6-24-24
Micro nutrients
Lime

$/Kg
$/Kg
$/Kg
$/Kg
$/Kg
$/Tonne

0.49
0.4
0.38
0.8

0
0
0

8

FERTILIZERS TOTAL
PESTICIDES
Herbicide burn down
Herbicides-broadleaf
Pesticides
Fungicides
Inoculants
Other pesticide - user defined

8

$/ha
$/ha
$/ha
$/ha
$/ha
$/ha

50
53
40
20
3

0
0

0
0
0
0
0
0
0

50
53
40
20
3
0

$/ha
$/ha
$/ha

6.25

1

6.25
0
0
$6.25

6.25

PESTICIDES TOTAL
MISCELLANEOUS COSTS
Crop insurance
Operator Labour
Other miscellaneous- user defined
MISCELLANEOUS COSTS TOTAL

Figure 3- 6: Screen capture of “Crop Establishment Module”.
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0
0
0

0

1

cost/ha
114
16
0
0
0
0
0
0
0
0
0
0
0
130

0
0
0
0
0
0
0

0
0
0
0
0
0
0

6.25
0
0
$6.25

PERENNIAL CROP ANNUAL MAINTENANCE COST MODULE

Annual process costs

unit

Fixed Cost - Process
Spread dry fertilizer
Mechanical Weed Control - Clipping
Field spraying
No-till renovation seeding (annual average cost)
Other - user defined

$/ha
$/ha
$/ha
$/ha
$/ha

Base Assumptions
unit cost $
# units
cost/ha

20
22
25
57

1
0
0
0.33

ANNUAL PROCESS COST TOTAL
ANNUAL MATERIALS COST
Herbicides-broadleaf
Nitrogen (Urea)
Phosphorus
Potassium
Seed - Other
Other - user defined

20
0
18.81

unit cost $

20
22
25
57

Site Assumptions
# units
cost/ha

1
0

20
0

0.33

18.81

38.81

$/ha
$/kg
$/Kg
$/Kg
$/Kg
$/ha

53
0.49
0.4
0.38
10

38.8

0
0
0
0
4

0
0
0
0
40
0
40

53
0.49
0.4
0.38
10

99
96
13
37
42
20

0

0
0
0
0
42
0
42

99
96
13
37
42
20

37.5
16
16
16
10
19

0
1
0
0

0
118.816
0
0
0
0
0
0
118.8

37.5
16
16
16
10
19

7
40
30
2.1

1

52.0
0
0
15.6
0
0
0
67.6

7
40
30
2.1

ANNUAL MATERIALS COST TOTAL

0
0
0
4

0
0
0
0
40
0
40

HARVEST AND POST HARVEST COST MODULE
HARVESTING FIXED COST
Combining with grain buggy
Combining only Grain buggy only
Grain swathing
Forage swathing/conditioning
Raking

$/ha
$/ha
$/ha
$/ha
$/ha
$/ha
HARVESTING FIXED COST TOTAL $/ha

HARVESTING VARIABLE COST
Bale -sm. Square (20kg) plus loading
Bale - large (500kg) square
Bale - large round (500kg)
Bale wrapping - plastic
Forage field chopping only
Forage/Biomass field chop, haul, pack and blow
Other operation - user defined
Other operation - user defined

$/Tonne
$/Tonne
$/Tonne
$/Tonne
$/Tonne
$/Tonne
UD
UD

1

HARVESTING VARIABLE COST TOTAL

1

1
0
0
0

0
0
0
0
42
0
42

0
150.4
0
0
0
0
0
0
150.4

POST HARVEST TREATMENT
Local hauling (UP TO 5KM)
Pelleting
Briquetting
Storage
Drying
Other operation - user defined
Other operation - user defined

$/Tonne
$/Tonne
$/Tonne
$/Tonne
$/Tonne
$/Tonne
$/Tonne
POST HARVEST TREATMENT TOTAL $/Tonne

1

1
0
0
1

65.8
0
0
19.7
0
0
0
85.54

Figure 3- 7: Screen capture of “Perennial Crop Annual Maintenance and Harvest” and “Post-Harvest Cost
Module”.

This standardized, flexible template approach allows either manipulation of inputs in the working
crop template, or the direct importation of specific crop budgets into the model using the “Pick a
Crop” button (in the top, left-hand corner), which imports individual crop-budget data included in
the base model for comparison. The budgets differ somewhat from the OMAFRA-style enterprise
budgets, in that it uses typical custom rates for most processes, rather than local calculations of
labour, fuel cost, and equipment depreciation in the more site-specific enterprise budget.
However, the model is flexible enough to allow fine-tuning of the standard cost model to match a
typical OMAFRA enterprise-budget approach or use known site-specific conditions. Like all models,
the output accuracy is as good as the input data, but the format provides a flexible enough platform
111

for effective business-case analysis. Summaries of the crop-budgeting analysis using this model are
presented in section 3.3.

3.3 Results and Discussion: Economic Viability of Phase I
Prescription
Using the DSS model introduced in section 3.2, the operational cost of rehabilitation of this site was
assessed for both the Cell 12 GCL and Cell 8 prescriptions for comparative purposes on an ongoing
operations basis. Initial analysis is presented in Table 3-5 using costs and processes as described
above. Consistent with the site restrictions described in Phase I, no herbicides or pesticides were
applied at this site. Similarly, chemical fertilizers were not applied at this site, as Phase I
demonstrated that the use of soil amelioration materials, such as N-Viro soil or SSO compost,
applied at a rate to supply appropriate year-one Nitrogen supply, also supplied both P and K at
rates sufficient for sustained crop production. (Subsequent soil test results indicated a low
probability of economic response to additional fertilizer). Initially, amortization rates were set at 5%
(to reflect available internal financing) with an amortization period of 30 years for the total cost of
rehabilitation. The relative distribution of these costs is presented (at base case) in Figures 3-8 and
3-9 using a discount rate of 5% for the annual loan payment on rehabilitation capital.
Note that this particular analysis is based on operational cash flow, rather than investment NPV
and thus assumes that the cost of capital is amortized over a fixed loan period, resulting in an
annual loan cost reflecting interest rates (5%) and terms (30 years) available at the time of analysis.
Thus, in the following analysis the discount rate used for loan amortisation may differ from the rate
used in the investment NPV calculation since the NPV calculation is generally used to determine the
overall feasibility of the investment using a discount rate that reflects the proponents perceived
risks and required returns from the overall investment (typically 8%). The operational cost analysis
presented in Figures 3-8 and 3-9 assumes the investment decision has been made, and the discount
rate reflects the current market rates for a capital loan (in this case 5%). Additionally, the NPV
term used in the following analysis (50 years) reflects the perpetuity of the land investment,
whereas the operational cost analysis uses the loan term (30 years) as the amortisation period.
This is an important concept because, even though an NPV calculation reflecting the perpetuity of
the land asset (50 year term) may support the investment decision, you must still be able to
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generate positive operational cash flow for the investment to be feasible. The operational cash flow
calculation must be representative of practically available financing rates and terms (i.e., you
cannot get a loan term of “forever” from a financing institution even if your land asset provides the
potential of returns in perpetuity).
The effect of varying operational costs is presented in Figure 3-10, which depicts sensitivity to +/50% variation in input costs.
Table 3- 4: Comparison of rehabilitation costs by prescription.

Standard Rate
GCL Incremental cost
($1.50/m3)
Tile Drainage
Land Forming
Seedbed Amelioration
Tillage and Planting
Process
Amelioration and
Planting Materials
Total Rehabilitation
(cost/ha)
Annual Amortization
Pmt. (5%)

Cell 8 Prescription

Cell 12 GCL Prescription

$15000/ha

$0

$15000

$1500/ha
$3.50/M3
(OMAFRA custom
rates)
(OMAFRA custom
rates)

$0
$28000

$1500
$28000

$175

$175

$186

$186

(Site costs)

$172

$172

$28,533

$45,033

$1,856/yr

$2,929/yr

5%

From Table 3-4, it is evident that the additional rehabilitation costs required to rehabilitate the East
landfill to its original productive capacity,(i.e., over and above the cost to meet the minimum landfill
closure regulatory requirements) on a straight cost basis (i.e., no consideration for tax or other
rehabilitation-subsidy implications) to build and prepare a 100 cm anthropogenic soil profile over
the landfill clay cover at East Landfill is significant at $28,533.00 per hectare without tile drains or a
GCL barrier(Cell 8 prescription), and $45,033.00 per hectare with the two components (Cell 12GCL
prescription).
If the capital cost of rehabilitation is treated as a loan, even at a 5% discount rate, the annual
amortization cost of that loan for either prescription is a significant barrier to profitable crop
production on this site, in that the annual loan amortisation cost is close to or greater than the
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likely gross return per hectare of typical field crops at 5-year average prices (e.g., $1,130.00 per
hectare from a 10 tonne per hectare yield of forage hay at sell price of $113.00 per tonne or $1,664
per hectare for 9.4 tonne per hectare yield of grain corn at $177.00 per tonne [see Table 3-12]).
The distribution of operational costs to rehabilitate the site (Figures 3-8 and 3-9) are primarily
influenced by the land-forming costs, as illustrated. The balance of costs for amelioration material,
application, tillage and planting are minor in comparison.

Cell 8 rehabilitation cost
Landforming

28000

Tillage & seed bed prep

186

Ameliorization application

175

Materials

172

Tile Drainage

0

GCL Barrier

0
0

$/ha

5000 10000 15000 20000 25000 30000

Figure 3- 8: Distribution of rehabilitation costs by prescription, Cell 8 ($/ha).
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Cell 12 GCL rehabilitation cost
Landforming

28000

GCL Barrier

15000

Tile Drainage

1500

Tillage & seed bed prep

186

Ameliorization application

175

Materials

172
0

$/ha

5000 10000 15000 20000 25000 30000

Figure 3- 9: Distribution of rehabilitation costs by prescription, Cell 12 GCL ( $/ha).

The land-forming cost component is driven by two primary factors: the depth of material applied
and the cost per cubic meter to apply SFM. Since the amortized cost of rehabilitation represents the
largest annual cost in crop production at this site, reduction of this cost represents the best
opportunity to improve the financial viability of the rehabilitation prescription. That cost can be
reduced by either i) reducing the capital cost of the physical rehabilitation process itself (through
process cost reduction or reduction of depth of soil applied), or ii) reducing the annual cost of loan
amortization by changing the loan rate and/or payback period.
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Figure 3- 10: Sensitivity of Cell 8 prescription annual land cost amortisation to process and financial factors.

The spider chart presented in Figure 3-10 illustrates the relative sensitivity of the amortized annual
cost of site rehabilitation to depth of soil applied, the cost/ m3 to apply soil, capital loan
amortisation period, and the interest rate used over the amortization period for the Cell 8
prescription. To interpret the chart, consider the central node where the series intersect as the
annual amortization cost determined from the model for the initial cell 8 rehabilitation prescription
($1,856). The series “Soil depth (100 cm)” indicates that the initial soil depth is set at 100 cm. The
model is then re-run with a +/- range of values for soil depth representing a 50% variation in the
base value (i.e., with soil depths ranging from 50 to 150 cm) to recalculate revised values for annual
amortization costs across the range of soil depth, which is depicted by the series line plotted on the
chart. The same concept applies to each series. In the case of interest rates, a 50% increase in a 5%
interest rate would result in a 7.5% interest rate (5%+50% of 5% = 7.5%). The greater the slope of
the line, the higher the sensitivity of the dependent variable (rehabilitation capital annual
amortisation cost) is to the independent variable (soil depth, interest rate, etc.)
Figure 3-10 illustrates that, while there are opportunities to reduce the annual amortized cost of
capital expense through more favourable interest rates or a longer amortisation term, the best
opportunity for cost reduction (i.e., highest sensitivity to independent variable change) is in
reducing the land forming costs through reduction in soil depth applied or cost improvements in
the land forming process itself.
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The midpoint analysis as presented represents a reasonable reflection of actual (operational) costs
to rehabilitate this site using the Cell 8 prescription, and thus, a baseline rehabilitation land cost of
$28,553.00, with sensitivities noted in Figure 3-10, was used as a standard rehabilitation cost for
the balance of the initial cost analysis. Although land-forming cost per cubic meter of soil applied,
interest rates, and amortization periods are independent of yield performance at this site, depth of
soil is not. Managing costs through reduction of soil depth will directly impact potential soil
productivity, primarily through the reduction in the amount of soil-water storage in the
anthropogenic soil profile. This relationship is explored in more detail in Chapter 4. The estimated
base rehabilitation cost of $28,533.00 per hectare (and the subsequent annual land cost of
$1,856.00 per hectare at 5% interest over 30 years) is onerous with respect to profitable crop
production, but is potentially mitigated by tax impacts at this site, as discussed in section 3.3.1.

3.3.1 Tax Considerations for Converting Land Base from Industrial to Agricultural
Tax Rates
Although not considered in the initial “land cost” analysis above, the impact of converting the
landfill site from industrial to agricultural use can have significant tax implications. In the
Municipality of Thorold, the annual tax assessment rate for vacant industrial land is currently 0.017
or 1.7% of the assessed land value. Region-wide in 2011, the average annual tax assessment for
vacant industrial land was $1,393.00 per acre or $3,441.00 per hectare. The agricultural land
(Farmland Property Class) assessment rate in Thorold is 0.0012 or 0.12% of the assessed property
value. Hence, one hectare of farmland class land, with an assessed value of $20,000.00, would have
an annual tax rate of $24.00. Practically, the actual tax-reduction opportunity at this site is likely not
quite that good. According to the Niagara Region tax office, conversion of industrial land back to the
farmland property class is possible, provided that land is converted to permanent agricultural use
with minimal restriction from a productivity or product-salability standpoint, and meets the
OMAFRA definition of farmland. In that case, an application can be made to reclassify the land’s tax
class, and, subject to a land-value assessment and municipal review, the tax rate for the land is
generally reduced, dependent of acreage, by 60-95% when compared to its current classification.
(Personal communication, Niagara Regional Tax Office, December 2011). In the case of the East
Landfill, the rehabilitation of the 14-hectare landfill surface, using the prescription developed in
Phase I, could meet the OMAFRA farmland definition requirements, provided that annual sales of
agricultural products from this site exceeds $7,000.00 per annum. Since the property is relatively
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small, the likely tax reduction is in the order of 75-85%, subject to MPAC evaluation or, based on
the county average industrial land tax of $3,441.00 per hectare, in the order of $2,581.00 $2,925.00 per hectare, per year.
The impact of tax considerations is now a significant driver in the decision whether to rehabilitate
this land to an agricultural after-use. The owners are now faced with two scenarios. The first is to
rehabilitate the land and to pre-1998 MOE minimum requirements of 20 cm of rooting material on
top of the clay cover and continue to pay taxes at the industrial land rate. The second is to
rehabilitate the land back to its original agricultural land use, and, potentially, take a tax credit,
which, in the conservative evaluation, is greater than the amortized annual cost of the
rehabilitation process.
For this site, it is possible to evaluate the overall business case for rehabilitating the site to an
agricultural after-use in general by determining the NPV of the potential tax reduction. This requires
some assumptions for discount rate, initial capital investment, the time frame for the NPV
calculation and the value of the tax credit. For this calculation the following initial assumptions
apply:


Discount rate of 8%;



Initial investment equals Cell 8 capital costs ($28,533.00);



Time frame of 50 years (In fact, the tax reduction takes place in perpetuity provided the
land stays in agricultural production, but the discounted tax credit approaches zero beyond
50 years);



The potential tax credit is initially set at the midpoint of the potential tax credit range noted
above or $2,753/yr.

Using the above inputs, NPV for rehabilitation based on the tax opportunity (i.e., independent of
the final cropping system returns) is positive at $4,765 and IRR is 9.6%. Sensitivity of NPV to
rehabilitation cost (initial capital investment) and discount rate is presented in Figure 3-11.
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NPV sensitivity to rehabilitation investment and
discount rate
40000

NPV ($)

30000
20000
discount rate (8%)

10000
0

capital investment
($28533)

-10000
-20000
-75%

-25%

25%

75%

% change in input from base value

Figure 3- 11: Sensitivity of NPV to rehabilitate to agricultural after use based on tax reduction opportunities.

In the example illustrated in Figure 3-11, rehabilitation of this site to an agricultural after-use based
on tax considerations returns a positive NPV and IRR provided the internally selected investment
discount rate threshold is below 9.5% (for a rehabilitation cost of $28533/ha) or the rehabilitation
cost is less than $33,700/ha (at a discount rate of 8%). Since an 8% discount rate is reasonable and
the rehabilitation cost threshold is attainable at this site, there is likely to be an acceptable business
case (i.e., NPV and IRR positive) to rehabilitate this site to an unrestricted agricultural after-use. This
opportunity is dependent, of course, on local tax laws and rates. The impact of tax consideration
will vary across jurisdictions, but at this site, the rehabilitation business case now becomes much
more attractive.
Since the land-tax-reduction opportunity at East landfill is possible, but not certain, analysis of
financial viability of the scenarios presented in this thesis can now be considered under two
conditions: i) with full land-rehabilitation costs included (tax-rate adjustment unsuccessful), and ii)
with tax consideration adjustments (which effectively offsets the rehabilitation cost). If tax
reduction is possible, the rehabilitation process must consider the minimum requirements
necessary to ensure that the landfill cover meets the biophysical requirements to be re-categorized
as farm land. If tax reduction is not possible, then the business case focus becomes the reduction of
rehabilitation costs in an effort to develop rehabilitation-through-crop production process with
positive NPV, without regard for the requirements necessary to qualify for tax reduction. In either
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case, the ultimate cropping system chosen must support a positive NPV through the entire
rehabilitation-cropping system process. This is discussed further in Chapter 4.

3.3.2 Comparison of Land Rehabilitation Costs to Land Purchase Costs
To put the land-rehabilitation cost into perspective, a comparison was made to the alternative
purchase of agricultural land in the area. Two recent commercial summaries of Ontario farm land
prices did not analyze the Niagara Region specifically (Valco, 2010; Re/Max, 2011), but adjacent
counties (Brant and Oxford), with similar land productivity, averaged in the order of $6,000.00$12,000.00 per tillable acre or $14,820.00-$29,640.00 per hectare, for an average of $22,230.00 per
hectare. The Niagara Region is unique in its climate, and, as a result, is one of the most important
tender-fruit-growing areas in the province. This feature, and competing pressure for industrial and
residential land, tends to limit the amount of general agricultural land available for sale in the
region. Table 3-5 is a summary of advertised prices for similar-sized parcels of arable land for sale
within 25 km of the research site, obtained from MLS listings in the fall of 2011.
Table 3- 5: Land parcels for sale within 25km of NWSL site, fall 2011 (Source: www.mls.ca).

Tillable Area, Acres

Tillable Area,
Hectares

Sale Price

$/Tillable hectare

100

40.5

$799,900

$19,758

50

20.2

$349,900

$17,241

63

25.5

$795,500

$31,169

58

23.5

$499,350

$21,265

99

40.1

$799,000

$19,935

46

18.6

$295,000

$15,840

70

28.3

$435,000

$15,349
Average: $20,188

Although neither of the two real-estate studies, nor the informal MLS survey provided detail on the
specific land parcels, it can be surmised from these sources that the cost to purchase similarly sized
general agricultural land parcels in the area is currently in the order of $20,000.00-$24,000.00 per
hectare. That would mean that the Cell 8 prescription used on the rehabilitated landfill surface at

120

$28,533.00 is cost disadvantaged, relative to land purchased in the order of $4,000.00-$8,000.00
per hectare. When amortized over 30 years at 5%, this difference represents an annual cost
disadvantage of $260-$520 per hectare, when compared to land purchased at typical local land
costs.
It is interesting to note that purchasing land at current local pricing presents a similar problem to
rehabilitating at this site in terms of addressing land costs for biofuel or field crop production. At
current land prices it is very difficult to support land cost from crop production revenues alone.
Oltmans (1995, 2007) concludes that land “will not cash flow itself” and that land investment
decisions should be as investors in the land, rather than producers on the land (Oltmans, 2007).
Although purchased farmland is likely to appreciate in value over time, rehabilitated sites, like the
East Landfill, are likely to have at least some restrictions associated with their prior use, and, if
saleable at all, may sell at a discount relative to typical farm land. Chapter 4 details efforts to reduce
rehabilitation costs at this site to overcome this disadvantage.

3.4 Economic Viability of Mixed Forage Hay and Biofuel Feedstock
Production on the East Landfill Site
As previously noted, production of a financially feasible biofuel feedstock for energy replacement is
conditional on managing the cost of production (COP) of biomass materials to produce the lowest
possible cost per GJ of energy delivered as fuel. For this analysis, the DSS model was used to
calculate expected COP for mixed-forage hay, perennial grasses, and unimproved, naturally
regenerated biomass, based on field-trial results from Phase I. This required estimation of the
scale-up costs from plot trials to a field level across the 14-hectare site is discussed in section 3.3.
The “standard” for the scale-up used Cell 8 yield and cost data, corrected for field scaling to the
entire 14ha parcel. A comparison was made to standard costs for crop production (forage hay and
switchgrass), based on OMAFRA enterprise budgets. Using the DSS model, key indicators (NPV, IRR,
Break Even Cost, Simple Payback, ROI, etc., as noted in the summary tables) were compared to
common field crops, like grain corn and soybeans. The time frame for analysis was set at 10 years.
The DSS model allows for a broad range of analysis by varying the inputs, yields, prices, etc. Hence,
analysis was conducted with typical, site-optimized inputs, as described in section 3.1. For brevity,
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sensitivity analysis was conducted on the major cost components to illustrate the impact of key
variables on outcome.

3.4.1 Development of Site and Standard Costs: Yields
Phase I measured yield of both mixed cool-season forage (alfalfa and cool-season grasses) and
warm-season grasses (switchgrass and big bluestem) on replicated nine-square-meter plots on the
three landfill blocks and the control site. The standard prescription selected from that trial was the
Cell 8 rehabilitation prescription (100 cm soil profile, no GCL, no tile drainage), ameliorated with
SSO compost, N-Viro soil, or a blend of both, for fertility, as well as mechanical weed control. Since
there was no statistical difference(P<0.05) in yield between conditioning material choices, the
prescription for yields at a treated plot level was averaged across treatments and the 2008 and
2009 crop years to determine the expected maximum plot yield for mixed-forage hay. For warmseason grasses, yields were measured only in 2009, so single-year-treatment-average plot yields
were used. Plot yields, however, are not necessarily indicative of field yields because of the “farm
management” variable. When harvesting research plots, every effort is made to recover all
harvestable dry matter for analysis, thus harvest losses are minimized relative to typical field-scale
harvests. Furthermore, in the case of the mixed-forage hay plots, harvests were taken at the
maximum dry-matter point (alfalfa in mid to full bloom), rather than the maximum quality point
(alfalfa at early bud stage) desired for high quality hay production. The difference in harvest stage
can impact DM yield by up to 20% (Marble, 1991). In field harvesting, there are significant
harvesting and handling losses (Buckmaster and McKee, 2009), and recoverable yields are typically
25-30% lower than research plot yields, with highest expected yield losses (i.e., 30%) associated
with greater maturity, due to higher leaf loss in later physiological stages (Marble, 1991). Therefore,
“standard” site yields were adjusted based on plot yields, as noted in Table 3-6, to provide an
“expected” base sustainable maximum yield for financial analysis.
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Table 3- 6: Assumptions used for plot yield scale up to field level.

CONDITION
Mixed forage hay as animal feed

Mixed forage hay as a biofuel feedstock

“switchgrass” for biomass – site level
analysis

“switchgrass” for biomass – Standard costs
“Unimproved pasture” – site costs

CORRECTIONS AND ASSUMPTIONS
2008 and 2009 Cell 8 treatment plots average
yield (14.8 T/ha), deflated 25% for harvest losses
(11.0T/ha) and 15% for stage of harvest
adjustment to maximize forage quality (value
used 9.5T/ha).
2008 and 2009 Cell 8 treatment plots average
yield (14.8T/ha), deflated 30% for harvest
losses.(10.4T/ha). No forage quality adjustment
for yield as maximum DM is desired (value used
10.4T/ha).
Cell 8 treatment average from 2009 (7.8T/ha)
deflated 30% for harvest loss to 5.4 T/ha, (0
yield in for 2008 due to establishment failure.)
Value used 5.4T/ha.
OMAFRA enterprise budget, 2010. Value used
8.4 T/ha.
Cell 8 and 12 biomass treatment averages from
2009 corrected for harvest loss to 5.4 T/ha. No
correction for establishment failure.
Establishment tillage, seed and planting costs
removed from analysis.

Analysis of the COP and break-even price of “unimproved pasture” was estimated from the
measured yield of the Phase I, Cell 8, and Cell 12 biomass plots. Since warm-season grass
establishment failed in these plots and the dry-matter harvest consisted primarily of volunteer
weeds and native grasses, the yield data were used to form the basis for “unimproved pasture”,
and the production costs were estimated by omitting the actual switchgrass/big bluestem
establishment costs (secondary tillage and seedbed preparation, seeds, etc.) from the actual costs
used in the effort to establish a warm-season grass crop at this site.

3.4.2 Development of Site and Standard Costs: Input Costs
“Site-input costs” were developed from actual application rates in the field plot program from
Phase I. Field-scale tillage and seedbed-preparation costs were based on OMAFRA custom rates
and enterprise-cost budgets, with the exception of herbicide and fertilizer costs. In standard cost
analysis, herbicide and fertilizer costs were based on OMAFRA crop budgets. In site-cost analysis,
herbicides and herbicide application were set at zero and their use was replaced by mechanical
weed control, as used in the research plots. Similarly, no P or K chemical fertilizers were applied on
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site, so the associated application costs were not included. This was compensated by using site
costs for soil amendments and conditioning material (SSO compost and N-Viro soil), plus spreading
costs at typical custom rates.
“Standard costs” were based on OMAFRA 2010 enterprise budgets for forage hay and switchgrass,
with process costs such as tillage, harvesting, and planting based on OMAFRA custom rates
summaries (OMAFRA, 2010) . A summary of these costs is included with the model (Appendix 13).

3.5 Site Cost of Production and Return to Land, Management and
Risk
3.5.1 Cost of Production Determination with DSS Model
The first set of analyses completed with the DSS model consisted of analysis of the Phase I field-trial
cost of production (COP) as managed in the Cell 8 scenarios (i.e., the prescription identified in Phase
I as site optimized using conventional rehabilitation methods). Actual forage and biomass plot
yields, corrected as noted in Table 3-6 for expected field yields, were compared to OMAFRA
enterprise budgets for forage hay and switchgrass, as observed in Phase I. Since mixed-forage hay
generally has a crop life of 4-5 years, versus the analysis term of 10 years, a minimum-tillagerenovation planting step was included in the modeled costs on a 4-year renovation cycle.
An “unimproved biomass” COP was determined by using the site yields for biomass plots with the
cost of planting switchgrass and big bluestem removed from the cost database, as noted above.
The rationale for this was that the warm-season-grass-establishment failure on these plots was so
complete that virtually all of the harvested biomass from these plots consisted of volunteer weeds
and native cool-season grasses that had flourished in the absence of chemical weed control. A
summary of these model runs is presented in Table 3-7, which summarizes model runs to estimate
COP by crop (i.e., up to the point of harvest, net of local storage, and transportation costs, since
local storage and transportation costs are impacted by the end use of the crop).
It is again important to note that the DSS model calculates COP from the crop budget component of
the model, which is essentially an enterprise budget based on the crop cycle. In this case, both
establishment cost and land cost (if included in the calculation) are treated as the annual expense
of an amortised loan at the terms specified in the budget. This differs from the calculations for NPV
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and IRR which are used to assess the overall business case for rehabilitation and crop production at
the site. In that case, the capital required for the entire cost of rehabilitation and crop
establishment are treated as a capital expenditure to facilitate the calculation of NPV and IRR for
the proposed scenario. Generally, the term of the NVP and IRR calculations are longer to reflect the
ongoing opportunity for crop production as a result of rehabilitation (i.e., beyond a single crop
cycle).
For the following discussions, the term “before land” means the COP of the crop exclusive of the
amortised annual cost of land rehabilitation. The term “with land” treats the land cost as an
expense equal to the annual amortized cost of a loan (at the loan terms specified) for the
rehabilitation process and includes that expense in the COP calculation.
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Table 3- 7: DSS summary of break even costs for NWSL crops from Phase I.

Estimated max yield
(T/ha)
Estimated 10 yr
average yield (T/ha)
Amortization period land (yrs)
Amortization period crop establishment
(yrs)
Amortization rate land (%)
Amortization rate crop establishment (%)
Rehabilitation cost
total ($/ha)
Amortized annual land
cost ($/ha/yr)
Crop establishment
cost total ($/ha)
Annual establishment
amortization cost
($/ha)
Annual fixed and
variable production
cost ($/ha)
Annual harvest and
post-harvest costs
($/ha)
Feedstock breakeven
cost (before land) ($/T)
Feedstock breakeven
cost (with land) ($/T)

Mixed
forage hay
(OMAFRA
enterprise
budget)

Mixed
forage hay
(site
conditions)

7.9

9.5

8.4

6

6

7.4

8.9

7.6

5.4

5.4

30

30

30

30

30

10

10

10

10

10

3

3

3

3

3

5

5

5

5

5

28,533

28,533

28,533

28,533

28,533

1456

1456

1456

1456

1456

525

515

686

932

244

68

68

89

121

32

126

79

230

122

94

228

266

180

118

137

57

46

73

75

50

253

209

257

428

279

126

Switchgrass
Unimproved
Switchgrass
(OMAFRA
biomass
(site
enterprise
(site
conditions)
budget)
conditions)

For mixed-forage hay, the main COP differences between the OMAFRA enterprise budget and site
conditions was the elimination of chemical weed control and fertilizers, which were compensated
for by mechanical clipping and the application of soil-amelioration materials, such as N-Viro soil and
SSO compost on the site analysis, as well as significantly higher measured yields (based on Phase I
field trials), as compared to the OMAFRA enterprise budget projection.
Mixed-forage hay as feedstock (based on the field experiment in Phase I, without consideration for
land rehabilitation costs), provided the lowest cost per tonne of potential biofuel feedstock,
followed by unimproved biomass (Table 3-8). Note that this is a cost comparison only, and does not
consider biomass quality as a fuel. The unimproved pasture scenario, although attractive from a
cost perspective, will result in a more variable feedstock material (i.e., due to its dependence on
volunteer biomass growth) than a more consistent field crop, like forage hay or warm-season
grasses. This variability can limit the potential conversion opportunities of this feedstock to useable
energy sources (Demirbas, 2005; Theis et al., 2006; Alakangas, 2010; U.S. Department of Energy,
2010).

3.5.2 Site COP Sensitivity to Yield and Costs – Before Land Costs
Sensitivity analysis (at 25% change in variable) for COP with land cost offset by tax reduction is
summarized in Figure 3-12. As is evident in the tornado charts presented, COP is most sensitive to
yield in all cases. The tornado chart format illustrates the relative sensitivity effect of changing one
variable or category at a time. The format shows the independent variable with the highest
sensitivity at the top and the lowest at the bottom. The sensitivity bar spans the range of the
dependent variable (in this case COP) as a function of the independent variable (as labeled) across a
range of independent variable inputs (in this case +/- 25% from the base calculation). With the DSS
model, the user can simultaneously vary multiple inputs to provide an effectively infinite range of
results. Like all models, the quality of the results is only as good as the quality of the inputs, so the
focus of this exercise was to modify key inputs within a reasonable range, consistent with what was
likely either to occur (such as yield variation) or to be executed on within reasonable management
constraints in the crop-production system.
The expected range of COP for each observed scenario, along with a similar-modeled comparison to
OMAFRA enterprise budgets (OMAFRA EB), is presented in Table 3-8.
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Table 3- 8: Range of COP for selected crops before land cost – NWSL research site.

Site forage hay as biomass
Site "unimproved biomass"
OMAFRA EB forage hay
Site "switchgrass"
OMAFRA EB switchgrass

COP, range, $/Tonne
Low
High
41
57
41
58
51
67
64
95
56
81

Expected
46
50
57
75
73
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A. Site forage hay sensitivity to yield and costs.

B. OMAFRA EB forage hay sensitivity to yield and costs.

C. Site "switchgrass" sensitivity to yield and costs.

D. OMAFRA switchgrass EB sensitivity to yield and costs.

E. Unimproved biomass sensitivity to yield and costs.
Figure 3- 12: Cost of production sensitivity of site grown biomass to yield and input costs before inclusion of
rehabilitation capital amortisation.
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3.5.3 Comparison of Effective Fuel Cost of Site-Produced Biofuel Feedstock to
Conventional Energy Sources
If the site objective is to produce energy crops to replace on-site fuel use, then the cost of that fuel
must be competitive with typical conventional alternatives (i.e., grid connected) to support a
business case. As a quick test of viability, the concept of effective fuel cost can be used as a
screening tool. For example if 18GJ of heat is required to a meet a buildings heating requirement,
the output of the heating system must be 18GJ. For electrical resistance heating with 100%
conversion efficiency, the electrical input required would also be 18GJ (i.e., 5000 Kw). However, for
a biomass fuel source with an energy content of 18GJ/tonne and a conversion efficiency of 65%,
producing 18GJ of heat output will require 18GJ/0.65netGJ/tonne input or 1.53 tonnes of biomass
feedstock, with 9.54 GJ lost to conversion inefficiencies. In order to produce 18GJ of heat output
using biomass at a cost of $70/tonne, you must use 1.53 tonnes of biomass on the input side for an
effective fuel cost of $107 per tonne.
Thus the effective fuel cost of biofuel feedstock is a function of both the COP and the likely
conversion efficiency of the feedstock relative to efficiency corrected conventional fuel sources. If
the effective fuel cost of biomass is less than the effective fuel cost of the fuel it is replacing there
may be a business case for its use onsite, provided the difference in cost is not offset by the capital,
operating and maintenance cost required to convert the material into usable energy. If the effective
fuel cost of biofuel cost is higher than the cost of fuel it is replacing, there is no chance of a viable
business case.
Figure 3-13 is a comparison using the COP ranges in Table 3-9, converting them to a cost/GJ at an
average energy yield of 18GJ/tonne, then correcting them for their likely conversion efficiency to
low-grade heat (i.e., space heating), as discussed in section 3.1.6, to determine an effective fuel
cost. If (and only if) land costs can be mitigated through tax considerations, as discussed in section
3.3.2, then the COP before land costs can be used as the basis for this analysis. Figure 3-13
illustrates the relative effective costs of the above feedstock’s as fuel in $/GJ, versus coal, natural
gas, and heating oil varied +/- 25% from the average 2011 site delivered costs and converted to
heat at efficiencies presented in Table 3-3 (section 3.1.5).
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Figure 3- 13: Effective fuel costs range per GJ for NWSL trials with land cost offset by tax considerations
($/GJ).

As is illustrated in Figure 3-13, the effective fuel cost of biofuel feedstock, either produced on site or
modeled with OMAFRA EBs, is considerably lower than the effective fuel cost of both heating oil
and propane, and at least competitive with natural gas (USDOE 2009 prices). (Authors note: Since
the publication of USDOE energy prices in 2009, natural gas prices have continued to fall. In 2010,
the average delivered cost of natural gas to NWSL was $5.74/GJ). Only coal (included in this
analysis because several Ontario greenhouse growers are now using it as a fuel source) is
consistently less expensive than the modeled biofuel feedstock at this site. That means that, if landrehabilitation costs can be effectively offset by tax considerations or other external factors like
renewable-energy subsidies, there is only a limited potential of a financially sound business case to
replace conventional heating fuels with site-grown biofuel feedstock. That potential is dependent
on the capital and operating costs of converting to a biofuel-based heating system being sufficiently
low to support the conversion financially. This is further explored in section 3.7.
If land-rehabilitation costs cannot be offset by tax or other considerations, then the proportionate
annual amortized cost of land rehabilitation must be added to the production costs (COP) of the
feedstock to arrive at a COP/tonne including land costs. In the site case, the fixed annual amortized
cost of rehabilitation ($1456.00 per hectare at 3% APR [reflecting the current lower interest rate
trends] over a 30-year term) must be adjusted for yield to determine COP on a cost per tonne basis
and added to the base cost to estimate the COP per tonne of biofuel feedstock produced with land
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costs included. Thus, the COP of lower-yielding crops is impacted more than higher-yielding crops
(Figure 3-14).

Figure 3- 14: Effective fuel costs range per GJ for NWSL trials without land cost offset by tax considerations
($/GJ).

As Figure 3-14 illustrates, the inclusion of annualized land-rehabilitation costs drives the effective
fuel cost up considerably, making biofuel-feedstock fuel produced at this site much less competitive
relative to oil and propane and significantly cost-disadvantaged compared to natural gas or coal.
Lower-yielding crops, like “site switchgrass” and “unimproved biomass”, are more severely affected
because the amortized cost of rehabilitation is applied across a lower yield of feedstock. Because
the addition of land costs drives the effective fuel cost higher than the cost of the readily available
natural gas alternative, the site COP for biofuels becomes a non-competitive alternative fuel even
before the application of capital and operating costs to convert to a biofuel-based heating system.
Thus, we can conclude from this COP analysis that, in the absence of significant external offsets for
the cost of land rehabilitation, there is not likely to be a viable business case to grow biofuels at this
site to supplant the use of conventional and available fuel sources (at current prices) for the
production of low-grade heat.
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3.6 Evaluation of Crop Alternatives to Warm Season Grasses as
Biofuel Feedstock
3.6.1 Selection Considerations for Potential Feedstock Crop Alternatives
The establishment failure of the warm-season grass species (switchgrass and big bluestem) in the
field trials at this site (attributed to site-specific management restrictions and conditions) effectively
eliminates their use as a biofuel feedstock at the East landfill. Mixed-forage hay, which performed
very well in field trials, can indeed be used as a biofuel feedstock (McCaslin and Miller, 2007), but
with some limitations or considerations.
One consideration is market alternatives. There is a strong local market for good quality mixedforage hay in the region, with pricing ranging from $100.00-$120.00 per tonne, which is generally
higher than its value as a fuel (OMAFRA, 2011). Secondly, although hay is suitable as combustion
fuel with appropriate technology, the multi-cut harvest system precludes the process of overwinter drying or aging to reduce nutrient and ash contents, which can cause slagging and excessive
waste-ash-disposal problems, or reduce the quality (and hence the value) of the crop as a
combustion fuel. Additionally, feedstock variability across cuts is significant, with first cut mixedforage hay being composed primarily of the early-maturing grass components and subsequent cuts
primarily legume components. This variation will impact fuel-combustion quality and processing
requirements for simple processes, like densification (pelleting and briquetting) from cut to cut,
complicating the fuel-management cycle. Desirable feedstock-quality considerations are now well
documented in the literature (Demirbas, 2005; Theis et al., 2006; Alakangas, 2010), and it is
generally accepted that feedstock with lower ash and mineral contents than forage hay and a
higher level of consistency are desirable (Adler et al., 2006; Monti et al., 2008; Preto, 2011).
The DSS model is capable of assessing costs of production and financial parameters for a wide range
of potential crops. For the sake of brevity, three crops – i) reed canary grass, ii) miscanthus, and iii)
concentrated short-rotation woody crops (SRWC) grown under two management strategies (fall
and spring cut) are presented for discussion. These three crops (as discussed below) met, to an
acceptable degree, the crop requirements considered important by the industry partner for
consideration as a site crop. Those requirements were:
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Ability to establish with a minimal or zero application of chemical herbicides to protect the
integrity of the landfill-runoff-containment ponds that surround the site



Generally accepted as a marketable biofuel feedstock for external markets, with potential
for positive economic returns



Ability to establish and harvest the crop with locally available equipment from local and
current custom contractors and applicators



Preferably having an appropriate secondary use if the biofuel market does not develop, or
at least being capable of being used as a carbon source or bulking agent for on-site SSO
composting activities



Limited or no deleterious effects on the landfill cover over time

As with feedstock quality, suitability of specific crops as biofuel feedstock is now well understood
and documented, so this discussion is limited to the rationale behind selecting the modeled crops
for this site. There are a wide range of crops with potential as feedstock. Sugar beets, for example,
might be a consideration, if the objective was to use a digestion process to produce ethanol as an
end-product fuel. In this case, however, preliminary analysis (as noted in section 3.1), particularly
with respect to scale, limited crop considerations to those suitable as combustible fuels or as a
potential cash crop. The relevant crops considered for this site are described below.
Reed Canary Grass
Reed canary grass is a cool-season, C3 grass species, with high yield potential. It has good stand and
crop-cycle life. Management practices and equipment choices from planting through harvest are
similar to mixed-forage hay (Larrson, 2008). Being a cool-season grass, it is expected to follow a
similar establishment pattern to brome grass and timothy in the mixed-forage hay that was
successful at this site in outcompeting native weeds in the early growth phase. Although not widely
used as animal feed, it is palatable if harvested at an early stage, which offers an alternative use. In
addition, it could be used as an effective bulking agent and carbon source for local composting
activities if over-wintered and spring harvested. The fibrous root system is unlikely to penetrate the
landfill clay cover or cause damage to the landfill-cover system over time. Reed canary grass was
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modeled with a base yield of 8 tonnes per hectare and input costs based on OMAFRA EBs for forage
hay, plus nitrogen applications.
Miscanthus
This warm-season, C4 grass species potentially provides very high yields and consistent quality as a
biomass feedstock. Although expensive to establish (due primarily to rhizome costs), there are
custom planting services available. Harvesting-process and equipment requirements are similar to
forage hay, and the crop can be managed, post-planting, with conventional farm equipment.
Recent studies (Khanna et al., 2008; Styles et al., 2008; Virani, 2011) indicate break-even prices and
returns to risk and management that are competitive with switchgrass and conventional cash crops.
It has limited secondary uses, other than as an on-site carbon source or bulking agent, which is a
negative attribute, as is the high cost of establishment and long-term crop commitment in the
absence of a secure market. There is no reason to expect any risk of compromising the landfillcover system. Miscanthus was modeled with a base yield of 16 tonnes per hectare, a cost of $0.06
per rhizome, planting with a potato planter for establishment, and other input costs derived from
local research (Virani, 2011) and OMAFRA EBs where applicable.
Short Rotation Woody Crops
SRWC, specifically shrub willow and hybrid poplar, are long-term biofuel-targeted crops (16-19 year
cropping cycle), harvested on a 3-4 year cycle. Establishment costs are high and require some
specialized equipment. As a result, COP is generally higher than grass-based biofuels, but fuel
quality is considered better, due to lower ash and mineral contents. This should command a higher
price as a fuel product, which, depending on market demand, could offset establishment costs.
Research at the University of Guelph indicates a farm gate COP range, including storage and local
transportation, in the order of $104.00-$133.00 per tonne over the crop life cycle (Gordon et al.,
2009). Although an excellent biofuel feedstock, there is no established secondary-use market at the
present time within reasonable transportation distances from the site, and its use on site as a
carbon source or bulking agent in the local composting process is limited by the nature of the
material (wood chips) and its slow decomposition rate. The deep rooting and long-term nature of
the crop represents a potential risk to the landfill-cover system during stump removal at the end of
the crop cycle. SRWC analysis was modeled with a base yield of 8 tonnes per hectare, an
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establishment amortization period of 18 years, and research data from University of Guelph
research (Gordon et al., 2009; Shiks et al., 2011).

3.6.2 Estimated COP for Proposed Alternative Feedstock Crops at the East
Landfill Site from the DSS Model
Table 3-9 presents model results, based on the analysis details above, for expected COP of selected
feedstock crop alternatives at the NWSL site. In this analysis, the local transportation and storage
costs are zeroed in the harvest and post-harvest cost module, since those costs are dependent on
end use (i.e., transportation and storage costs can be accommodated in the model and should be
used to determine break-even pricing when the end use is known). Sensitivity analysis (at 25%) is
presented in Figure 3-15.
Table 3- 9: DSS summary of expected COP for alternative feedstock at NWSL.

Woody Biomass Miscanthus
(U of G Research (U of G Trials
data, site
data, site
conditions)
conditions)

Estimated max yield (T/ha)

Miscanthus
(U of G Trials
data, site
conditions),s
pring
harvest

Cool season
Grass (Reed
Canary) Site
costs, fall
harvest

Cool season
Grass (Reed
Canary) Site
costs spring
harvest

8

16

16

8

8

Estimated 10yr average yield (T/ha)

7.6

14.1

9.9

7.7

5.4

Amortization period -land (yrs)

30

30

30

30

30

Amortization period -crop establishment (yrs)

18

10

10

10

10

Amortization rate - land (%)

3

3

3

3

3

Amortization rate -crop establishment (%)

5

5

5

5

5

Rehabilitation cost total ($/ha)

28533

28533

28533

28533

28533

Amortized annual land cost ($/ha/yr)

1456

1456

1456

1456

1456

Crop establishment cost total ($/ha)

7178

1332

1332

443

443

Annual establishment amortization cost ($/ha)
Annual fixed and variable production cost
($/ha)

616

173

173

57

57

101

133

133

176

176

Annual harvest and post-harvest costs ($/ha)

144

267

200

164

128

Feedstock breakeven cost (before land) ($/T)

121

41

51

52

67

Feedstock breakeven cost (with land) ($/T)

313

144

199

241

338
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A. Estimated site SRWC sensitivity to yield and costs.

B. Estimated site fall harvest Miscanthus sensitivity to
yield and costs.

C. Estimated site spring harvest Miscanthus sensitivity to
yield and costs.

D. Estimated site Reed Canary Grass fall harvest
sensitivity to yield and costs.

E. Estimated site Reed Canary Grass spring harvest sensitivity to yield and costs.
Figure 3- 15: Cost of production sensitivity of potential alternative biomass crops to yield and input costs
before inclusion of rehabilitation capital amortisation.
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Expected COPs for modeled crops (Table 3-10) indicate that miscanthus, grown under site
conditions, provides the lowest potential feedstock COP, whether fall harvested or over-wintered
for quality considerations (spring harvested). This relationship is driven primarily by the higher
expected yields versus cool-season grasses and SRWC. Of interest is the relatively low sensitivity of
miscanthus to establishment costs (Figure 3-15B), which indicates again that the high yield of this
crop helps to overcome the high establishment cost to a significant degree, with respect to longterm COP. This yield/establishment cost relationship can be seen by comparing the high-yielding
miscanthus scenarios to SRWC, which is very sensitive to establishment costs, due to its relatively
lower yield. If the objective in feedstock production was only COP, miscanthus would be the
leading choice. However, the lack of a defined secondary use, coupled with the high investment
cost to establish and long-term crop commitment, is exacerbated by the lack of a clearly defined,
reliable primary local market for the crop (section 3.8). A similar situation exists with SRWC crops.
Figures 3-16 and 3-17 are derived using the same effective fuel cost analysis from section 3.5 to
determine effective fuel cost for proposed crops with and without land costs.
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SRWC site data
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Reed Canary grass spring
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Miscanthus spring harvest
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Figure 3- 16: Effective fuel costs per GJ for NWSL-proposed crops with land cost offset by tax considerations
($/GJ).
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Figure 3- 17: Effective fuel costs per GJ for NWSL-proposed crops without land cost offset by tax consideration
($/GJ).

Figures 3-16 and 3-17 illustrate that miscanthus, both with and without land rehabilitation costs
included, has the best potential to provide a lower effective fuel cost than natural gas at 2009
prices. In the absence of land costs, all modeled crops (except SWRC) have a lower (or at least
competitive) effective fuel cost versus conventional fuels, with the exception of coal. As with the
earlier analysis, the addition of conversion costs and local storage and handling costs will make
these proposed fuels less competitive. In event that land cost cannot be mitigated through tax
reductions or other incentives, the preliminary business case for on-site use of biofuel feedstock as
an on-site energy replacement, at least for natural gas, is much weaker (Figure 3-17).

3.7 Financial Analysis of the Cost of On-Site Conversion
Technologies
There are now a large number of well-documented technologies available to convert biofuel
feedstock to useable fuels. Most of these technologies (particularly digestion-based processes) are
still developing or near-term emerging options, or are aimed at large-scale fuel production.
Combustion and gasification “turnkey” technologies are becoming commercially available in a range
of technologies and capacities, which may be appropriate for the scale of this site. Two
publications, one from NREL, “Market Assessment of Biomass Gasification and Combustion
technology for Small and Medium Scale Applications” (Peterson and Haase, 2009), and one from
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the EPA, “Biomass Combined Heat and Power Catalog of Technologies” (EPA, 2007), provide good
overviews of these options, as do the pertinent papers listed in section 3.10. In order to narrow the
choices for analysis to site-appropriate conversion processes, the following selection criteria were
considered:


Technology had to produce end-product energy with significant value added over the sale
of biomass feedstock as a cash crop



Technology had to be developed and commercially available at an appropriate scale, with
adequate manufacturer support (i.e., off the shelf from a stable supplier and not at a
developmental level)



Technology had to integrate easily into existing site systems, with minimum dedicated
capital investment

Given the analysis in section 3.6, which demonstrated at least an opportunity to produce biofuel
feedstock at an effective fuel cost competitive with conventional fuels, an analysis was conducted
using the RETScreen model to evaluate the overall field-to-fuel financial cases for on-site
production of biomass-based feedstock as a low-cost replacement fuel source. Input costs for
biomass feedstock were derived from the DSS model developed in this research project, and were
used as the basis for technology evaluation to run a series of screening trials with potential smallscale conversions using digestion- and pyrolysis-based systems. However, due the scale-related,
high system capital cost (as discussed in section 3.1.6) and the relatively small opportunity to
deliver meaningful cost savings with respect to the site’s total energy budget, most high-level
conversion processes were quickly eliminated in the RETScreen screening processes. No digestionbased systems as modeled, for example, generated positive cash flow versus conventional energy
sources.
Based on the elimination of digestion and other developing systems, two approaches were
considered for the site: i) gasification with CHP capability (to improve efficiency), and ii) direct
combustion.
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3.7.1 Financial Evaluation of On-Site Small-Scale Gasification
There are a number of small gasification systems now available (NREL, 2007; Prest and Simpson,
2009); however, only the Community Power BIOMAX 25W CHP system met the criteria noted
above, with a scale appropriate for the feedstock-production potential at the East Landfill site. The
manufacturer has been in business for over a decade, and the technology is well established and
packaged in a palletized container format that is easily integrated into an existing heating and
electrical system. The fuel consumption for this system, estimated at 164 tonnes per year, closely
matched the production potential of the 14 hectare site. Analysis was conducted with RETScreen,
using best-cost biomass estimates from section 3.6 (i.e., miscanthus, fall harvest, chopped, not
densified, with storage and handling costs included, as the base case at $51.00 per tonne). Capital
cost estimates from the supplier range, depending on configuration, from $5,000.00-$7,000.00 per
kW installed (personal communication, Community Power Inc., September 2011), which agreed
well with estimates of $4,700.00-$7,300.00 CDN by Prest et al. (2009). A comparison was made of
the value of electricity and recoverable heat production versus the site-available cost of supply
from grid electricity and natural gas. The best case scenario modeled, using very optimistic inputs
(i.e., $5,000.00 per kW capital, 10% O&M, operating full hot at full capacity to deliver maximum
efficiency, etc.), is summarized in Table 3-10.
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Table 3-10: Financial evaluation of best case pyrolysis conversion.

From Table 3-10, it is clear that the annual net-cash position, even in the best case scenario with
lowest cost feedstock, returns negative cash flow, ROI, and IRR, and has a payback period that
extends beyond the expected 10-year life of the pyrolysis system. In order to break even, the
system requires either a zero-cost fuel, or capital costs in the order of $2,900.00 per kW capacity,
neither of which are likely at the East landfill. Coincidentally, during the course of this study, the
Industry partner was offered an opportunity to purchase a similar system in a developmental stage
at attractive pricing, but declined the opportunity when their internal analysis suggested similar
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financial performance. Although anecdotal, this supports the author’s position that, in order for
alternative energy technology, like small scale gasification, to be readily adopted by industry and
the general public, they will have to provide a more compelling business case. That is not to
discredit the technology, which certainly works and has been shown to be cost effective in cases
where plentiful and relatively low-cost energy is not readily available (Bilek et al., 2005). At the East
Landfill, however, there is no compelling business case to implement the technology as a direct
replacement for grid-available energy sources.

3.7.2 Financial Evaluation of Direct Combustion for On-Site Space Heating
Having rejected the use of a small-scale pyrolysis system in section 3.7.1, RETScreen was again used
to assess the feasibility of the conversion of biomass to simple heat as a direct replacement for a
conventionally fueled heating system. For best-case biomass fuel cost, miscanthus modeled at a
base COP of $41.00, plus storage and local handling at $10.00 per tonne, for a net fuel cost of
$51.00 per tonne was again used as the feedstock source.
The site expectation for a biomass combustion system was to provide a reasonable level of
automated fuel-feed and control systems to minimize site labour for fueling, cleaning, and
maintenance. Therefore, for combustion furnace and boiler installation, the capital costs were
estimated from NREL (2012) case studies provided in NREL Technical Report NREL/tp-7a2-46190, in
which five similar examples used biomass-fired combustion systems in the range of 230-1150kW
thermal output to replace conventional fuels, and were connected to existing heating systems (i.e.,
boiler/furnace replacement only) with an average capital cost for complete installation of $860.00
per kW. This figure is more conservative than Canadian studies (Stantec, 2010;, NRCan, 2011b),
which range from $1780.00-$3,150.00 per kW for small-scale systems. Again, larger-scale systems
are less capital intensive (e.g., $460.00 per kW for large-scale [5MWe] systems calculated from
Chau [2008]). For financials, a 20-year loan payback term at 3% APR and operating and
maintenance (O&M) at 10% of capital were used in the base case. Summary printouts from
RETScreen are presented in Figure 3-18 (versus natural gas as the replaced fuel) and Figure 3-19
(versus heating oil as the replaced fuel).
As illustrated in Figure 3-16, there is no compelling business case to replace natural-gas-fueled
heating with biomass at this site. Cash flow, ROI, and IRR are all negative. There is a weak business
case for the replacement of heating oil (Figure 3-17), but cash flow is negative for the first seven
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years and payback is nearly 12 years. Considering the risks and rather low chance of positive returns
for this system, it was not selected as a viable business case by the Industry partner.
RETScreen Energy Model - Heating project
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Figure 3- 18: RETScreen comparison of site biofuel combustion versus natural gas.
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RETScreen Energy Model - Heating project
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Figure 3- 19: RETScreen comparison of site biofuel combustion versus heating oil.

From the analysis in 3.7.1 and 3.7.2, the hypothesis is rejected that the Industry partner can
effectively rehabilitate the landfill using conventional methods to produce biofuel feedstock and
replace existing on-site energy through high-level or simple combustion-technology conversion of
that feedstock into usable energy products at or below the cost of currently available gridconnected fuels.
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3.7.3 A Note on Small-Scale Combustion Systems Emissions
Although not directly studied in this research program, the potential impact on air quality of smallscale feedstock combustion, particularly small-sized particulate matter (PM2.5) emissions, bears
consideration. Residential and commercial feedstock-combustion furnaces, as assessed at the scale
of this study, typically have limited emission-control systems. This is due in part to the high capital
cost of adding emission controls, and to the technical difficulties of developing more sophisticated
control systems, such as precipitators, centripetal filters, and catalytic converters on small-scale
systems (Wierzbicka et al., 2005; Zhang et al., 2007; Obaidullah et al., 2012). As a result, particulate
emissions are similar in magnitude to EPA-rated woodstoves.
To put the air quality risk into perspective, consider that less than one percent of residential space
heating is from wood- or wood-pellet-heating appliances in Ontario. However, the Ontario Ministry
of the Environment estimates that wood-heating appliances can contribute more than 30% of the
total provincial PM2.5 atmospheric loading during the heating season (MOE, 2010). In the province
of Quebec, a 2007 study (available in French only, but referenced in English at MDDEP [2012])
estimates that 1.3% of households heat with wood, and those households contribute 44.1% of the
total PM2.5 atmospheric loading from all sources in the province. Quebec has subsequently banned
the use of wood- or wood-product-heating appliances in the greater Montreal region.
PM2.5 is a known carcinogen and is broadly associated with respiratory distress and negative
cardiovascular impacts at levels exceeding 25ppm (Yanosky, 2010). Any recommendation to adopt
small-scale biofuel-feedstock combustion without significant improvements in emission controls on
a broad scale should consider the potential negative air quality impacts as a significant external cost
and risk.

3.8 Viability of Biofuel Feedstock as a Cash Crop at the East
Landfill
Having rejected the business case for on-site use of biofuel feedstock as a viable replacement for
available alternatives in section 3.7, the DSS model was used to determine the competitiveness of
feedstock to conventional field crops as a cash-crop alternative. As noted in Phase I (Section 2.11.3),
although there may a negative consumer perception towards agricultural crops grown on a
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rehabilitated landfills, there are no regulatory restrictions to an agricultural after use and, from a
technical perspective, minimal food safety risks. Hence, financial comparison of the production of
biofuel feedstock to conventional field crops alternatives is valid at this site.
The model accommodates this analysis, determining COP and break-even prices based on scenarios
as inputted, but requires a sell price to complete the financial-summary component. For
conventional field crops, this was straightforward. Expected sale prices of hay and traditional field
crops were derived from OMAFRA field-crop statistics as noted in section 3.8.3. Establishing a price
for biofuel feedstock is more difficult, due to the limited market opportunities in the region.

3.8.1 The Biofuel Feedstock Market and Prices
There is currently no single significant domestic market for grass-based biofuel feedstock in Canada.
The domestic pellet-fuel market in general is relatively small and dominated by wood pellets
produced as a by-product of the lumber industry. Domestic production of wood pellets (2006) was
estimated at 1.2 million tonnes per year, with the majority of that material being sold to export
markets in Europe and Asia. Domestic consumption for all uses is estimated at less than 150,000
tonnes (Peksa et al., 2007), and is stable.
Wood-pellet production capacity in Canada rose to approximately 2 million tonnes by 2009, but
production was only 1.3 million tonnes or 65% of production capacity (Wood Pellet Assoc. of
Canada, 2011), which may indicate a weak market, or the potential for price pressure as large
producers try to improve their capital utilization. The market that does exist is driven by demand in
Europe and Asia, with the domestic market representing less than 8% of production capacity and
10% of total sales. During 2010, the export price for premium wood pellets dropped from a high of
$154.00 per tonne to a low of $125.00 per tonne.
A potential for retail sales exists at the NWSL site, since they currently retail SSO compost to local
residents, but the viability of and potential for direct sale of fuel pellets through this operation has
not been tested. Retail prices are generally regional and range from $160.00-$190.00 per tonne as
bulk pellets in the northeastern regions of the United States (Pellet Fuels Institute, 2011). Grassbased biofuel pellets compete directly with that market, but are disadvantaged by their generally
lower quality as fuel versus hardwood pellets, when rated in accordance with EN 14961-2 pelletquality standards (Alakangas , 2010).
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Nott Farms is one large grass-based feedstock grower of note in Ontario. They produce
approximately 200 hectares of switchgrass and contract an additional 60 hectares from others. Sale
price for premium, spring harvest baled switchgrass is currently $0.154 per kg or $154.00 per tonne.
Premium pellets sell for $0.264 per kg or $264.00 per tonne, but represent a small portion of their
market. Their market is mainly in bales, and is limited by market demand (Nott Farms, 2012,
personal communication). Consequently, Nott Farms is now focusing on bio-composite plastics and
fiber board markets, rather than the heating fuel market.
There are ongoing efforts in Essex and Kent Counties to develop a market for miscanthus biofuel
feedstock as a greenhouse heating fuel (Pyramid Farms, 2011). However, the distance to this
market from East Landfill (300km) exceeds the generally accepted distance of 80-100km for the
economically feasible shipment of feedstock (Layzell and Wood, 2006; Searcy et al., 2010).
Of note are recent studies by Ontario Power Generation (OPG) on co-firing biofuel feedstock with
coal to improve emissions at the Nanticoke power station, which is within 50km of the landfill site.
Studies suggest economic feasibility of co-firing biomass at a farm gate price of $60.00 per tonne
(Layzell and Wood, 2006) and $5.60-$8.50/GJ ($100.00-$150.00 per tonne) delivered to the OPG
gate (UWO, 2009). Delivery was estimated to be in the order of $6.00 per tonne pelleted (or $20.00
per tonne bulk) for an adjusted farm gate price (estimated price FOB Nanticoke minus delivery
costs) of $80.00-$130.00 per tonne as baled biomass or $94.00-$146.00 per tonne as pellets. Zhang
et al. (2007) estimate considerably lower prices ($50.00-$64.00 per tonne, 2004 prices, F.O.B.
Nanticoke) using agricultural residue as biomass (straw, stover, forestry trimmings, etc.), but
caution that these prices are still higher than the $11.00-$32.00 per tonne price required to be
competitive with coal in a large-scale co-firing process. The potential for waste products and
residues to compete with targeted biofuel crops at lower cost in the Nanticoke analysis is a
significant market risk. (At the time of writing, OPG has not confirmed its intent to move forward
with this project.)
With limited markets and variable, local market-driven pricing, it is difficult to estimate a firm sale
price for biofuel feedstock produced at this site, and to subsequently determine the financial
viability of selling it as a cash crop. Nonetheless, the prices discussed above can serve as a
reasonable expected range of prices based on known market conditions and, that range can be
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used to compare likely financial outcomes for biofuel feedstock production versus typical field
crops, which do have well established price histories.
For biofuel feedstock, the range of prices noted above were analysed using @Risk 6 software
(Palisade, 2012) to estimate a weighted minimum sell price likely to be achieved 70% of the time
(i.e., P=0.7 that the price will be equal to or greater than the stated price). This analysis used a
triangular distribution with the following weighting:


For retail biomass pellet prices, the expected price was the mean of the likely range of retail
wood pellets from the Pellet Fuel Institute (2011) with the high price set by the 2011 retail
price from Nott Farms (single data point)



For wholesale biomass pellet prices, the expected price was the mean of the annual range
of expected farm gate fuel prices for OPG co-firing from UWO (2009) with the high price set
at the highest export price for pellets from the Wood Pellet Assoc. of Canada (2011).



For wholesale baled biomass the expected price was the mean of the farm gate price range
for OPG biomass from UWO (2009)

Table 3-11 summarizes these prices.
Table 3- 11: Expected farm gate sale price at P=0.7 for biomass products ($/tonne).

Scenario
Retail premium
pellets
Wholesale pellets
Baled biomass

Low price

High price

Expected
price

Price @
P=0.7

160
94
80

264
154
130

185
120
105

165
116
95

3.8.2 Estimation of NPV and IRR from Alternative Biofuel Feedstock Crops at
NWSL
The risk adjusted prices from Table 3-11 were used to estimate the NPV and IRR of modeled
alternative biofuel crops in section 3.6.2 (Table 3-9) sold as baled biomass. The P=0.7 price
estimates did not support onsite densification of biomass since the price differential between
wholesale pellets ($116/tonne) and wholesale baled biomass ($95/tonne) of $21 does not support
the additional cost of densification, which typically ranges from $30 to $40 per tonne. Two
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scenarios were considered, without land cost mitigated by tax considerations and with land costs
mitigated by tax considerations (Table 3-12).
Table 3- 12: Calculated NPV and IRR per hectare from site produced biofuels sold as a cash crop (summarized
from DSS model capital budget).

Woody Biomass Miscanthus
(U of G Research (U of G Trials
data, site
data, site
conditions)
conditions)

Miscanthus
(U of G Trials
data, site
conditions),s
pring harvest

Cool season
Grass (Reed
Canary) Site
costs, fall
harvest

Cool season
Grass (Reed
Canary) Site
costs spring
harvest

Estimated sale price, ($, P=0.7)

95

95

95

95

95

Estimated 10yr average yield (T/ha)
Estimated COP ($/tonne with local
transportation and storage)
Estimated total revenue/ha (10 year average)
from cropping operations

7.6

14.1

9.9

7.7

5.4

131

51

61

62

77

3475

4093

3694

3485

3266

Annual tax and subsidy credits total ($/ha)

2753

2753

2753

2753

2753

Rehabilitation cost capital investment ($/ha)

28533

28533

28533

28533

28533

996

719

604

477

416

Annual operating costs total ($/ha)

NPV and IRR without tax credit (50 year investment, discount rate 8%)
NPV ($/ha)
IRR (%)

-$29,519

-$19,392

-$22,607

-$23,541

-$25,318

negative

0.3%

-1.9%

-2.8%

-5.5%

NPV and IRR with tax credit (50 year investment, discount rate 8%)
NPV ($/ha)
IRR (%)
Note: Cropping system contribution to NPV
($/ha)

$1,665

$11,792

$8,577

$7,643

$5,866

8.5%

11.8%

10.8%

10.5%

9.9%

-$3,100

$7,027

$3,812

$2,878

$1,101

It is clear from Table 3-12 that without the potential tax credit discussed in section 3.3.1 there is no
business case (i.e., negative NPV and IRR) for biofuel production as a cash crop at this site, unless
rehabilitation costs are significantly reduced (Chapter 4). If the tax reduction is obtained,
Miscanthus, fall harvest, appears to be the best biofuel feedstock choice based on NPV and IRR.
The last row of Table 3-12 shows the cropping system contribution to the NPV of the rehabilitationthrough-crop-sale process. Note that the contribution from woody biomass is negative, although
the total process NPV is positive. You would not select a crop that results in lower NVP than the tax
credit investment alone provides, since that would erode the value of the tax credit.
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A limited retail opportunity does exist at NWSL. This would require the production of high quality
(i.e., spring harvested) pellets to compete with the wood pellet market. At the expected retail price
($165/tonne, P=0.7) the best case scenario, spring harvested miscanthus, pelleted, with the tax
credit, returns a NPV of $11942 and an IRR of 11.8%, which is very close to the baled miscanthus
NPV in table 3-12 . Since this would incur additional costs to develop the market and retail from
site, retail sales of biofuel pellets was not pursued by the industry partner.

3.8.3 DSS Model Analysis of Financial Returns from Conventional Field Crops
Using Site Conditions
Grain corn, soybean, and mixed-forage hay produced under site conditions were assessed in the
DSS model to compare with the likely returns from biofuel production. As with the biofuel example
above, a similar risk adjusted price (triangle distribution, P=0.7) was derived using the 5-year (2006
to 2010) range of field crop prices from OMAFRA (2012). The expected price for this calculation was
set at the mean of the last 3 years (2008-2010) to reflect the trend in rising prices (i.e., weighted to
the most recent prices). These prices are presented in Table 3-13.
Table 3- 13: Expected farm gate sale price of field crops at P=0.7 ($/tonne).

Crop
Mixed forage hay
Grain corn
Soybeans

Low price

High price

Expected
price

Price @
P=0.7

90
149
166

127
207
408

121
185
404

109
174
300

Input costs were based on site conditions with: i) no additional P&K fertilizer applications above
that supplied by SSO compost and N-Viro soil applications during rehabilitation, ii) nitrogen only for
corn iii) mechanical weed control with no chemical herbicide or pesticide applications, consistent
with the Phase I field program, and iv) on-site handling and storage costs per OMAFRA EBs. Yields
were based on OMAFRA enterprise budgets (EB’s) or site conditions for forage hay (Table 3-6) and
OMAFRA field-crop statistics for corn and soybeans. A summary of these model runs, with and
without tax credit implications, is presented in Table 3-14.
As is evident in Table 3-14, all three site crops and the OMAFRA-enterprise-budget-forage-hay
analysis return positive NPV (discount rate at 8%), and IRR, with the inclusion of potential tax
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credits. However, if land-rehabilitation costs cannot be mitigated through tax or other
considerations (section 3.3.2), then, like the biofuel feedstock examples above, none of the
conventional field crops provide positive returns. Although not shown in this table, crop production
on purchased land at $20,000.00 per hectare amortized over 30 years provides similar financial
results.

Table 3- 14: DSS summary of predicted returns at site for common field crops.

Mixed forage
hay (OMAFRA
enterprise
budget)

Mixed
forage hay
(site
conditions)

Grain corn
(site
conditions)

Soybeans
(site
conditions)

Estimated sale price, (P=0.7, $/tonne)

109

109

174

300

Estimated 10yr average yield (T/ha)
Estimated COP ($/tonne with local
transportation and storage)
Estimated total revenue/ha (10 year average)
from cropping operations

7.4

8.9

9.5

2.9

71

49

125

187

807

970

1723

870

Annual tax and subsidy credits total ($/ha)

2753

2753

2753

2753

Rehabilitation cost capital investment ($/ha)

28533

28533

28533

28533

481

436

1238

542

Annual operating costs total ($/ha)

NPV and IRR without tax credit (50 year investment, discount rate 8%)
NPV ($/ha)
IRR (%)

-$23,234

-$-21,177

-$20,975

-$22,707

-2.5%

-0.8%

-0.6%

-2.0%

NPV and IRR with tax credit (50 year investment, discount rate 8%)
NPV ($/ha)

$7,950

$10,007

$10,259

$8,447

IRR (%)
Note: Cropping system contribution to NPV
($/ha)

10.6%

11.2%

11.3%

10.7%

$3,185

$5,242

$5,494

$3,682

3.8.4 Choosing a Cropping System for East Landfill
As illustrated in Tables 3-12 and 3-14, the traditional rehabilitation processes used in Phase I will
not support financially viable biofuel or common field crop production from a NPV perspective,
unless rehabilitation costs are mitigated through tax opportunities or other forms of subsidies.
Nonetheless, to pursue the tax opportunity, which by its self has a positive NPV, the landowner
must demonstrate that the land has been returned to primary agriculture. The Pareto chart in
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Figure 3-20 ranks the modeled biofuel feedstock and fields from sections 3.8.2 and 3.8.3 by
estimated NPV (assuming the tax credit is achievable).

NWSL crop options by NPV ($/ha)
Miscanthus fall harvest

11792

Grain corn site costs

10259

Forage hay site costs

10007

Miscanthus spring harvest

8577

Soybeans site costs

8447

Forage hay OMAFRA EB

7950

Reed Canary fall harvest

7643

Reed Canary spring harvest

NPV $/ha

5866

SRWC site data

1665
0

5000

10000

15000

Figure 3- 20: Expected NPVs ($/ha, 8% Discount rate, 50 year investment term) for potential crops at East
Landfill with tax credits included.

From Figure 3-20, it is evident that Miscanthus, both spring and fall harvested is likely to provide
comparable returns to traditional field crops at this. Reed canary grass and short rotation woody
crops are likely to be less profitable than traditional field crops. If the cropping system selection
was based only on calculated NPV, fall harvested miscanthus would be the first choice for the site.
However, that conclusion is highly dependent on the inputs used in the NPV calculation, and that
is illustrated by the tornado chart in Figure 3-21.
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Figure 3- 21: Sensitivity of Miscanthus NPV (50 year term, 8% discount rate) to variation in modeled inputs.

Figure 3-21 ranks the rehabilitation business case NPV sensitivity to inputs used in the analysis
depicted in Figure 3-21 for fall harvested miscanthus, assuming the tax credit is successful. First,
note the bottom bar, which depicts the risk of a delay in reclassifying this land from an industrial
to an agricultural primary use. In the modeling presented earlier, it was assumed that a tax credit,
if obtained, would initialize, or at least be paid retroactively to the first year of agricultural
production. It is possible that a tax credit would not be approved until the land use has
demonstrated ongoing agricultural use, and that tax adjustment may not be retroactive. Although
the relative sensitivity is low, the potential impact could, as shown, have a significant impact on
the enterprises NPV and should be considered.
More importantly, NPV in this example is most sensitive to both the discount rate selected (in this
case 8%), and the time frame of the investment (in the above analysis set at 50 years to reflect the
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perpetuity of a potential revenue stream from the rehabilitation process) for the NPV evaluation.
Unlike the other variables, which are either largely externally controlled (e.g., sale price) or
manageable within the enterprise (e.g., annual costs), both investment term and discount rate are
selected by the investor in a somewhat arbitrary fashion, usually based on perceived risk or as a
comparison to alternative investments competing for limited capital.
In this example, reducing the time frame of the investment from 50 years to 13 years or less, or,
setting the discount rate above 13% will result in negative NPV (calculated from the DSS model)
for miscanthus production at this site. Of course, that would also affect the NPVs for the other
crops as well, but discount rates and investment periods may not be applied equally across all
crop choices since the perceived risks are likely different. For example, forage hay represents a
crop choice that has well known management requirements and sells into a reasonably
predictable market. An investor may accept a 5% discount rate for assessing the viability of a
forage hay production based business case if they are confident that the expected results are
achievable. Miscanthus on the other hand is relatively new crop with less well known
management requirements and sells into a less predictable market. To provide a comfort level for
the investor, they may require that NPV be calculated at an 8% or higher discount rate for
miscanthus to account for the uncertainty of investment outcome. Given the sensitivity noted in
Figure 3-21, that risk driven change in selected discount rate is likely to have a large effect on the
rankings of the crops in Figure 3-21. In essence, that is exactly what happened at NWSL.
For the 2012 growing season, NWSL will plant the site to mixed-forage hay and only consider
biofuel-feedstock-specific crops if a stable local market develops over time. Their decision to plant
forage hay was based on this analysis and their own internal analysis, from which they concluded
(correctly) that, at this site, the potential for returns from biofuel-feedstock was not significantly
better than from conventional field-crop production. Furthermore, the added risk, driven by
uncertain markets and pricing, was not meaningfully offset by an opportunity of significantly
higher returns from biofuel-feedstock production.

3.9 Conclusions from the Phase II Financial Analysis
Having determined in Phase I that it was technically feasible to rehabilitate the East Landfill site to
produce grassland agriculture or biofuel-feedstock crops, the focus of Phase II was to determine
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the economic feasibility of doing so. From the analysis presented above, the author concludes the
following:
The DSS Model
The DSS model developed for Phase II was an effective tool for screening potential rehabilitation
processes, crop choices, and management systems studied in this thesis. It provided the ability to
compare a variety of scenarios and provide appropriate decision-making analysis using
comparative and “what if?” analysis. The model was also effective in developing input costs for
use in more extensive screening models, such as RETScreen. A functional copy of the model is
included on a CD-ROM in Appendix 13.
The economic feasibility of crop production on site
The Phase I rehabilitation prescription selected for this site resulted in higher yields and lower
costs of production than for average Ontario conditions, due in part to the avoidance of chemical
herbicides and the use of site-available SFMs to meet P&K fertility requirements. However,
potential cash flow from cropping operations as modeled was not sufficient to generate positive
NPV or IRR with a conventional rehabilitation prescription. This result was driven by the high
capital cost of the rehabilitation process. The cost-intensive land-forming process used to
rehabilitate the site is potentially mitigated through land-tax reduction by reclassifying this land as
agricultural and reducing the land tax rate relative to its current industrial classification. With land
tax reduction credits, it is possible for cash flow from cropping operations to generate positive
NPV and IRR. This was true for both traditional field crops and modeled biofuel feedstock crops.
If tax re-classification is not possible it is unlikely that this site will generate positive NPV and IRR
from crop production unless rehabilitation capital costs are reduced significantly.
Production of biofuel feedstock as a competitive alternative cash crop
If tax reclassification efforts are successful, production of miscanthus and forage-based biofuel is
likely to be a competitive cash crop versus conventional field crops from a NPV perspective, but
only if a stable, viable feedstock market develops with appropriate prices. At the present time,
that market does not exist, and consequently, the risk of investing in a long-term biofuel-specific
crop at this site is not recommended. In the absence of tax reclassification, land-rehabilitation
costs, at least at the level required for the rehabilitation process used in Phase I, adds annual costs
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in the form of amortization payments or lost-opportunity costs that preclude the likelihood of
profitable feedstock (or, for that matter, conventional field-crop production) at this site. Based on
the analysis presented in this dissertation and on internal analysis, the Industry partner rejected
further investment in biofuel-specific feedstock production at this time.
The use of site grown biofuels converted locally to supplant grid connected energy sources
The proposal to rehabilitate this site using conventional methods to produce biofuel products on
site that would supplant grid-available energy sources at lower cost was not financially viable.
This was due in part to the high land-rehabilitation costs noted above, and also to high capital
costs required to convert biomass to usable energy at the scale of this site. Higher-level
conversions of feedstock to electricity or syngas though commercially available technologies were
impeded by their relatively high capital-cost requirements for implementation. Simple conversion
of feedstock to low-grade heat for local space heating was not cost competitive with available
natural gas at current prices, and only marginally competitive with more expensive fuels, such as
propane and heating oil. A compelling business case for on-site conversion of feedstock to usable
energy could not be developed under current energy market conditions.
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4 Phase III: Development of the Rehabilitation
Process to Reduce Total Rehabilitation Costs
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4.1 Background and Literature Review, Phase III
The Phase I field research program at the NWSL East Landfill (Chapter 2) demonstrated the
technical feasibility of rehabilitating the East Landfill, using conventional methods, to support
grassland agriculture and potential biofuel-feedstock production at yield levels comparable to or
better than native agricultural soils. In late 2010 and early 2011, the research-plot-level research
began a scale-up and analysis process of field-level rehabilitation to validate the initial research
trials. Concurrent with this scale-up was the development of an economic analysis model (DSS
model) for site rehabilitation to determine the financial feasibility of rehabilitating this site
beyond what the minimum pre-1998 MOE closure regulation requires and return this land to
viable agricultural production (Phase II). Phase II preliminary financial analysis (Chapter 3)
indicated that, although it was technically feasible to achieve this goal, the costs to do so using the
conventional rehabilitation processes employed was prohibitive. This resulted in negative cash
flow and ROI projections for both typical agricultural crops and biofuel feedstock. This was due
primarily to the high cost of “land forming” required to develop a typical 100-cm deep
anthropogenic soil profile on the sealed landfill’s compacted clay cover.
This result prompted an effort in 2011 to investigate modifying the traditional rehabilitation
methods used (i.e., 80-100 cm of clay-rich subsoil, overlain with an ameliorated seedbed 20-cm
deep, on top of the sealed landfill clay cover). The goal was to reduce overall investment in
rehabilitation and provide a rehabilitation prescription for the site capable of producing typical
field crops or biofuel feedstock with positive economic returns to risk and management.
The focus of this section is primarily economic, but relies on known biophysical relationships
among soil properties, AWHC, and yield response to develop the revised process. The DSS model
introduced in Chapter 3 was used to assess the financial impact of varying the rehabilitation
process. Note that this phase is developmental in nature and ongoing research (outside of this
thesis) will continue with the industry partner through the 2013 growing season.
The research took two paths: i) exploring, the economic relationship between potential yields and
soil depth to determine the most cost-effective anthropogenic soil depth to apply to the landfill
surface, and ii) exploring the use of alternative SFMs to develop a manufactured soil mix, with
enhanced soil-water holding capacity, that used materials with a negative opportunity cost to
mitigate the high cost of land forming at the site.
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4.1.1 The Relationship among Depth of Applied Soil, Yield, and Economic
Returns
As noted in Chapter 3, the physical excavation of stockpiled SFMs, their transport to the landfill
surface, and spreading and grading (or “land forming”) represents the largest single rehabilitation
cost at this site. There is a simple linear relationship between cost and the depth of SFMs applied.
One hectare of anthropogenic soil 1-m deep represents 10,000 m3 of SFM, thus, each centimeter
applied requires 100 m3 of SFM. At the site application cost of $3.50 per m3, each cm of soil depth
adds $350.00 per hectare to renovation cost. The relationship of yield with soil depth is less easily
defined due to the biophysical relationships between soil physical properties and plant response.
For this initial analysis, the objective was to develop a factor for the “user-defined site yield
adjustment” index in the DSS model (Chapter 3, section 3.2.4) that would adjust yield estimates
concurrently with the depth of the anthropogenic soil profile, based on but generally accepted
relationships between physical soil characteristics and yield. The economic impact of varying soil
depth was then assessed using the DSS model to determine a financially optimal anthropogenic
soil depth. As discussed in Chapter 2 (Section 2.3) and summarized in Table 2.4, the Canada Land
Inventory system applies productivity indices to soils based on the CLI soil class (ARDA, 1971;
Hoffman and Noble, 1975; Pettapiece, 1995; McRae et al., 2000), and these indices are generally
accepted as representative of the average productivity of the CLI soil classes.
Assessment of the CLI soil class is well established (OMAFRA, 2012), and with some
considerations, can be applied to an anthropogenic soil. For example, the CLI system rates
productivity as a function of soil depth to bedrock (Subclass r), which could be applied in the East
Landfill case if the compacted clay cover is considered as a similar restrictive barrier to root
growth and soil-water storage as underlying bedrock. In practice, however, with a perennial crop
growing on a shallow anthropogenic soil, there is likely to be some root penetration into the
compacted clay cover over time. In the Niagara study region, the “Freezing Index” is
approximately 400 Degree-Days oC (Boyd, 1973), and this translates into a maximum frostpenetration depth of approximately 60 cm (Dow, 2008). If the depth of an anthropogenic soil is
less than the predicted frost depth (60 cm), it is likely that the freeze/thaw cycle will impact the
structure and permeability of the upper level of the compacted clay cover, and, over time,
potentially allow for some root penetration, which is dissimilar to an underlying bedrock scenario.
The impact of this on the soil-water regime and a crop’s ability to draw additional water or
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nutrients from the compacted clay cover is likely minor, but is difficult to predict. Generally,
however, the CLI rating system and its associated productivity indexes could be used (with
appropriate consideration to the differences between the landfill’s anthropogenic soil and local,
undisturbed agricultural soils) to estimate the relative productivity of various anthropogenic soil
depths.
In Ontario, growing season evapotranspiration typically exceeds rainfall, and thus stored soil
water is necessary to support the physiological needs of crop growth. Phase I demonstrated that
soil productivity factors, such as fertility, soil structure, OC content, etc., were improved (or at
least mitigated) through effective soil conditioning and the use of amelioration materials, such as
SSO compost and N-Viro soil (i.e., lime-stabilized sewage sludge). Hence, it was determined that
AWHC of the soil rooting zone is likely the predominant determining factor in soil productivity at
this site (ceteris paribus). Efforts to reduce rehabilitation costs by simply reducing the depth of
soil-forming material applied will also reduce the soil profile AWHC, and consequently, the
productivity of that soil, and affect potential economic returns.
McBride and Mackintosh (1984b) proposed using volumetric AWHC for the determination of CLI
soil-capability class, which simplified development of a depth-driven yield adjustment index for
this analysis. Their approach consolidates a number of key soil physical properties (texture,
organic carbon content, depth of soil, dry bulk density, etc.) used to determine the soil capability
rating, and proposes a range of volumetric AWHC for each CLI soil-capability class. These AWHC
ranges and the CLI productivity ratings (ARDA, 1971; Pettapiece, 1995 ) were used to develop a
simple equation to calculate expected soil productivity for a given soil depth. The DSS model
(Chapter 3) was then used to determine the relationship between depth of soil and key financial
indicators to find a best case scenario and optimize the rehabilitation process. This approach is
discussed in more detail in section 4.2.1.

4.1.2 The Use of Waste Stream Diversion Materials as SFMs to Reduce
Rehabilitation Costs
As noted in Chapter 2 (section 2.12), SFM used in the field trials in Phase 1 was not available in
quantities sufficient to complete the rehabilitation of the entire landfill surface consistent with
the Cell 8 prescription chosen as the standard for the East Landfill site. The material that was
available (see section 4.3.1, Table 4-5) had poor physical characteristics (i.e. high clay content,
169

poor structure, and high dry bulk density). The availability of large quantities of shredded leafyard-waste (LYW) on site provided an opportunity to use this material as a soil-forming material
(SFM) to ameliorate the physical characteristics of the heavy clay subsoil. The use of LYW as a SFM
is not unique (Heckman and Kluchinski, 2000), and the range of the chemical composition of this
material is well documented (Heckman and Kluchinski, 1996). LYW (and other, similar organicmatter sources) are typically used as a surface soil treatment that is incorporated into the top 2030 cm of the soil profile (Parr and Cilacicco, 1987; Richard, 1992; Composting Council, 1996) in a
manner similar to the process used in Phase I. In this analysis, the objective was to ameliorate the
entire soil profile by premixing a manufactured soil using locally available, alternative SFMs to
enhance soil-water holding capacity and physical properties, so that the application rate or depth
of material applied could be reduced, yet provide similar root zone AWHC as did thicker
applications of traditional SFMs.
A second objective of this approach was to determine if other low-risk (i.e., not industrial waste or
contaminated SFM with heavy metal or pathogen risks) waste-stream diversions, such as quarry
fines and paper mill wastes, could be used in a manufactured soil mix to alter soil texture (quarry
fines), or add organic matter (LYW and paper mill waste) to enhance AWHC. As with LYW, quarry
fines have been used extensively as a soil amendment or as a SFM (Vetterlein and Manning, 2004;
Tarmac, 2007; Walton and Jarvis, 2009). Paper mill waste has been used effectively both as a
primary SFM (Chong and Cline, 1994; Spiers, 2010) and as a soil amendment (Logan and
Esmaeilzadeh, 1985; Tripepi et al., 1996; Chong et al., 1998).There is some risk of heavy metal
contamination with this material, when applied to agricultural soils (Logan and Esmaeilzadeh,
1985; Prabpai et al., 2007; Charerntanyarak and Prabpai, 2010), but that can be mitigated by
restricting application rates.

4.1.3 Technical Considerations for the Use of Waste Diversions as SFM
As demonstrated in the field trials conducted on the East Landfill, the primary limitation to longterm productivity of soils in Ontario within a given climate and fertility regime is the soil profile’s
AWHC. In situ, soil profile AWHC is a more or less fixed property that is primarily a function of soil
texture, OM content, and DBD (McBride and Mackintosh, 1984a; Wosten and Van Genuchten ,
1988; Vereecken, 1992; FAO, 1996; Huntington, 2006; Jabloun and Sahl, 2008; SEI, 2011). Thus,
for a given set of soil properties, the total water-storage capacity of a soil profile is also a function
of the depth of the rooting zone, and that determines, to a large degree, the potential
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productivity of the soil. Consequently, efforts to reduce rehabilitation costs by simply reducing the
depth of soil material applied are likely to reduce the productivity of that soil. However, if the
AWHC of a manufactured soil is increased by modifying texture, OM, and/or DBD, it is possible to
attain comparable profile water storage in a reduced depth of soil and, likely, comparable
productivity to deeper soils with lower AWHC per unit depth. In the rehabilitation process at East
Landfill, an opportunity existed to premix appropriate SFMs prior to application to modify texture
or organic matter content, both of which, in turn, affect AWHC. By managing these characteristics
to increase AWHC per unit depth of soil, it should be technically feasible to reduce the depth of
soil applied to meet a desired profile water storage capacity, and thus, potentially reduce the total
cost of land forming for the rehabilitation process.
This approach differs from the typical rehabilitation process used in the plot-level trials, where
approximately 80 cm of un-ameliorated subsoil was applied to the clay cover, then overlain by an
ameliorated seedbed layer of approximately 20 cm, to provide a total soil depth of 100 cm. In the
proposed process, a premix step provides a high-AWHC soil material, resulting in `whole profile’
amelioration that can then be applied at a shallower depth to provide a comparable soil-water
regime to the traditional method.

4.1.4 Economic Considerations for the Use of Waste Diversions as SFM
The business model at East Landfill is typical of most MSW landfills. The operator is paid a tipping
fee for accepting material, and that material is either buried (at a cost) or, in some cases,
reprocessed into a marketable end product, like compost (at a cost), which is sold as an additional
revenue stream. The Region of Niagara estimated the aggregated regional 2009 net costs of
operations ($/tonne) for composting LYW at $33.83 ($13.53/m3), SSO at $81.77 ($40.89/m3) and
sewage sludge waste (EFW) at $102.00-$168.00 before consideration for environmental or carbon
sequestration benefits (i.e., actual operations costs). Burial of MSW waste is estimated at $69.00
($34.50/m3 net cost for landfills with gas collection and electrical generation, CM Consulting,
2007). The potential to avoid disposal by burial of significant quantities of incoming material in the
landfill extends overall landfill life, and, if the incoming material can be incorporated into the
rehabilitation process as SFM components and processed at less cost than the conventional
disposal or processing methods, an opportunity cost exists that may help offset the rehabilitation
cost to an agricultural after-use.
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Hence, incoming materials with potential as SFMs were identified and then analyzed for physical
and chemical characteristics to assess their use as SFM. Each of these materials has either an
opportunity cost or an opportunity credit. For example, if compost generated on site has a net
market value of $10.00/m3 (as retailed from site), use in a soil mix has an opportunity cost of
$10.00/m3. However, if a potential SFM has no alternative use except burial in the landfill, it has
an opportunity credit equal to the cost of burial, minus any additional transportation and
processing costs. This simple costing process was applied to determine component opportunity
cost. Potential manufactured soil mixes were assessed for likely chemical and physical properties
using a MS Excel-based mixing model developed for this process. SFM blends that showed
promise were hand mixed in batches in the laboratory, then analyzed for physical and chemical
characteristics of the blend. The economic feasibility of these blends as manufactured soils was
then assessed using the DSS model.

4.2 Determining Financially Optimal Soil Depth for the
Rehabilitation Process
4.2.1 Developing a Factor for Soil Depth Versus Expected Long-Term Soil
Productivity
As noted, a reduction in the depth of soil applied during the rehabilitation process will result in a
reduction of the root zone AWHC for the soil profile, and likely negatively impact yield. The
question is: How much? This section combines the relationship among CLI class, AWHC, and yield
to develop a yield index factor for the DSS model. Table 4-1 compares the relationship between
AWHC and CLI class (McBride and Mackintosh, 1984b) to productivity indices presented in ARDA
Report 4 (ARDA, 1971) for each CLI class. The AWHC ranges from McBride and Mackintosh
(1984b), originally presented as volumetric AWHC (cm/cm3) data, are expressed here as cm/100
cm of soil.
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Table 4- 1: Comparison of McBride and Mackintosh (1984b) CLI ratings based on AWHC to expected soil
productivity.

CLI Class

AWHC Range by CLI class
(cm/100cm soil) after
McBride and Mackintosh
(1984b)

1

Productivity Indices

Common Field Crop Yields

Anderson's Forage
Yields

16+

1

1

2

10-16

0.80

0.80

3

5-10

0.64

0.66

4

2-5

0.49

0.58

5

<2

No Value

0.53

6

No Value

No Value

0.44

7

No Value

No Value

No Value

The ARDA (1971) forage and field-crop productivity ranges represent discreet, normalized
productivity steps by CLI class. The McBride and Mackintosh (1984b) approach, which categorizes
soils into a CLI class based on a range of AWHC, offers an opportunity to estimate a range of
productivity ratings within a CLI class, based on AWHC. Practically, the relationship between
AWHC and yield is continuous in nature (i.e., a soil with a profile AWHC of 15 cm/100 cm would be
CLI class 2, but one would not expect it to yield 20% lower than a soil categorized as Class 1 with
16 cm/100 cm AWHC). The continuous relationship can be approximated with a simple linear
equation to determine the best fit line for AWHC versus yield index. That equation can then be
used to drive the yield/cost relationship in the DSS model, by equating profile AWHC to soil depth
and expected soil productivity for a given-depth of soil material applied. Two equations were
derived, one for general field crops, using the ARDA rating system, and one for forages, using the
Anderson forage-productivity ranges (Table 4-1). In both cases, the midpoint of the McBride and
Mackintosh (1984b) range of AWHC (independent variable) was regressed against the appropriate
ARDA-forage or field-crop index to predict a productivity index (dependent variable) based on
profile AWHC (in cm). The estimated equations are:
1. For forages: Productivity index = ( 0.02929*AWHC)+0.4739 (r2=0.94)
2. For field crops: Productivity index = (0.03866*AWHC)+0.3459 (r2=0.97)

This approach would, of course, benefit from further development and testing, but it is based on
generally accepted principles, with respect to AWHC and yield, and the generally accepted
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relationship between CLI class and expected long-term soil productivity. Hence, it is likely accurate
enough to predict average soil productivity (based on profile AWHC) with depth over time, for the
purpose of this analysis.
During the Phase 1 field trials in 2008 and 2009, the anthropogenic soil treatments average annual
yield for Cells 8, 12, and 12GCL (with 16.2 cm/100 cm AWHC, which is equivalent to CLI class 1,
productivity index 1.0) had an average yield of 12.8 tonnes per hectare (Chapter 2, Table 2-11).
The control site (with 10.1 cm/100 cm AWHC) had an average plot yield of 10.5 tonnes per
hectare, or 0.82 of the anthropogenic soil average yield. From Table 4-2, it is evident that the
AWHC-based forage equation would predict a yield index of approximately 0.96 for the
anthropogenic soils and 0.77 for the equivalent profile AWHC from the control site. Thus, the
predicted relative yields of the control plots versus the anthropogenic plots (all treatments) using
both the forage equation is 0.80 and the field-crop equation is 0.79, versus the actual of 0.82.
Although not statistically significant, the independent observation from the Phase 1 field program
appears to generally support the yield/AWHC relationship predicted by the equations presented
above.
Table 4-2 compares the calculated profile AWHC of the Phase I Cell 8 treatment for a range of soil
depths to estimated soil productivity, using the equations presented above, and the discrete
ARDA/Anderson productivity ratings by estimated CLI class. These data are presented graphically
in Figure 4-1 to illustrate the relationship.
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Table 4- 2: Comparison of estimated productivity with soil depth and profile AWHC to CLI productivity
ratings for forage and field crops.

Profile
depth
(cm)
10
20
30
40
50
60
70
80
90
100

Profile
AWHC
(cm/cm
profile)
4.0
5.7
7.4
9.2
10.4
11.7
13.0
14.3
15.5
16.5

Predicted productivity
index

ARDA productivity
index by CLI class

Forage
0.59
0.64
0.69
0.74
0.78
0.82
0.85
0.89
0.93
0.96

Forage
0.58
0.66
0.66
0.8
0.8
0.8
0.8
0.8
0.8
1

Field crop
0.50
0.57
0.63
0.70
0.75
0.80
0.85
0.90
0.95
0.98

Field crop
0.49
0.64
0.64
0.8
0.8
0.8
0.8
0.8
0.8
1

CLI
Class

4
3
3
2
2
2
2
2
2
1

Note that the calculated AWHC with depth on Table 4-2 is based on the Phase 1, Cell 8 soil profile.
Thus, the ameliorated and conditioned surface horizon (0-20 cm depth) range has a
proportionately higher AWHC (0.296 cm/cm) than does the underlying subsoil (0.131 cm/cm).
This difference is due primarily to the increased SOM and lower dry bulk density as a result of the
soil-conditioning process used in Phase 1. Therefore, reduction in profile AWHC is not linear with
depth in this example.
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AWHC derived yield index vs. soil depth (Cell 8)
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Figure 4- 1: Comparison of AWHC-derived yield index to ARDA productivity ratings by CLI class.

The derived yield index discussed above was used to estimate the yield index factor for the DSS
model and conduct the analysis presented in Section 4.4.

4.3 Reduction in Rehabilitation Cost by Utilizing Waste Stream
Diversions as SFMs to Modify AWHC and Material Cost
4.3.1 Technical Considerations
The analysis in section 4.2 considered the relationship between the depths of soil application, the
rehabilitation costs, and yields to the subsequent financial and productivity impacts of managing
rehabilitation costs through reduction in soil depth. While this partially addresses the
rehabilitation cost issue, it also limits the potential long-term productivity of the site. The East
Landfill operators’ objective was to rehabilitate the site to a productivity level at least equal to
local farmland, and the Phase I control site productivity was representative of that target. Soils on
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the control site had an average AWHC of 13.9 cm/100 cm depth. From Table 4-2, that equates to
approximately 75 cm of the same SFM materials applied on Cell 8 to provide a comparable profile
AWHC to the control site. Financial analysis (presented in section 4.4) indicated that this depth of
soil application is not likely to return positive financial results.
Furthermore, the only clay-rich subsoil available in quantity for the balance of the East Landfill
rehabilitation was of considerably higher clay content, higher DBD, and lower OC content than
that used on the Phase I research plots (Table 4-3). The calculated AWHC of this SFM was 8.1
cm/100 cm, considerably lower than the subsoil material used in Phase I (13 cm/100 cm). This
difference in material AWHC is significant in that, un-ameliorated, a 100 cm-soil profile of this
material would be categorized, at best, as a Class 3 soil, with a predicted productivity index in the
order of 0.66 (Table 4-2), using the McBride and Mackintosh (1984b) method, discussed in section
4.2.1. The combined low-OM content, high dry bulk density, and poor soil structure of this
material would likely result in further reduction of the CLI rating to Class 4. Given that the
economics of rehabilitating the site using better-quality SFMs available in Phase I are not
financially compelling to begin with, the expected reduction in productivity projected from using
the available material for scale-up to the entire landfill surface in an un-ameliorated condition was
deemed unfeasible.
As noted, the East Landfill receives (or has access to) large quantities of potential SFMs, including
LYW, paper mill waste, bio-solids, and quarry fines. An inventory or these materials was obtained,
and the materials themselves were analyzed for key chemical and physical properties. Materials
selected as potential SFMs are summarized in Table 4-3.
The values presented in Table 4-3 represent analytical results on samples for this study as
received. The author cautions that these materials can be quite variable and material selected as
SFMs should be batch tested prior to mixing. This is particularly true of material such as LYW, due
to the seasonal and variable nature of the waste collection (Heckman and Kluchinski, 1996).
Material such as quarry fines and paper mill wastes, which are the product of controlled industrial
processes, may be less variable, but still warrant individual batch testing prior to use as a SFM.
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To ensure “safe” manufactured soil mixes, metal analysis is particularly important. Soil mixes are
potentially subject to three sets of legislated metal limits in the Region of Niagara, including those
from the Ontario Ministry of the Environment (MOE), OMAFRA, and the Canadian Council of
Ministers of the Environment (CCME) (OMAFRA, 1996; MOE, 2011; CCME, 2012). A summary of
these limits is presented in Table 4-4.
Table 4- 3: Selected properties of available SFMs at East Landfill.

Mineral Components
Material Properties
Dry bulk density as received (g/cm3)
Gravimetric soil water content (%kg kg-1)
Textural analysis (Mineral components only)
Sand (%)
Silt (%)
Clay (%)

Organic Components

Heavy clay
parent
material

Stockpile
clay
material

1.3
13.5

18.2

1.2
15

0.4
40

4
40
56

9
44
47

50
45
5

1.1

Paper
mill
solids

N-viro
Soil

0.4
40.4

0.5
31.7

0.6
37.3

N/A
N/A
N/A

N/A
N/A
N/A

N/A
N/A
N/A

N/A
N/A
N/A

0.1
0

1
380

1.25
360

0.71
203

1.2
350

36.7
35.5

48
18

16
16.8

12.5
11.7

60.4

30.6

28.6

19.9

Quarry
fines

Leaf Yard
SSO
Waste Compost

NITROGEN

Total N (%)
Ammonium (ug/g)

0.1
0

CARBON

Total C (%)
Organic C (%)
Inorganic C (%)
Organic Matter (OCx1.7)
Plant available nutrients (soil test, ug/g)
Phosphorus
Potassium
Magnesium
Manganese
Zinc
pH

2.05
0.32
1.73
0.5

1.51
1.04
1.8

0.1
0
0.1
0.0

3.9
130
770
23
0.64
7.9

7
180
760
9.9
0.4
8

2
50
500
25
0.5
9.3

84
3000
920
15
19
7.5

80
1100
3900
29
28
7.9

1210
1200
643
44
648
8.5

1680
2470
510
15
510
10.9

6
0.9
70
2
30
17
0.03
0
44
0.4
100

-

4.4
0.5
49.6
2
24.3
17.6
0.02
0
25.8
0.14
69.4

3.3
1.7
7.6
2.7
8.1
28
0.2
1
5.3
1
81

3.4
1
48.7
1.8
221
130
0.22
7
36.5
1.2
288

4.7
1.85
41
4.3
220
66.5
0.27
6.25
27.2
2.3
293

2.8
3.8
50.7
1.9
235
149
0.16
8.2
36.8
1.8
303

METALS (ug/g)

Arsenic
Cadmium
Chromium
Cobalt
Copper
Lead
Mercury
Molybdenum
Nickel
Selenium
Zinc
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Table 4- 4: Safe limits for soil metals by regulatory body.

Heavy metal limits (ug/g)
Element
Arsenic
Cadmium
Chromium
Cobalt
Copper
Lead
Mercury
Molybdenum
Nickel
Selenium
Zinc

OMAFRA
14
16
120
20
100
60
0.5

MOE 2009

2
32

2
37
1.2
290

1.6
220
X: no value in regulation

11
1

CCME
12
1.4

67

64

19
62
45
0.16

X
63
70
X
X
50

1
200

lowest regulatory limit in bold Italics

Note that the range of regulatory limits by governing bodies is quite broad (Table 4-4). For
example, cadmium ranges from 1ug/g (MOE) to 16ug/g (OMAFRA). This means that use of some
potential SFMs may be severely restricted as a proportion of the soil mix if a component metal
exceeds one of the regulatory limits. Paper mill waste, for example, would exceed at least one
regulatory body maximum for 8 of 11 measured metals, if used as a sole-source SFM at this site.
Even the naturally occurring lacustrine heavy clay parent material (Table 4-3) exceeds at least one
regulatory limit for chromium and nickel (Table 4-4). Practically, this means that efforts to
improve AWHC by premixing waste-stream-diversion materials into a manufactured soil blend
must also consider the resultant levels of metals in the final blend, if that material is to be used to
produce edible crops, and possibly (from an emissions perspective), biofuel feedstock.
To accommodate this issue, the simple mixing model introduced in Chapter 2 (Section 2.12.1) was
modified to estimate of the resultant concentration of metals (ug/g) in the final soil blend, based
on the relative proportion of SFMs by weight. This allowed for pre-screening of potential SFMs to
determine the potential of a mixture of SFMs to exceed regulatory limits for metals. As with the
simple mixing model introduced earlier, the model converts the volumes of materials mixed to a
weight basis using the SFMs dry bulk density as received, and, based on the individual SFM
concentrations of soluble metals, calculates an estimated final mix concentration based on the
proportionate weight of each component. The model does not take into account chemical
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interactions, elemental adsorption on exchange sites, or complex interrelationships of individual
elements, etc., and therefore, should be considered as a screening tool only. Hence, mixes
developed based on the model should be sampled and tested to confirm that the predicted
results reflect the actual results prior to application. An example of this model, using surrogate
data, is appended to the DSS model as a separate work sheet in Appendix 13.

4.3.2 Strategies to Increase AWHC in Manufactured Soils
For this study, there were two likely strategies for increasing AWHC in the manufactured soil mix:
i) textural modification through the addition of coarser-grained material (i.e., quarry fines and
sand), and/or ii) increasing the organic-carbon content of the base material through the addition
of high-OC-content material (i.e., LYW and compost).
For textural modification, the objective was to alter the texture through the addition of sufficient
coarse-textured SFMs to alter the textural classification of the blend from heavy clay (the base
SFM) to clay loam or silty clay loam textural classifications, which typically have higher AWHC than
heavy clay. Quarry fines available at the site had sand fractions in the order of 50% by weight,
making it an attractive SFM component to texturally modify the heavy clay subsoil material.
Washed sand (96%Sa) was available from an internal source at discounted pricing. The mixing
model was used to estimate final blend texture, and the resultant AWHC was estimated with
DESORPMOD (McBride and Mackintosh, 1984a). The blend was then assessed for cost, using the
DSS model for comparison to alternative SFM mixes. Generally, the soil characteristics of blends
assessed by this method fell within the calibration range of DESORPMOD, and thus AWHC could
be estimated with a reasonably high degree of confidence.
The second strategy was the enhancement of the clay subsoil SFMs AWHC with large quantities of
organic materials, such as LYW, paper mill waste, and compost. It is widely accepted that
increasing soil OM has a range of physical and chemical benefits, including improvements in soil
structure, reduction in DBD, and generally an increase in AWHC (Parr and Glacicio, 1987; Bauer
and Black, 1992; Hudson, 1994; Baldock, 2009). As the objective was to increase the
manufactured soil’s AWHC such that productivity of the control site was met with a shallower soil
depth (i.e., to reduce land forming costs), it was necessary to estimate the final blend’s AWHC.
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4.3.3 Estimating AWHC in High-OM Manufactured Soil Mixes
Ideally, AWHC is determined by the use of desorption cores to determine the -10kPa (Ɵfc) and 1500kPa (Ɵwp) volumetric soil-water contents. Since that method was beyond the scope and
time limitations of this research program, the intent was to estimate AWHC of soil blends using an
appropriate pedotransfer function, like DESORPMOD. However, DESORPMOD, as with most
similar statistical models (Wosten and Van Genuchten, 1988; Kern, 1995; Van den Berg et al.,
1997; Jabloun and Sahl, 2006; Shukla and Sammis, 2006; Moeys et al., 2012; Seybold and Harms,
2012), was developed and calibrated on typical agricultural soils, generally with SOM below 7% by
weight. Hence, estimation of AWHC with manufactured soil SOM contents higher than 7% are
usually outside these models’ calibration range, and thus potentially suspect. With DESORPMOD,
there are some internal controls within the model itself, so that when certain physical limits are
exceeded (e.g., Ɵsat greater than available pore space), the model returns an error message with
no result. Other models may calculate an AWHC value, but at high SOM levels (i.e., greater than
7%), can return obviously suspect results (i.e., negative values). This does not diminish the value
of these pedotransfer functions, which work well when AWHC is estimated on soils with physical
properties within the limits of their calibration range, but does present some problems in
estimating AWHC in very high-SOM soil blends.
There is general agreement in the literature that the magnitude of the effect of increasing OM
content of soils on AWHC is influenced by texture and, more specifically, clay content (CL),
through its impact on Ɵwp (Ozores-Hampton et al., 2011). Baldock et al. (2010), using a
pedotransfer function for least-limiting water range by Kay et al. (1997), estimated that that an
increase of 1% OM to the top 10 cm of a soil resulted in increases of 2-4 mm (per 10 cm of soil) in
AWHC, but that the increase was diminished with increasing clay content. They present a
relationship, developed on Australian soils, between CL (%g/g) and the expected change in AWHC,
for each percentage point increase in SOM, in which they derive the following equation to
estimate the magnitude of the change in AWHC: Change in AWHC (mm/cm) per 1%OM increase =
-0.1229CL+5.5029 (r2=0.821).
The above equation, developed from soils with clay content between approximately 5-34%,
predicts declining returns to OM addition with increasing clay content, and although outside of its
calibration range, would actually predict a reduction in AWHC with the addition of OM to soils
with more than 48% clay by weight. Rawls et al. (2003) concur with the concept of declining
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response of AWHC to OM addition with increased clay content, and note that the majority of
authors presenting pedotransfer functions found that increasing OM did impact water retention.
Further, at higher levels of OM in fine-textured soils, water contents at Ɵwp generally increased
faster than at Ɵfc. Bauer and Black (1981) and De Jong (1983) found similar results in disturbed
soil.
Since DESORPMOD was developed and calibrated using Ontario soil physical properties, it was
selected as the pedotransfer function of choice when soil blends fell within its reliable calibration
limits. Outside of its calibration range, it appears to predict AWHC in a manner consistent with
the observations of Rawls et al. (2008) and others as noted above, up to a SOM% of 8-10%. On
very high clay content soils (e.g. >50% by weight) with OM levels above 7-10%, this model will
predict a reduction in AWHC (when DBD is held constant) as %OM is increased. This is driven by
an increase in the predicted Ɵwp soil-water content, as %OM increases, at a faster rate than the
predicted increase in Ɵfc soil-water content. Figure 4-2 illustrates this with an example of
estimated volumetric AWHC from a soil mixing trial using heavy clay subsoil (clay content 56% by
weight) blended with LYW.
Initially, the observed model response was thought to be primarily a result of the use of a cubed
term for OM% in the Ɵwp equation that was added during the models development to improve
prediction of AWHC within the calibration range (i.e., a mathematical model limitation that occurs
outside the calibration range), and indeed, this has some effect. At SOM levels above
approximately 7% by weight, the model appears to begin to overestimate Ɵwp at an increasingly
faster rate.
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Predicted AWHC vs OM
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Figure 4- 2: Predicted change in AWHC (volumetric), Ɵfc and Ɵwp with increasing OM% in heavy clay subsoil
(56% CL by weight).

An attempt was made to substitute an earlier equation without the OM3 component for the
calculation of Ɵfc, but at higher OM levels (>10%) the predicted AWHC was clearly overestimated.
Clay content is a significant factor in the estimation of AWHC, particularly for Ɵfc in DESORPMOD
and similar pedotransfer functions. As OM increases, the relative weight of clay per unit volume of
soil decreases by a proportionate amount. At low SOM levels (i.e.,<5%), the impact of this is not
large, but as SOM content in manufactured mixes increases beyond that level, the proportion of
clay by weight (for a given volume) in the mineral/organic matrix declines proportionally, and that
will begin to impact estimated Ɵwp estimates. For example, a soil with 56% clay (mineral fraction)
and 1% OM at a DBD of 1.0 g/cm3 would have a mineral/organic matrix clay content of 55.4%. At
15% OM, the clay content of the mineral/organic matrix declines to 47.6% by weight. This
relationship could be addressed in theory by using the DESORPMOD model to recalculate Ɵwp
water contents with a corrected matrix clay content, then manually calculating AWHC with the
revised Ɵfc (i.e., adjusting the mineral matrix clay% by weight relative to the total mineral/organic
matrix), or, indirectly, by adjusting DBD to reflect the expected change in DBD with increased
SOM, which effectively does the same thing (i.e., as DBD decreases, the weight of mineral
material per unit volume, including the clay fraction, decreases proportionately). Since the
manufactured soil blends do not have a measurable (in situ) DBD prior to field application, the
resultant DBD (post application) must be estimated. The model’s estimation of Ɵfc (and thus,
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AWHC) is very sensitive to DBD at high SOM levels. Figure 4-3 illustrates this with a heavy clay
(56%CL)/LYW mix at 12% SOM by weight.

Volumetric AWHC (%)

Predicted AWHC vs DBD
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Figure 4- 3: DESORPMOD sensitivity to DBD in predicted volumetric AWHC (12%SOM).

There is a generally accepted relationship between SOM (or OC) and DBD in agricultural soils, and
several researchers have developed statistical models to predict DBD from SOM (Heuscher et al.,
2005). As with pedotransfer functions, regressions equations for the prediction of DBD are valid
only for the range of data from which they are derived. For Ontario field soils, the change in DBD
with increasing SOM content has been estimated with a simple linear equation (DBD= 1.515 –
0.0712*SOM(%)) after McBride et al. (2011). This equation, developed from a 282-sample
database of Ontario soils exhibits acceptable correlation (r2=0.54, RMSE = 0.129g/cm3) within its
calibration range, but, like DESORPMOD, is calibrated using typical agricultural soils with a
maximum observed SOM of 11.4% (only 12 of 282 soils in the database had 6% or more SOM by
weight). Consequently, prediction using this method (and similar statistical equations) for DBD
values at high SOM contents (above 10% and well outside of the equation’s calibration range) are
likely to underestimate in-situ DBD (e.g., SOM of 12% would predict a DBD of 0.66 g/cm3, but the
lowest observed DBD of arable cropland in the data set was 0.87 g/cm3 ).
The DBD observations at high SOM levels in the five-county database are consistent with
observations from the Phase I scale-up rehabilitation process. The clay/LYW/compost mixes
applied at East Landfill in Phase I exhibited in-situ SOM contents as high as 16%, but measured
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DBD at depth in these areas, following 1 year of consolidation, were typically in the 0.85-0.95
g/cm3 range. Practically, DBD in the field is unlikely to equilibrate below this range, following
consolidation of an applied, manufactured soil, even with SOM above 10%. Thus, when estimating
DBD of soil mixes post application, DBD was assumed to be no lower than 0.85 g/cm3, regardless
of the estimation method used. At high SOM levels, the mixing model used to estimate SFM-blend
soil properties through the use of a weighted average of components appeared to estimate DBD
values in a manner more consistent with both the field observations in the Phase I scale-up
process and the five-county database, so the model estimates of DBD were used as the DBD
estimate of choice for DESORPMOD in AWHC calculations for SFM blends. The high sensitivity of
predicted AWHC to DBD illustrated in Figure 4-3 represents a significant limitation to predictions
of in-situ AWHC for soil blends predicted by DESORPMOD for blends with OM levels outside its
calibration range.
The inclusion of large quantities of organic material in the manufactured soil mixes is also likely to
impact mean particle density (Dp). McBride et al. (2011, 2012) suggest that SOM and particle-size
distribution impact Dp significantly, and recommend that the use of a standard value of 2.65g/cm3
should be discouraged in favour of actual measurement. This finding is significant in that
DESORPMOD and most other similar statistical-predictive models of AWHC base their internal
calculations on a fixed Dp of 2.65. This introduces yet another variable into the predictive
reliability of these pedotransfer functions for high-SOM soil blends.
A final consideration in the estimation of AWHC for manufactured blends is the concept of the
“Least Limiting Water Range” (LLWR), after da Silva et al. (1994). The concept, thoroughly
described by Slessor (2011) and summarized in Appendix 12 with respect to its application on East
Landfill, adds two additional components to the estimation of AWHC, based on penetration
resistance at the dry end (and its impact on root penetration), and air-filled porosity (and its
impact on soil aeration) at the wet end. In its simplest description, if soil-water content at Ɵwp is
below the point where penetration resistance (Pr) exceeds 2.0 MPa, or Ɵfc is above the level
where air-filled porosity (AFP) equals 10%, crop growth may be restricted. At East Landfill, there
were no instances observed where Ɵwp occurred above an estimated Pr of 2.0 MPa, but in the
blending exercise, it was possible for AFP<10% to occur below Ɵfc in very high SOM blends.
Consequently, it is possible in those blends that productivity will be negatively impacted even
though soil water content is within the traditional range of AWHC. Slessor (2011) was unable to
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obtain a meaningful correlation between days outside of the LLWR range and plot yields at East
Landfill, so no attempt was made to quantify this relationship in the blending exercise.
Nonetheless, it is a possible limitation to estimated soil productivity and should be considered
when attempting to increase AWHC through the addition of SOM (i.e., there is likely no benefit in
adding additional OM to increase AWHC in a soil blend if AFP is 10% or less at Ɵfc).
In the absence of appropriate calibration data (to verify model modifications), it was concluded
that any attempts to modify DESORPMOD for high SOM blends would be too speculative.
Although many of the soil blends assessed with the model had parameters outside of the model’s
original calibration range (which likely results in higher RMSE of predicted AWHC), the behavior of
the model for those blends appears consistent with findings in the literature as noted above,
provided the OM levels of the blends did not exceed 10%. Furthermore, the addition of OC-rich
SFMs to raise manufactured soil blend OM levels above 7% for heavy clay or 10% for loams,
consistent with the literature, is unlikely to result in a meaningful increase in AWHC from a
practical perspective. Therefore, unless there are financial reasons for the inclusion of high
carbon SFMs at higher rates than required to meet the above SOM blend levels (7-10%), such as
mix cost or burial avoidance, there is not likely to be a significant yield or economic impact in
doing so. Therefore, DESORPMOD was deemed appropriate for estimating AWHC in this study
with the following caveats:
-

Estimates of AWHC by DESORPMOD in soil mixes with SOM levels up to 7% were deemed
to be reliable.

-

Above 7% SOM, estimates of AWHC were assumed to be representative, up to the
inflection point, where the model began to predict a decline in AWHC, and that point was
considered as the maximum practical level of AWHC for that blend, above which further
additions of OM were not likely to increase (or decrease) AWHC in a meaningful way.

-

In high SOM mixes, the LLWR pedotransfer function was used to estimate AFP at Ɵfc. The
point where calculated Ɵfc occurred at an AFP of 10% or less was considered to be the
practical limit of OM addition to increase AWHC.

Clearly, it would be beneficial to the following economic analysis to have a more reliable estimate
of AWHC in high SOM blends. However, given the relative sensitivity of yields to AWHC as
discussed in section 4.2, the relatively crude mixing methods used at a field scale (i.e., bulldozers
and excavators), and the generally accepted trend of a declining rate of increase in AWHC with
186

additions of SOM noted in the literature, DESORPMOD (with the caveats noted above) was
deemed adequate for the study. Restricting the predicted AWHC maximum at the model’s
inflection point most likely underestimates field AWHC at higher SOM levels, resulting in
conservative estimates of AWHC. However, in business-case modeling (the ultimate purpose of
this analysis), it is generally better to estimate conservatively and be surprised by better results,
than to estimate optimistically and be surprised by bankruptcy.

4.3.4 Economic Considerations – Material and Process Cost
The opportunity cost of each SFM needs to be determined to assess the financial impact of SFM
blending. For diverted waste material (e.g., LYW and paper mill waste), there is a potential
economic benefit through cost avoidance if their use as a soil-forming material results in lower
processing costs than traditional disposal methods (e.g., burial or composting). For existing wastestream by-products, such as SSO compost and N-Viro soil, which are saleable end products of the
waste-stream process, the opportunity cost is equal to the net revenue from the sale of that
material, at the lowest typical sale price (e.g., bulk sales of SSO compost). For purchased SFMs
(e.g., coarse sand), the opportunity cost is the estimated purchase price, plus any additional
material handling costs (e.g., trucking).
To protect that confidentiality, costs presented in this thesis are representative of the differential
between traditional disposal and use as a SFM. For other sites, detailed internal cost analysis of
alternative uses should be completed and site-specific opportunity costs should be applied to
each potential SFM. The partial budget in Table 4-5 summarizes the derived opportunity-cost
estimations for key SFMs used in this analysis. Costs are presented as $/m3, after conversion from
$/tonne using the material’s average DBD to facilitate use in the mixing model. Mixing costs for
the model were set at an internal cost estimate of $1.50/m3, which is within the range of costs
noted in the literature (Davit, 2005; Lamb, 2005; WRAP, 2006) when they are converted to $/m3
from their original reported values.
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Table 4- 5: SFM-component opportunity cost estimates.

Simplified SFM Material Cost Analysis ($/m3)
Stockpiled Stockpiled
heavy clay
clay rich
subsoil overburden

Coarse
Sand

Quarry
Ground
SSO
screenings
LYW Compost

Paper
mill
Waste

N-Viro
soil

Traditional disposal
Composting, burial etc

N/A

N/A

N/A

N/A

$9.20

N/A

$25.00

N/A

Sale of byproducts

N/A

N/A

N/A

N/A

-$2.40

N/A

$0.00

N/A

$0.00

$0.00

$0.00

$0.00

$6.80

$0.00

$25.00

$0.00

N/A

N/A

$9.00

N/A

N/A

$4.00

N/A

$2.85

N/A

N/A

$4.20

$4.20

$0.00

$0.00

$4.20

$0.00

N/A

N/A

$0.00

$0.00

$3.20

$0.00

$3.20

$0.00

$0.00

$0.00

$13.20

$4.20

$3.20

$4.00

$7.40

$2.85

$0.00

$0.00

$13.20

$4.20

-$3.60

$4.00

-$17.60

$2.85

Net cost - traditional disposal

Use as an SFM
Material purchase cost
Additional material handling as an SFM
(trucking etc.)
Additional material processing as an SFM
(grinding, screening etc.)
Net Cost - as SFM
N/A: Not applicable
Opportunity cost as SFM ($/m3)

4.3.5 Economic Considerations – SFM Mixing Strategies
Section 4.2 discussed the technical considerations for soil-mixing strategies, including the
management of AWHC, nutrient, and metal loading in the manufactured soil blends. From an
economic perspective, the objective is to meet the technical constraints noted, and do so at a
minimum cost. As is evident in Table 4-5, both LYW and paper mill waste have negative
opportunity costs (i.e., opportunity credits). SSO compost and N-Viro soil, although effective soil
conditioners as shown in Phase I of this study were not used extensively in the blending study.
Due to their high opportunity cost relative to LYW, they were not cost effective at the high
inclusion rates for OC-rich material required to meet AWHC objectives.
Thus, the overall soil-blending strategy, from a financial perspective, is to meet the physical and
chemical requirements desired for the SFM blend, using the maximum quantities of negative
opportunity cost SFMs possible to reduce overall rehabilitation cost. Ideally, the net mix cost
should be negative enough to offset the cost of rehabilitation land forming, which, as discussed
earlier, is the primary impediment to profitable crop production at this site. That does not
necessarily mean that higher-cost SFMs, such as washed sand, should be avoided. The technical
discussion in section 4.3.3 highlighted that attempting to increase AWHC in the heavy clay subsoil
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through the addition of OM alone has significant limitations. If the objective is to raise AWHC
(cm/100 cm) so that application depth (and rehabilitation cost) can be reduced, then textural
modification of the base heavy clay material may be warranted, both physically and financially.
Use of relatively expensive materials like washed sand to do this may indeed be cost effective
when the total rehabilitation process, including potential site productivity, is considered. Thus,
the soil-forming and rehabilitation process must consider material costs, application rates (soil
depth), chemical and physical constraints (e.g., resultant soil metal contents and AWHC), yield
impacts, and also practical limitations to the blending and land-forming process itself. The rather
crude field-scale mixing process, for example, does not lend itself to fractional proportions in the
blend, since mixing is done on a full-excavator-bucket basis. In the absence of defined mixing
criteria, the options for soil blending are essentially limitless, so the following criteria for potential
soil blends were established with the industry partner to limit the possibilities:
-

Finished soil blend had to meet regulatory requirements for metals and plant-nutrient
loading

-

Mixing ratios had to be achievable with the mixing methods used at a field level (i.e.,
whole number, not fractional, mix ratios)

-

Target soil blends and application depths that provided productivity levels at least equal
to the control site in Phase I (i.e., minimum of AWHC of 10.1 cm in the plant rooting zone)

-

Focus on SFMs that had no alternative use (e.g., paper waste) or that provided a
significant cost savings over traditional processing or disposal methods (e.g., LYW)

-

Use materials with an opportunity cost (e.g., washed sand) only when its inclusion
resulted in a higher estimated net return to agricultural crop production than alternatives

The end cost of a proposed SFM blend impacts the overall rehabilitation strategy. For example, if
the SFM blend cost is negative and fully offsets both land-forming and SFM-blend-preparation
costs, then soil depth should be maximized, since increasing application rates will improve the
complete process economics. If the SFM blend cost does not fully offset blending and landforming costs, then application depth needs to be adjusted and optimized, as discussed in section
4.4.1.

4.3.6 Overall Rehabilitation Process Optimization
Combined, the DSS model introduced in Phase II (Chapter 3), the AWHC estimation methods and
the relationship between AWHC and productivity discussed in section 4.3, and the SFM-mixing
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model provide an effective toolset to evaluate potential economic outcomes of a range of
possible rehabilitation prescriptions for East Landfill. The process to assess these options is as
follows:
-

Determine rehabilitation objectives (i.e., maximum economic returns, defined CLI class,
tax reclassification, etc.)

-

Develop internal costing for process steps and model inputs

-

Determine SFM availability and their chemical and physical properties

-

Develop and screen appropriate soil-forming materials and costs with mixing model (i.e.,
estimate costs, nutrient and metal loading, and expected manufactured soil properties)

-

Batch mix in small quantities and verify physical and chemical properties

-

Determine SFM blend AWHC from DESORPMOD with appropriate limits to determine
yield indexes and soil application depth for DSS model

-

Use the DSS model to estimate rehabilitation costs, crop production estimates, and
economic feasibility over range of variables (i.e., crop, processes, materials, depth of soil,
etc.)

-

Tune and adjust as required to meet initial objectives

-

Select optimized rehabilitation prescription

The process itself requires that the user has a basic understanding of rehabilitation processes and
requires a trial-and-error type of approach, due to the interdependency of each process step.
However, the use of a modeling approach for decision support allows for a wide range of
scenarios to be effectively assessed relatively quickly.

4.4 Results and Discussion
4.4.1 Estimation of Economic Returns for Mixed-Forage Hay Based on Reducing
Applied Soil Depth
With the equations introduced in section 4.2.1, the DSS model can be used to find an
economically optimal applied soil depth that maximizes net present value of the rehabilitation
process. Table 4-6 compares expected NPVs for mixed-forage hay, versus applied soil depth from
20 cm (the regulatory minimum) to 100 cm (the depth of the soil profile applied in Phase 1 for the
Cell 8 treatment averaged 120 cm). This analysis does not consider the tax opportunities discussed
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earlier, since they are site specific, but attempts to determine at what soil depth, if any, can
rehabilitation costs be supported by revenues (i.e., positive NPV) from cropping operations.
It is clear from Table 4-6 that, although it is technically feasible to rehabilitate the East Landfill site
to productivity levels comparable to Class 1 farmland (as in Phase I), the cost of doing so is not
likely to be offset by the increased productivity (and revenue). This is because the sensitivity to
rehabilitation cost with soil depth is much higher than the sensitivity to returns from higher crop
yields. Using an 8% discount rate, a better strategy, from a purely financial perspective (i.e.,
positive NPV), appears to be to minimize rehabilitation costs by reducing soil depth to (or slightly
above) the regulatory minimum (20 cm) and accept the reduced productivity as a result. If a lower
discount rate is acceptable to the investor, positive NPV can be attained at 6% and 30 cm soil
depth or a 3% discount rate and 40cm soil depth (using the forage productivity index).
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Table 4- 6: Comparison of economic returns versus soil depth with yield corrected for AWHC (without tax
considerations).

Mixed forage Hay (site conditions) yield vs. soil depth using forage productivity index

Key Inputs
Depth of soil applied (cm)

100

90

80

70

60

50

40

30

20

28533

25033

21533

18033

14533

11033

7533

4033

533

109

109

109

109

109

109

109

109

109

Estimated 10yr average yield (T/ha)

8.8

8.4

7.9

7.4

7

6.5

6.1

5.6

5.2

Cost of production ($/Tonne)

49.5

51

52.4

54

56.1

58.4

60.4

63.5

67

NPV cash flow period

50

50

50

50

50

50

50

50

50

NPV discount rate

8

8

8

8

8

8

8

8

8

Rehabilitation cost ($/ha)
Sale Price ($/T)

NPV and IRR (8% discount rate, 50 year time frame)
NPV ($)

-$20,488

-$17,660

-$14,873

-$12,087

-$9,262

-$6,321

-$3,617

-$848

$1,980

IRR (%)

-0.3

-0.1

0.1

0.5

1

1.9

3.1

6

41

Mixed forage Hay (site conditions) yield vs. soil depth using field crop productivity index

Key Inputs
Depth of soil applied (cm)
Rehabilitation cost ($/ha)

100

90

80

70

60

50

40

30

20

28533

25033

21533

18033

14533

11033

7533

4033

533

Sale Price ($/T)

109

109

109

109

109

109

109

109

109

Estimated 10yr average yield (T/ha)

8.9

8.4

7.9

7.3

6.7

6.1

5.5

4.9

4.3

Cost of production ($/Tonne)

49.3

50.6

52.4

54.5

57.4

58.4

64

69.2

75

NPV cash flow period

50

50

50

50

50

50

50

50

50

NPV discount rate

8

8

8

8

8

8

8

8

8

NPV and IRR (8% discount rate, 50 year time frame)
NPV ($)

-$20,401

-$17,662

-$14,873

-$12,191

-$9,450

-$6,719

-$4,171

-$1,525

$1,163

IRR (%)

-0.3

-0.1

0.1

0.4

0.7

1.4

2.2

4.2

27.4

There are non-financial factors to consider as well, however. Although projected profitability is
maximized at a 20 cm soil depth, the resultant shallow rooting zone could, for example, increase
the frequency of deficit or excess plant-water stress. Significant rainfall events may quickly
saturate the soil, resulting in soil-water content outside of the LLWR (<10% air-filled porosity),
runoff, and, potentially, soil loss through erosion.
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For example, a 20-cm deep soil profile of 1:1 Clay:LYW with an estimated DBD of 0.90g/cm3 and
PD of 2.65g/cm3 at Ɵwp(43%) has 4.8 cm of mineral/organic matrix, 8.6cm of soil water, and 6.6
cm of total AFP (per 20 cm) in the available pore space. Two cm of AFP is required to maintain
10% AFP ( the upper limit of the LLWR), so 4.6 cm of AFP is below the upper limit of the LLWR
(10% AFP). At Ɵfc (61.3%), there is only 1 cm of AFP available below the upper limit of the LLWR.
That means, in the latter case, at field capacity, any rainfall event above 1 cm will result in soilwater contents above the upper limit of the LLWR, and, consequently, will likely limit growth rates
due to excess plant-water stress. Furthermore, at higher OM levels as exhibited in the SFM blend
(12%), PD is likely lower than 2.65g/cm3 (McBride et al., 2011, 2012), and thus the mineral/organic
fraction of the soil matrix will occupy a greater volume at the expense of AFP. The point of this
discussion is to illustrate that, even though it is feasible to reduce the depth of the rooting zone by
increasing AWHC per unit volume of soil to match root-zone-available soil water of a deeper,
lower AWHC soil, the shallower soil’s behavior with respect to productivity may be adversely
affected by other factors, such as aeration.
Interestingly, water-balance analysis using a locally-calibrated version of the Penman-Monteith
equation (Sentelhas et al., 2010) did not indicate that saturation or flooding would occur during
the 2008-2010 growing seasons (May to September), even at a 20 cm application depth, due to
the generally consistent water deficits (rainfall-PE) through the respective growing seasons. The
relatively low water storage at this soil depth means that the crop will be dependent on regular
rainfall through the growing season. In extended periods of little to no rainfall, total crop failure is
also a significant risk. Water-balance analysis for the 2009 growing season, for example, predicted
39 days outside of the LLWR, with all of those days in moisture deficit for a 20 cm soil depth. At a
50-cm depth application, the predicted days outside the LLWR reduced to 27, again with all days
out of the LLWR on the lower limit of available soil water. The 50-cm profile depth provided a soilwater regime very similar to the Phase I control conditions (the rehabilitation target). Other
issues, such as susceptibility to frost heave of the root crowns of crops, such as alfalfa, may impact
stand longevity.
From the discussion above, it is reasonable to expect that at shallow soil depth (<30cm) higher
seasonal yield variability can be expected versus a deeper soil with better physical support, more
total soil-water storage and more air-filled pore space. That higher variability will have an impact
on the economic risk of using shallower rehabilitation profiles to lower rehabilitation cost. That
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risk can be addressed (somewhat subjectively) by the investor by varying the discount rate with
soil depth to reflect perceived risk, as noted earlier, or by estimating the seasonal variability of
yield (a primary driver of revenue) with respect to soil parameters like AWHC, and assessing the
financial impact of that variability with a risk rated NPV analysis. That analysis requires some
estimation of the standard deviation of yield with respect to soil water storage.
Lansigan et al. (1997), evaluating risk analysis of weather and management on uplands rice yields,
found that soil profile water storage had a major impact on the risk of rice yields grown under
moisture deficit conditions. Sandy soils (i.e., low AWHC) exhibited standard deviations of seasonal
yields 8 times those of heavy clay soils (i.e., high AWHC). In Ontario, forage yields on
approximately 1,000,000 million hectares of crop land from 1981 through 2004 averaged 6.25
tonnes/ha with a seasonal standard deviation of 0.93tonnes/ha or a percent standard deviation of
14.91% (OMAFRA field crop statistics, 2012). Assuming the Lansigan et al. relationship between
yield and standard deviation is typical, and that Ontario’s annual yield variability is representative
of average soil water storage conditions, applying a percent standard deviation of 4 times the
Ontario average, or +/-60%, is probably a reasonable estimation of annual forage yield variability
for shallow soil profiles (i.e., 20 to 30 cm).
Using the same data in Table 4-6, a risk-rated NPV analysis (using @risk software [Palisade, 2012])
was conducted using a normal distribution for predicted yield and a mean standard deviation(SD)
of 0.60 for soil depths of 30cm or shallower and 0.15 (i.e., the Ontario average SD) for soil depth
40cm or deeper. At an 8% discount rate, @risk predicted a probability of P=0.899 for positive NPV
at a 20cm soil depth and P=0.312 for positive NPV at 30cm depth. The probability of positive NPV
at 30cm improved to P=0.588 at a 5% discount rate. As expected, NPV was not likely to be positive
at depths greater than 30cm (P<0.10). What that means, is that for mixed forage hay at least, the
strategy of reducing soil depth to reduce rehabilitation costs at this site will likely result in positive
NPV at a 20cm soil depth and an 8% discount rate and probably return positive NPV at a 30cm soil
depth and 5% discount rate. Therefore, reduction in the depth of soil applied is a reasonable
strategy for rehabilitation to a profitable, although potentially restricted, agricultural after-use at
this site.
Externalities also matter. If an objective of the rehabilitation program is to reduce tax costs
(Chapter 3, section 3.3.2), rehabilitation would necessarily be to a minimum of CLI Class 3 to meet
the requirements for re-assessment (at least 30-cm depth in this instance), or possibly Class 2 to
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return the land to its original CLI class (i.e., 70-cm depth). In that case, the financial offset gained
from tax reduction may, if successful, offset the rehabilitation cost as discussed in Chapter 3.

4.4.2 Impact of Reduced Soil Depth on Feasibility of Biofuel Feedstock
Production
Based on the analysis in section 4.2.3 using forage hay and the discussion regarding non-financial
considerations, a soil-profile depth of 30 cm was considered to be the minimum depth, from a
biophysical perspective, for rehabilitation with these SFMs, since that establishes the CLI rating at
Class 3 (suitable for field crops) based on profile AWHC, and would still return positive NPV for
forage hay at a reasonable 5% discount rate (i.e., familiar crop, known market).
Section 3.6.3 (Chapter 3) compared NPV estimates from potential biofuel feedstock for SRWC,
miscanthus, and reed canary grass with the Phase I, Cell 8 rehabilitation prescription, a discount
rate of 8% and a NPV term of 50 years (Table 3-9). Table 4-7 presents the same analysis, but in this
example with soil depth reduced to 30 cm. The Cell 8 prescription at 30-cm depth provides an
estimated 5.9 cm of AWHC. The field crop yield index (section 4.2.1) was used to adjust yield with
soil depth in the DSS model. For 30 cm, the calculated yield index is 0.55.
Note that even with lower yields, miscanthus still has the highest net present value, but it is now
negative. From the calculated IRR, it is evident that if the investor was willing to accept a discount
rate of 6% or less, a positive NPV could be obtained from miscanthus production (i.e., IRR is the
discount rate that returns a NPV=0, anything higher results in a positive NPV). However, the
discount rate used to calculate NPV is generally considered to be a measure of risk, and although
an investor may accept a discount hurdle rate of 5% for a conventional crop like forage hay, that is
less likely for an unconventional crop like miscanthus, which has limited alternative use
opportunities, less well known management requirements and sells into an unknown market.
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Table 4- 7: Calculated NPV and IRR from biofuel crops – 30 cm rehabilitation depth, no tax considerations.

Woody Biomass Miscanthus
(U of G Research (U of G Trials
data, site
data, site
conditions)
conditions)

Estimated risk adjusted sale price, ($, P=0.7)
Estimated 10yr risk adjusted average yield
(T/ha)
Estimated COP ($/tonne with local
transportation and storage)
Estimated total revenue/ha (10 year average)
from cropping operations

Miscanthus
(U of G Trials
data, site
conditions),s
pring harvest

Cool season
Grass (Reed
Canary) Site
costs, fall
harvest

Cool season
Grass (Reed
Canary) Site
costs spring
harvest

95

95

95

95

95

5.2

7.7

5.4

4.2

3.0

157

61

83

81

119

494

732

513

399

285

0

0

0

0

0

Rehabilitation cost capital investment ($/ha)

4033

4033

4033

4033

4033

Annual operating costs total ($/ha)

816

470

448

340

327

Annual tax and subsidy credits total ($/ha)

NPV and IRR without tax credit (50 year investment, discount rate 8%)
NPV ($/ha)

-$7,386

-$769

-$3,000

-$3,068

-$4,210

IRR (%)

negative

6.2%

-0.8%

-1.2%

negative

Note: Sell price required for positive NPV (50 year investment, discount rate 8%)
Required price for NPV positive ($/tonne)

$221

$90

$144

$160

$219

The last row of Table 4-7 provides the break-even sell price required for positive NPV, using the
inputs noted as noted. Note that the break-even price required for all crops with the 30-cm soil
depth scenario, except fall harvested miscanthus, is higher than the expected top market price
($130/tonne) estimated in section 3.8.1 (Table 3-11).
The reduction of soil depth to 30 cm from 100 cm did improve NPV for all biofuel crop scenarios,
but not sufficiently to provide positive NPV. Production costs of crops like SRWC and spring
harvested miscanthus are more adversely affected by the reduced yield associated with shallower
soil depths, due primarily to their high establishment costs. Hence, they are likely still too
expensive to produce as biofuel feedstock to be competitive with low-cost alternative fuels, such
as natural gas.
Based on the above analysis, it is feasible at this site to significantly reduce the depth of soil
applied in Phase I as a rehabilitation cost-management strategy and return positive economic
results from forage hay, but not from biofuel-feedstock production. However, rehabilitation using
a soil depth of only 30 cm will restrict agricultural after-use options and will not meet the
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proponent’s objective of rehabilitating this site to productivity levels comparable to its original,
pre-industrial state. Estimated average yields of forage hay, for example, at 5.6 tonnes per hectare
would be below the county average of 6.1 tonnes per hectare (OMAFRA, 2012) and the control
site average yields (7.9 tonnes per hectare corrected for field scale up) reported in Chapter 2.
Consequently, NWSL rejected this approach for the East Landfill.

4.4.3 Analysis of SFM Soil Blending to Improve Rehabilitation Economics
The modeling approach proposed above for the evaluation of SFM blending can assess an
essentially unlimited combination of variables. Hence, for brevity, the ensuing discussion is
restricted to a limited number of scenarios that were deemed potentially feasible for the East
Landfill site. They are presented in a summary format to demonstrate the development of a
rehabilitation prescription. For this analysis, the following assumptions apply:
-

Target AWHC is 10 cm/rooting zone to meet CLI class 2 minimum;

-

AWHC was estimated with DESORPMOD with the caveats presented in section 4.3.3;

-

All analysis used mixed forage hay as the crop with a sale price of $120.00 per tonne (to
reflect current local hay prices);

-

Soil depth was adjusted, based on AWHC (cm/100 cm) to establish the required soil depth
to meet rooting zone AWHC of 10 cm;

-

DSS model was set to site data (i.e., no additional fertilizer or chemical herbicides) for all
analysis and all other variables were held constant to facilitate analysis of the relative
impact of mix characteristics on financial outcome;

-

Cell 8 prescription (Phase I) with application depth adjusted to provide 10 cm profile
AWHC is presented for comparative purposes.

Table 4-8 summarizes the results of six mixing proposals investigated for this site. The Cell 8
prescription applied in Phase I is presented, for comparative purposes, with application depth
adjusted to 58 cm to provide an AWHC of 10 cm. Note that net blend cost is for materials only. If
the blend offset cost is less than the cost of mixing ($1.50/m3 in this example), the net
rehabilitation cost per unit of depth will increase with the soil blending process. That is evident
with Blend 1. As noted in section 4.4.2, reduction in depth of soil applied alone will not reduce
rehabilitation costs sufficiently to provide positive economic returns to crop production. That is
evident in Table 4-8.
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Table 4- 8: Blending trial summaries for East Landfill.
Soil mixing model summary
Blend ratio

Properties
(estimated)

Nutrients
(estimated)

Metals (ug/g)
(estimated)

Derived

Control
(A horizon)
n/a
n/a
n/a
n/a
n/a
n/a
n/a

blend 1

Blend 2

Blend 3

Blend 4

Blend 5

Blend 6

5
2

3
2

5

4

3
2

4

3

5

5

1
4

4

1
3

1

1

2

Sa%
Si%
Cl%
OM%
BD(g/cm3)

11.5
53.5
35
2.2
1

17.1
41.4
41.4
7.6
1

22.4
42
36.5
14.9
0.85

4
40
56
14.7
0.9

22.4
32.6
45
13.2
0.9

22.4
42
35.6
13.4
0.85

22.4
32.6
45
11.8
0.9

P (ug/g)
K (ug/g)
Mg (ug/g)
Mn (ug/g)
Zi (ug/g)
pH

17
212
391
7.7

28
975
761
21
6
8.1

44
1550
791
19.4
10
8

44
1565
845
19
10
7.7

156
1380
801
20.4
73
7.8

156
1370
765
22.3
73
8.1

269
1200
774
23
136
8

Arsenic
Cadmium
Chromium
Cobalt
Copper
Lead
Mercury
Molybdenum
Nickel
Selenium
Zinc

n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a

4.9
1.1
47.2
2.2
22.3
20.4
0.1
0.3
28.8
0.5
88.2

4.3
1.2
34.7
2.4
17.9
22.6
0.1
0.5
210
0.6
84

4.7
13
38.8
2.4
19.1
22.5
0.1
0.5
24.7
0.7
31

4.6
1.3
40.1
2.5
39.7
26.4
0.1
1
25
0.8
109

4.5
1.2
38.1
2.5
39.1
26.5
0.1
1
23.2
0.8
106

4.8
1.3
43.5
2.7
60.9
30.3
0.1
1.6
27.2
1
200

17.5
58
n/a

14.4
69
-$0.24

16.9
59
-$0.96

20
50
-$1.80

24.8
40
-$1.88

26.3
38
-$2.36

26.9
37
-$3.28

Clay sub
Heavy CL
Quarry Fines
Washed Sand
LYW
SSO Comp
Paper waste

AWHC (cm/100cm)
cm soil/10cm AW
Net blend cost($/m3)

DSS Model Financial Summary (mixed forage hay at 50yrs and 8% discount rate)
DSS Model Data

Crop:
Net Rehab cost/ha
10yr ave yield T/ha
Crop COP $/T
NPV $
IRR%

Mixed forage hay, site costs
$13,833
$26,377
$17,369
$9,533
6.8
6.8
6.8
6.8
57
57
57
57
-$8,332 -$19,947 -$11,606 -$4,350
1.5%
-1.1%
0.5%
3.3%

$6,013
6.8
57
-$1,091
6.3%

$3,565
6.8
57
$1,176
11%

-$103
6.8
57
$4,572
N/A

Blend 1, heavy clay: quarry fines: LYW in a 5:2:3 mix ratio was an attempt to: i) reduce the high
nutrient loading observed (particularly P) with LYW mixed at 50%, and ii) mitigate textural
limitations of the heavy clay SFM with quarry fines. Although successful in reducing P levels, it was
not cost effective and would not return positive NPV. The improvement in AWHC versus the Cell 8
prescription was marginal and did not meaningfully reduce the application depth of soil required.
It did not provide positive economic returns.
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Blend 2 substituted LYW for heavy clay resulting in a 1:1 ratio by volume of mineral and organic
material. This improved the economics with the negative opportunity cost of LYW, partially
offsetting the cost of quarry fines (transportation only), but also did not result in a positive NPV. It
did result in significantly higher estimated AWHC, which allows for a meaningful reduction in
application depth. Nutrient loading was very high (particularly for K), but within acceptable limits.
Blend 3 was a 1:1 mixture of heavy clay and LYW. This blend was applied to a portion of the
landfill surface in the fall of 2010, as part of the scale-up evaluation of the Phase I field trials. The
material was applied at depths ranging from 50-100 cm over an area of approximately two
hectares. Although yield-verification data have yet to be obtained, there appears (subjectively) to
be no difference in growth rates of the double-cut red clover planted in the spring of 2012 on the
range of soil depths applied. Blend 3 demonstrates that mitigation of heavy clay subsoil with
organic material alone (LYW) improves AWHC, but not enough to completely overcome the
textural limitations exhibited with the base mineral material (heavy clay) or to provide profitable
crop production at the prescribed application depth. Although positive NPV was not obtained with
a discount rate of 8%, it would be positive if the investor accepted a discount rate of 3.3% or
lower.
Blend 4 substitutes 1 part washed sand for heavy clay, and then offsets the cost of the sand
component by using 1 part paper mill wastes (high opportunity credit SFM). Technically, this is
feasible, since the high sand content of the material results in a significant textural adjustment
and is very low in nutrients. That allows for the addition of paper mill waste without incurring
nutrient loading at excessive levels. The high AWHC (24.8 cm/100 cm) of the texturally modified
blend allows for application rates of only 40 cm of material to achieve a profile AWHC of 10 cm
(CLI Class 2). The result is a predicted a NVP close to positive at 8% and would be NPV positive at a
discount rate below 6.3%. Blend 4 is a good example of offsetting high-cost SFMs with high-credit
SFMs to achieve desired soil properties, with a positive economic outcome. If a lower-cost source
of sand can be found, this blend could be the preferred choice.
Blend 5 substituted lower cost quarry fines for sand to adjust texture, but requires higher relative
proportions of quarry fines (i.e., 20% vs.10%), due to the lower sand content of the material. As
with Blend 4, cost of the blend is offset by the addition of paper mill waste. Blend 5 modeling
predicts similar nutrient loading to Blend 4 and slightly lower AWHC (i.e., higher application rate
to meet 10 cm AWHC in the rooting zone), but the total mix cost is considerably less, and more
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than offsets the additional soil depth required. With this blend, NPV is positive at 8% which
indicates that its use will result in a rehabilitation prescription that is financially feasible.
Furthermore, this blend would meet the requirements necessary to pursue tax reductions at this
site which, as shown earlier will result in positive NPV across a range of cropping systems.
Blend 6 (20% paper mill waste) was an attempt to maximize economic returns by using high
opportunity credit material in a greater proportion. Financially, this appears to be effective, as the
projected NPV from this mix ($4572.00) is attractive. However, the resultant very high phosphorus
loading from the larger quantities of paper mill waste (Table 4-7) represents a potential
environmental risk. In addition, the available quantities of this SFM were insufficient to meet the
requirements for the entire landfill, so this blend was rejected.
From the analysis above, it is clear that blending low-risk waste-stream-diverted SFMs with poorquality mineral-soil material and applying that material to a prescribed depth based on a desired
AWHC to meet productivity objectives can effectively offset a significant part of the cost of site
rehabilitation. The proposed use of these blended SFMs has the potential to move the returns
from crop production from negative NPV (in the case of traditional rehabilitation processes) to
positive. However, in choosing a final manufactured soil mix, the physical and chemical properties
of the proposed mix must also be carefully considered. Blend 6, for example, is very attractive
financially at a field level, but the risk of high phosphorus loading in on-site sediment ponds and
adjacent waterways makes this blend less attractive. The East Landfill, like most large landfill
operations, receives a wide range of potential SFMs in varying quantities. The use of the modeling
approach used to generate Table 4-8 proved to be an effective way to quickly evaluate their
potential for use as SFMs.

4.4.4 Impact Using Blended Soils on the Feasibility of Biofuel-Feedstock
Production Financial Returns
Based on the modeled mixing trials above, Blend 5 provided the best combination of high AWHC,
acceptable nutrient loading, and cost. Table 4-7 summarized the financial impact of reducing soil
depth on the production of biofuel feedstock. Table 4-9 repeats the analysis, this time with the
rehabilitation prescription based on the application of 38 cm of Blend 5 (i.e., 10 cm AWHC)
applied on top of the landfill cover.
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The use of Blend 5 as a manufactured soil at a depth of 38 cm (Table 4-8) results in a significant
improvement of estimated NPV for potential biofuel crops when compared to the Cell 8
prescription (Chapter 3, Table 3-9) and the simple application depth reduction of the Cell 8
prescription (Table 4-6). The NPV for fall-harvested miscanthus is now positive at an 8% discount
rate and a risk adjusted farm gate sale price of $95/tonne. Fall harvest reed canary grass could be
NPV positive if the sale price was greater than $124/tonne, which is within the potential range of
prices ($80-$130/tonne) discussed in section 3.8.3. Thus, if an OPG market develops in the
Niagara region for baled biomass, it is at least possible that miscanthus or fall-harvested coolseason grasses could be a viable alternative crop at this site with this rehabilitation prescription
(given appropriate market conditions). SRWC, spring harvested miscanthus, and spring-harvested
reed canary grass still have expected COPs at or above the OPG upper price level and would not
be considered economically viable crops at this site.

Table 4- 9: DSS summary of expected COP for alternative feedstock at NWSL – Blend 5.

Woody Biomass Miscanthus
(U of G Research (U of G Trials
data, site
data, site
conditions)
conditions)

Miscanthus
(U of G Trials
data, site
conditions),s
pring harvest

Cool season
Grass (Reed
Canary) Site
costs, fall
harvest

Cool season
Grass (Reed
Canary) Site
costs spring
harvest

Estimated sale price, ($, P=0.7)

95

95

95

95

95

Estimated 10yr average yield (T/ha)
Estimated COP ($/tonne with local
transportation and storage)
Estimated total revenue/ha (10 year average)
from cropping operations

5.9

10.3

7.6

5.9

4.1

165

48

92

75

96

561

979

722

561

390

0

0

0

0

0

Rehabilitation cost capital investment ($/ha)

4033

4033

4033

4033

4033

Annual operating costs total ($/ha)

816

470

448

340

327

Annual tax and subsidy credits total ($/ha)

NPV and IRR without tax credit (50 year investment, discount rate 8%)
NPV ($/ha)
IRR (%)

-$7997

$1749

-$3,043

-$1,964

-$3,347

negative

12.0

-3.8%

2.2%

negative

Note: Sell price required for positive NPV (50 year investment, discount rate 8%)
Required price for NPV positive ($/tonne)

$214

$80
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$130

$124

$167

4.4.5 Limitations to the Modeling Approach Used to Develop the Rehabilitation
Prescription
The tools introduced in Chapters 3 and 4, including the DSS model, mixing model, and supporting
analysis from the Phase I field trials, provided the landfill operators with a comprehensive
technical and financial analysis package that has potential to optimize the rehabilitation process at
the East Landfill. But it has some weaknesses. Clearly, the estimation of AWHC, which is critical to
SFM blend and application depth optimization, would be better served by a model calibrated to
the high OM levels associated with this rehabilitation approach. This was compensated for by
attempting to estimate AWHC impacts conservatively, so as not to overemphasize the benefit of
the blends from a technical or financial perspective. Nevertheless, it would be advantageous to
conduct in-situ sampling after the manufactured soil application has had time to consolidate in
the field to verify the accuracy of predictions for yields, DBD, and AWHC. That opportunity,
unfortunately, will not be available until the 2013 or 2014 growing season.
The modeling process itself, as with all models, produces an estimate, at best. The precision and
accuracy of that estimate is dependent on the users’ ability to provide representative inputs. The
outcomes that a model produces are not absolute, but should be broadly representative over
time. The true value of the modeling exercise is to predict, in a more or less quantitative way, the
effect of varying one or more factors in the overall process and in using model output in a
comparative way to assess alternatives.
The entire rehabilitation process is, by its nature, crude. Field-scale rehabilitation with
construction-class equipment certainly target the objective, but the variability in mixing
consistency, application depth, etc. is, by the nature of the process, quite large. For example,
although the modeling exercise results in precise application depth recommendations (e.g., 38 cm
for Blend 5, Table 4-8), the practical limit of accuracy for even laser-guided equipment is in the
order of +/- 10 cm.
Nevertheless, the modeling and selection process provided a means of rapidly screening both the
technical and financial impacts of potential rehabilitation scenarios to aid in the determination of
a financially optimized final rehabilitation plan.
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4.4.6 Current Status of Verification and Validation of Phase III
Verification of the success of the initial scale-up process on the landfill (essentially Blend 5) has
not been rigorously studied, due to delays in the application of material and crop establishment,
but subjective observations can be made.
In May 2012, with rehabilitation complete on approximately 25% of the landfill surface, the area
with the 1:1 CL:LYW applied (i.e., Blend 5 applied at varying depths from 50-100 cm) was planted
to double-cut red clover and timothy to stabilize the landfill surface. Germination was excellent,
and growth was very good until mid-July, when the effects of an extended drought began to slow
growth. In spite of the abnormally dry conditions, there was no visible difference in the crop
associated with depth of soil applied. Although an adjacent farm field of undisturbed clay soil
showed deep cracking and visible signs of deficit plant-water stress (wilting), there was no
evidence of this on the manufactured soil. It appears (at least visually) that the effort to increase
AWHC in the manufactured blend was successful. The crop was cut to control weeds in mid-July
and vigorous regrowth was evident following rains in early August. There is no readily discernible
evidence of excess or deficient plant nutrients. Subjectively, the Blend 5 soil application appears
to be a success, although no yield-validation data will be available before the end of the 2013
growing season.
The remaining, non-rehabilitated surface of the landfill is scheduled for rehabilitation through late
2012 and early 2013. Final SFM blends for that portion of the landfill will be determined in late
fall, after completion of the annual residential leaf pick-up programs. At that time, a revised
inventory of available SFMs will be completed and the materials sampled for key chemical and
physical properties. With that information in hand, the modeling exercise will re-commence, and
final SFM blends for application will be determined and then applied to the landfill surface.

4.5 Conclusions from Phase III
From the analysis presented in Phase III, the researcher concludes the following:
-

The modeling approach used to determine the financial performance of potential siterehabilitation options, provided an effective tool to assess those options and to select
prescriptions that were likely to provide positive economic returns.
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-

Reducing land-forming costs by reducing the depth of soil applied could result in positive
economic returns to arable agriculture in some cases, but the shallow depths of soil
required to achieve financial success is likely to result in significantly higher seasonal yield
variability. Nonetheless, a risk adjusted NPV analysis confirmed the likelihood of positive
NPV for forage production with soil depth of 20-30cm. Potential biofuel crops are not
likely to return positive NPVs using a risk adjusted sale price with this strategy.

-

Rehabilitation of the East Landfill using waste-stream-diverted SFMs, like LYW, to
ameliorate poor-quality SFMs, like heavy clay, was effective if large quantities of OM-rich
SFMs were pre-blended into a manufactured soil. However, that, in conjunction with
textural modification, increased AWHC more effectively and allowed for a reduction in
applied soil depth, while maintaining estimated soil productivity at levels at least
equivalent to locally farmed soils.

-

The use of waste-stream-diverted SFMs selected for their opportunity cost, such as LYW
and paper mill waste, in a manufactured soil blend can offset rehabilitation costs to the
point where profitable agricultural production is feasible without external considerations
like subsidies or tax reductions, provided appropriate care is taken with respect to
nutrient loading and metal contamination.

-

Production of miscanthus and fall-harvested cool-season grasses as biofuel feedstock at
this site can produce positive NPVs if rehabilitation costs are reduced through the use of
diverted waste materials. However, the likely returns from these crops are similar to
conventional field crops. In the absence of a stable market, biofuel crops were not
selected as a crop option by the proponent at this time.

-

Arable agriculture (food and feed crops) is a feasible end use for this site, using the
manufactured soil blends (as described above) from a regulatory, technical and economic
perspective.

-

Although this study did not indicate any contamination of the crops from the underlying
waste stack and that appears to be a very unlikely risk, there may still be a perceived risk
to growing food and feed crops at this site.
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5 Summary of the East Landfill Rehabilitation
Research Project
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5.1 Introduction
This chapter briefly summarizes the results, conclusions, recommendations, and opportunities for
future research on the technical and economic feasibility of rehabilitating a closed landfill site for
the production of agricultural crops and biofuel feedstock. The research project encompassed
three main objective phases, over the course of five years, as follows:
I.

Is it technically feasible to rehabilitate MSW landfill covers for grassland agriculture and
establish bio-energy crops on these sites? (Phase I)

II.

Is it economically feasible to establish and grow bio-energy or agricultural crops on
rehabilitated landfill covers? (Phase II)

III.

Can an efficient, cost-effective rehabilitation and biofuel-feedstock production process be
developed to establish, grow, and market bio-energy crops and energy products from
landfills and similar-scale brownfield sites? (Phase III)

5.2 Summary of Phase I
Phase I consisted of a 3.5-year research program that used replicated field trials to investigate the
effects of landfill biogas evolution, waste-stack heating, and the use of ameliorated, stockpiled
overburden SFMs to construct a productive anthropogenic soil profile on a closed landfill surface.
Research trials over this period compared four landfill biogas treatments:
- Waste stack biogas collection (on the East Landfill)
- No biogas collection (on the East Landfill)
- No biogas collection, but with a GCL layer to prevent possible biogas intrusion into the
plant root zone (on the East Landfill)
- A control site on a typical farm field near the East Landfill
Each landfill biogas condition noted above was evaluated, with three soil-conditioning treatments
for the upper 20 cm of the soil profile as follows:
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- N-Viro soil
- SSO compost
- A blend of both N-Viro soil and SSO compost
- A nil treatment
Each treatment was further subdivided into two cropping systems (forage hay and switchgrass as
a biofuel feedstock) on the landfill surface and on a control site on an adjacent farm field.
The basic construction of the trial plots mimicked typical large-scale rehabilitation processes, with
80 to 100 cm of clay-rich subsoil overlain by 20 cm of amended/conditioned surface soil (SSO
compost and N-Viro soil). Research plots where extensively tested for soil physical and chemical
characteristics during the 3.5-year field program. Crop yields from these plots were obtained in
2009 and 2010.Yield performance of the amendment plots was statistically better than that on
the nil treatment control plots. The addition of SFM, such as N-Viro soil and SSO compost,
improved yield over nil treatments in all cases. Hence, the rehabilitation process employed was
deemed to be technically feasible for arable agriculture. Warm-season grass biofuel-feedstock
crops (switchgrass and big bluestem) failed to establish under the site management constraints
(no chemical herbicides) and, after two attempts, were rejected as potential crops at this site.

5.3 Summary of Phase II
Phase II was primarily an economic analysis of the Phase I rehabilitation process and the potential
financial returns to the site production of both biofuel feedstock and arable agriculture crops. A
hypothesis that the 14ha site could provide on-site production of biofuels and convert them to
usable fuel sources to supplant grid-connected energy in a financially positive way was tested
using Phase I data and modeling. RETScreen 4 was used to assess the viability of the feedstock to
fuel energy-conversion processes. For local crop production and rehabilitation processes, a
comprehensive, MS-Excel-based DSS model was developed and employed to test various
rehabilitation and cropping system scenarios. The research results did not support on-site
production of warm-season grass biofuels to supplant grid-connected or commercially available
fuels, due to the high capital cost of conversion processes, small total contribution to site energy
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needs, and the current low cost of conventional fuel sources. Alternative agricultural and biofuelfeedstock crops were evaluated using the DSS model, which predicted similar results for a range
of technically feasible scenarios.
The conventional rehabilitation process used in Phase I, although technically feasible, did not
provide positive economic returns to arable agriculture or biofuel-feedstock production when
rehabilitation costs were factored into the total cost structure.

5.4 Summary of Phase III
Phase III investigated the financial impacts of alternative rehabilitation processes at the East
Landfill. Two approaches were considered: i) the reduction of the depth of soil applied to the
landfill surface, and ii) the use of low-risk waste-stream diversions (LYW, paper mill wastes, etc.),
with negative opportunity costs (i.e., disposal costs higher than use as an SFM), that were preblended and applied to the landfill surface. The objective of the latter was to offset rehabilitation
land-forming costs through avoidance of burial costs, while providing a manufactured soil blend
with appropriate physical and chemical properties for arable agriculture or biofuel-feedstock
production.
This was achieved by developing and testing an SFM mixing model to predict the soil
characteristics and cost of SFM blends using a wide range of potential SFMs. AWHC was estimated
with a pedotransfer function and was used to estimate long-term site productivity for a range of
soil mixes and application depths. Yields were estimated with a modified approach to the CLI soil
productivity rating system. Financial modeling was conducted with the DSS model developed in
Phase II.
Results from this exercise were positive. Field scale-up trials, in their developmental phase,
supported the hypothesis subjectively and presented an opportunity for further refinement and
calibration of the modeling approach.

5.5 Generalized Conclusions from Phases I through III
Specific conclusions from each phase of this research program were presented at the end
Chapters 2, 3, and 4. This section is a generalized discussion on the results and their implications.
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5.5.1 Phase I
Phase I evaluated traditional landfill-rehabilitation methods in a conventional field-research
program. Two of the factors studied (landfill biogas evolution from the underlying waste stack and
heat evolution from the waste stack) were determined to be non-limiting at this site. This was due
primarily to: i) the availability and use of appropriate materials to form an effective landfill cover,
and ii) the attention to detail in the construction process by the landfill operators.
The use of conventional rehabilitation methods at the East Landfill was very effective, from a
technical perspective, in rehabilitating this site back to an agricultural after-use. Plot yields of
forages from treatment plots were significantly higher than on the nearby farm control site, which
was typical of local, undisturbed farm fields. The use of soil-amending/conditioning materials (SSO
compost and N-Viro soil) was effective in improving AWHC, soil structure, and tilth in the treated
upper 20 cm of the anthropogenic soil profiles. That was evident in the increased yields versus the
nil amendment treatments.
An effort to rehabilitate this site for biofuel production using warm-season grasses (switchgrass
and big bluestem) was not successful. Neither crop established successfully, which was attributed
to site-specific conditions (unsuitable soil texture for the crops) and site-specific constraints
(avoidance of chemical herbicides to protect runoff ponds). The failure of warm-season grasses as
viable crops at this site was disappointing, but it does not preclude the use of biofuel crops, such
as cool-season grasses, miscanthus, and SRWCs, which might be better suited to these site
conditions. Ongoing research will determine their feasibility.
Overall, Phase I demonstrated that it is technically feasible to rehabilitate this site to an
agricultural after-use.

5.5.2 Phase II
Phase II, as noted, focused on the development of a DSS model to evaluate the economic
feasibility of the Phase I rehabilitation process. The DSS model proved to be an effective tool for
rapidly screening rehabilitation methods and crop choice alternatives. It also demonstrated, quite
clearly, that although traditional rehabilitation methods employed in Phase I were technically
feasible, they were not economically viable. The combination of high land-forming cost and
relatively low returns from conventional field-crop production did not support a viable business
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plan with the rehabilitation methods employed in Phase I. The only way for this level of
rehabilitation to be financially viable is through external factors, such as subsidies, or reduction in
land-tax rates through reclassification of the land from industrial to agricultural. In the latter case
(tax reduction), there is potential to fully offset the cost of rehabilitation through tax savings, and
that avenue is being pursued by the Industry partner. In the absence of such externalities,
however, the researcher must conclude that rehabilitation to an agricultural after-use is indeed
technically feasible (Phase I), but is not financially viable from a business perspective.
The same conclusion can be drawn with respect to biofuel production at this site. It is technically
feasible to produce biofuel feedstock at the East Landfill with appropriate crop selection, but the
economics of doing so are not cost competitive with traditional energy sources.
The economics of an integrated system of biofuel production and on-site conversion to usable
fuels was explored. The hypothesis that locally produced and converted fuels could be
economically viable was rejected, primarily due to the high capital-investment costs per unit of
energy produced required at the scale observed at the East Landfill.

5.5.3 Phase III
Phase III focused on developing alternative rehabilitation processes that use waste-streamdiverted materials as SFMs in order to reduce the cost of the overall rehabilitation process.
Although preliminary in nature, it was possible, through the judicious use of waste-stream
diversions and reduction of SFM material application quantities (through the management of root
zone AWHC) to identify rehabilitation processes and materials likely to support positive returns
from conventional agricultural crop production or biofuel feedstock. Should a biofuel-feedstock
market develop in the Region of Niagara, with appropriate pricing, NWSL will be well positioned to
supply feedstock from the East Landfill. The findings in Phase III have broader applications to
brownfield site rehabilitation. The toolset developed (i.e., DSS model, soil mixing model, etc.)
proved to be an effective method for screening a wide range of rehabilitation processes and
materials relatively quickly. It can be broadly concluded from Phase III that the use of wastestream-diverted SFMs applied to the landfill surface at appropriate depths can result in a
financially viable rehabilitation process.
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5.6 Current Status and Opportunities for Future Research
At the time of writing, approximately 25% of the East Landfill surface has been rehabilitated with
manufactured soil blends at varying depth (30-100 cm). The predominant SFM blend is a 1:1 (by
volume) mixture of heavy clay parent material (56%CL) and ground, un-composted LYW. This land
area was planted to a crop of double-cut red clover and timothy in early spring 2012 to stabilize
the landfill surface. In spite of drought conditions in 2012, the crop is performing well, with
vigorous and even growth. There is no discernible difference in growth associated with soil depth,
but yield-validation samples are yet to be obtained. The intent, at this point, is to maintain this
area in forages for 2-3 years, before returning to a typical crop-rotation cycle.
Since landfill receipts of potential SFMs are variable, an inventory of potential SFMs will be
completed after the LYW collection period in the fall of 2012. Potential SFMs will be analyzed and
the model presented in this thesis updated to reflect currently available material. From that, the
modeling approach outlined in Phase III will be applied to determine the specific blends to apply
to the balance of the landfill surface. Land forming will begin in late fall of 2012 and, weather
permitting, will be complete by spring 2013, at which time the balance of the landfill surface will
be planted to mixed-forage hay.
The industry partner (NWSL) continues to be actively involved with the University and the
research team. Its agreement to rehabilitate the landfill surface with a range of blends and
application depths provides the potential for further research to validate the modeling approach
outlined in this thesis. Realistically, timing for that research will not commence until the 2014
growing season.
The suggested focus areas for further research at this site include validation and verification of
AWHC in high OM manufactured soils, actual costs of production, and long-term yield
performance. Further development in these areas would substantially improve the predictive
capability of the modeling approach presented in Chapter 4.
The biofuel component of this thesis was discouraging. The research team was unable to develop
a process that made on-site production and conversion of biofuels an economically viable option
at this site. Growing and selling biofuel feedstock as an alternative cash crop was, in the best case,
marginally feasible, but not compelling enough for the proponent to adopt. Nevertheless, if the
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economics of biofuel production change significantly, this site would be capable of producing
feedstock at prices competitive with traditional farmland. NWSL will consider that option if and
when it becomes financially viable.
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Appendix 1: Generalized Soil Mapping (Scale
1:100,000) – Site Study Area
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Generalized Soil Map of Study Area (scale 1:100,000)
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Appendix 2: Detailed Soil Mapping (Scale 1:25,000)
- East Landfill Area
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Detailed Soil Map of Study Area (scale 1:25,000)
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Appendix 3: Local Soil Characteristics
BEVERLY SOIL (BVY)
GENERALIZED PROFILE CHARACTERISTICS
Mainly lacustrine silty clay
PARENT MATERIALS
Imperfect
DRAINAGE
USUAL CLASSIFICATION Gleyed Brunisolic Gray Brown Luvisol

MEAN HORIZON VALUES
Horizon
Ap
Bmgj
Btgj
Ckgj

No.of
Samples

Depth to
Horizon

Base (cm)

Gravel

Sand

VFSand

93

17

0

14
10
7
5

4

22
84
76

%

42
45

0
0
0

%

Silt

Clay
%

Texture

52
51
45
46

34
39
48
49

SICL
SICL
SIC
SIC

Silt

Clay

Texture

49
43
42
48

38
48
48
47

SICL
SIC
SIC
SIC

%

%

6
1

1

Organic
Matter
%

3.6
1.4
1.1
0.1

pH in
CaC03

CaC03

6.2
6.3
6.3
7.6

0.3
0.4
0.4
14.1

%

TOLEDO SOIL (TLD)
GENERALIZED PROFILE CHARACTERISTICS
PARENT MATERIALS
Mainly lacustrine silty clay
DRAINAGE
Poor
USUAL CLASSIFICATION Orthic Humic Oleysol

MEAN HORIZON VALUES
Horizon
Ap

Bgl

Bg2
Ckg

No. of
Samples

Depth to
Horizon
Base (cm)

Gravel

160
153
47
148

18
43
59

0
0
0
0

%

Sand VFSand
%

%

13

5
3

9

10
5

4
1

%

%

Organk
Matter pH In
%
CaC03

4.8
1.3
1.0
0.1

6.2
63
6.6
7.6

CaC03
%

0.3
0.3
0.6
15.2

PEEL SOIL- RED PHASE (PEL.R)
GENERALIZED PROFILE CHARACTERISTICS
PARENT MATERIALS
DRAINAGE

40 to l00 cm reddish-hued lacustrine silty clay over clay loam till
Imperfect
USUAL CLASSIFICATION Gleyed Brunisolic Gray Brown Luvisol

MEAN HORIZON VALUES
Horlzon
Ap
Bm
Btru
IICkg

No.of

Depth to
Horizon

Gravel

Samples

Base (cm)

%

2
1
1
2

10
30
48

2
2
0

2

Sand

VFSand

Silt

Clay

%

%

%

%

Texture

14
18
4
18

4
7
0
5

42
35
27
38

44

SIC

223

47
69
44

c
HC
c

Organic
Matter pH In
%
CaC03

3.7
1.7
1.0

6.9
5.9
7.1
7.7

CaC03

%

0.8
0.0

0.3

13.0

PEEL SOIL- RED PHASE (PELR)
GENERALIZED PROFILE CHARACTERISTICS
PARENI'MATERIALS
40 to 100 cm reddish-hued lacustrine silty clay over clay loam till
DRAINAGE
Imperfect
USUALCLASSIFICATION Gleyed Brunisolic Gray Brown Luvisol

MEAN HORIZON VALUES
Horizon
Ap
Bmgj
Btgj
IICkg

No.of
Samples

2
1
1
2

Depth to
Horizon
Base (cm)

10
30
48

Gravel
%

Sand
%

VFSand
%

Silt

2

14
18
4

4

42

2
0
2

18

224

7

0

s

%

3S
27
38

Tex-

Clay
%

ture

44

SIC

47
69
44

c
HC
c

Organic
Matter pH In
%
CaC03

3.7
1.7
1.0

6.9

S.9
7.1
7.7

CaC03
%

0.8
0.0
03
13.0

Appendix 4: Soil and SFM Resources Available for
East Landfill Agricultural Study – Phase I (Colville
Consulting Inc., June 26, 2006)
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Photo 1 – Soil from Area A

Photo 2 – Soil from Area A
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Photo 3 – Soil from Area C‐1

Photo 4 – Soil from Area C‐2
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Photo 5 – Soil from Area C’

Photo 6 – Soil from Area C
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Photo 7 – Soil from Area E

Photo 8 – Control Area
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Photo 9 – Soil stripped to edge of extraction area.
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Appendix 5: Soil Sample Analysis (Colville Consulting
Inc., June, 2006)

232

233

234

Appendix 6: General Information on N-Viro Soil
NVS (‘N-VIRO SOIL’)
- the usual range of application rates for NVS is 4 - 20 tonnes/ha (dry weight basis), depending on soil
tests, but a typical agronomic application rate is 20 tonnes/ha every 3 years (dry weight basis)
- one-time experimental application rates have been as high as 500 tonnes/ha (dry weight basis)
in order to simulate the metal loadings, etc. over a 75-year period
Sarnia/Leamington NVS Product
Dry matter
70% kg/kg
Organic matter
20% kg/kg
pH
12.5
CaCO3 equivalent
45% kg/kg
TKN
1.0% kg/kg (dry weight basis)
NH3 -N
0.02 – 0.08% kg/kg (dry weight basis)
0.17
–
0.43% kg/kg
(dry
weight
basis)
4.16
–
5.60% kg/kg
(dry
weight
basis)
2.16% kg/kg (dry weight basis)

P
K
S

- with respect to the 11 key trace elements (As, Cd, Co, Cr, Cu, Hg, Mo, Ni, Pb, Se, Zn), NVS
meets both the Ontario and AAFC guidelines for land application on agr. land
‘Typical’ NVS Properties
pH
Dry matter
Dry bulk density

11.0 - 12.5
62% kg/kg
0.6 g/cm3

1.96 g/cm3
70%
Plant-available water-holding capacity 27% m3/m3
Liquid limit
76
Plastic limit
64
Plasticity index
12
Particle density
Total porosity

- NVS can improve soil tilth and structure (due to OM and soluble Ca content)
- NVS contains natural soil microbes
- N in NVS is mostly organic N (only small amounts of NH3 -N)
- P in NVS is organic P and CaPO4 (about 50% in each form)
- K in NVS is all plant-available
- NVS application rates should be based on a soil lime requirement test
- NVS can be applied if the test gives a lime requirement of greater than about 2 tons/acre (or
4.44 tonnes/hectare)
- one of the concerns with the use of NVS is its high pH (11.0 - 12.5)
- even where large amounts of NVS are applied (e.g., 500 tonnes/ha), soil pH never exceeds about 8.2
Example calculation
If it is assumed that the lime requirement of a soil suggested an application rate of 20 tonnes
NVS/ha (dry matter basis):
Total N = (20 tonnes NVS/ha) x (0.01 total N fraction) x (1000 kg/tonne) = 200 kg N/ha
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Available N = (200 kg N/ha) x (0.15 plant-available fraction in first 60 days) = 30 kg N/ha
Unit conversion
tonnes per hectare x 0.45 = tons per acre
Siemen = mho (dS/m = mS/cm)
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Appendix 7: SSO Compost (NWSL) Properties
(CHEMICAL ANALYSIS (COLVILLE CONSULTING INC., JUNE, 2006))

(PHYSICAL ANALYSIS (UNIVERSITY OF GUELPH, JUNE, 2006))
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Phase I Clean SSO Compost (NWSL):
- sample container dimensions: 2.7 cm long x 3.9 cm diameter = 32.3 cm3
Woody Compost (screened)
Wet wt. +
Container (g)

Dry wt. +
container (g)

Container
wt. (g)

Mass
water (g)

Mass
dry soil (g)

w (%g/g)

Dry matter
(%g/g)

Dry bulk
density (g/cm3 )

N68

26.935

18.722

7.082

8.213

11.640

70.6

58.6

0.36

N316

23.929

17.447

7.181

6.482

10.266

63.1

61.3

0.32

N439

27.698

18.976

7.086

8.722

11.890

73.4

57.7

0.37

Non-woody Compost (screened)
Wet wt. +
Container (g)

Dry wt. +
container (g)

Container
wt. (g)

Mass
water (g)

Mass
dry soil (g)

w (%g/g)

Dry matter
(%g/g)

Dry bulk
density (g/cm3 )

N140

20.133

16.604

7.306

3.529

9.298

38.0

72.5

0.29

N380

20.864

16.847

6.802

4.017

10.045

40.0

71.4

0.31

N415

21.894

18.570

6.811

3.324

11.759

28.3

78.0

0.36
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Appendix 8: Soil Amendment Application Rates – Phase I
‘N-VIRO SOIL’ (NVS) and SSO COMPOST AMENDMENT APPLICATION RATES
Purpose:
The primary purpose of including an organic soil amendment ‘factor’ in this plot experiment is to
rejuvenate and ‘condition’ the stockpiled topsoils as rapidly as possible by i) adding significant
amounts of stable organic matter (relatively low C:N ratios [< 25:1]), and ii) by inoculating the
soil with viable microbes contained in the amendments. The NPK nutritive value of the
amendments is a secondary consideration, since much of the N and P is in organic form.
The subsoil and topsoil materials used to construct the plateaus have been stockpiled for
some time (i.e., as many as 10 years). Hence, there is a strong likelihood that the soil in the
stockpiles has been in place beyond the normal ‘shelf- life’ for soil (perhaps 6 years). It is
expected that the observed crop performance between the ‘control’ plots (no organic
amendment application) and the three organic amendment plots will be significantly different.
As noted above, the organic soil amendments should be regarded primarily as ‘soil
conditioning’ treatments, not as ‘fertilizer’ treatments, although the nutritive value of the
amendments will be taken into account when determining the annual chemical fertilizer rates
to be added to the various plots. In fact, the NVS should be regarded mostly as a liming material.
At this point, it is thought that these organic soil amendments will only be applied once, during
the first year of the experiment (i.e., the ‘crop establishment’ year). The normal practice with
NVS and compost applications on agricultural soils is to apply no more frequently than
once in 3 years (NVS) or once in 10 - 15 years (compost).
Assumptions:
#1

It is assumed that the ‘clean’ SSO compost produced by NWSL meets the requirements of
a ‘high grade compost’, and therefore, satisfies the ‘Ontario Interim Guidelines for
Unrestricted Use’ and is not considered a ‘waste’. It is similarly assumed that the NVS
product that will be used in this experiment (originating from Sarnia or Leamington), as
well as the NVS product that will be produced by NWSL beginning in late 2006, meets
the requirements of the ‘Ontario Interim Guidelines for Unrestricted Use’ and is also not
considered a ‘waste’. Given the foregoing assumptions, it is further assumed that
unlimited amounts of both of these materials can be applied to land (including
agricultural land) without the need for a MOE Certificate of Approval.

#2

The experimental design calls for three organic amendment treatments (NVS, clean SSO
compost, and an approximate 50:50 blend of these two materials), as well as a
fourth
‘control’ treatment with no added organic amendment. It is assumed that once these
two products are combined to produce the 50:50 blend material, the blended mix
would also be classed as a product (not a ‘waste’).
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#3

Notwithstanding assumptions #1 and #2 above, it is assumed that this research project
is not subject to regulatory approval of organic soil amendment additions to plot areas
(i.e., application of non-agricultural wastes to land) because the affected areas i) are
being used for plot-level experimental research, and ii) are themselves located within
a designated waste site (IC&I landfill). The provisions of the Nutrient Management Act,
however, will be adhered to on the Walker-Smith farm field (‘control’ area).

#4

It is assumed that the application of amendments will only occur once during the 3.5
years of this study. The material will be applied in the summer of 2006, during the ‘crop
establishment year’ (year 1).

#5

Whether the organic amendments are considered products or wastes, it is assumed that
the experimental application rates used in this study should be somewhat conservative
due in part to the significant public profile of this project. Of the work that has gone on
in this subject area previously (mostly in Britain), the experimental application rates of
amendments have been quite high since the guidelines for land application of waste
in Britain are comparatively liberal (e.g., 100 tonnes/ha of sludge cake and 50 tonnes/ha
of compost [wet weight basis] are ‘recommended’ rates according to the U.K Soil
Code). The comparable guidelines in Ontario are much more conservative, with a
maximum application rate of 8 tonnes/ha (dry weight basis) for non-agricultural
wastes on agricultural land over a 5-year period. This presents a challenge in the
need to strike a balance between the published research record (i.e., attempting to
reproduce the results of other researchers) and the public’s perception of the
project given the provincial regulatory environment. The following proposed
application rates represent such a compromise.

Application Rates and Total Quantity of Organic Amendments Required:
There are 4 experimental sites (3 plateaus on the landfill, and the Smith farm field). On
each experimental site, there are 8 experimental plots (7m x 7m) that require application of a
given organic amendment:
= (49 m2 ) x 8
= 392 m2 (total area on each plateau to have a given organic amendment
applied)
There are 4 experimental
sites: (392 m2 ) x 4 = 1568 m2
Therefore, the total application area for each organic amendment is 0.1568
ha
1. NVS
A typical agronomic application rate for NVS on agricultural land is 20 tonnes/ha (dry weight
basis) every 3 years.
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The dry bulk density of NVS is about 0.6 Mg/m3 . Therefore:
20 Mg
______________________

10,000 m2

X

1m3
_____________________

= 0.33-cm thick layer

0.6 Mg

A 0.33-cm thick application represents an ‘inclusion rate’ of 2.2% when incorporated into a
15-cm thick topsoil layer.
At an application rate of 20 tonnes/ha (dry weight basis):
= (0.1568 ha) x (20 tonnes/ha)
= 3.136 tonnes NVS (dry weight basis)
If the NVS is 70% dry matter, then the total amount of NVS required is 4.480 tonnes NVS (wet
weight basis)
Nitrogen Applied in NVS
Total N = (20 tonnes NVS/ha) x (0.01 total N fraction) x (1000 kg/tonne) = 200 kg N/ha
Available N = (200 kg N/ha) x (0.15 plant-available fraction in first 60 days) = 30 kg N/ha
This N level is in accordance with the Nutrient Management Act.
2. SSO Compost (2 cm)
It is proposed that a relatively ‘low’ application rate for SSO compost (as recommended by ‘The
U.S. Composting Council’ for marginal soils) be used for the compost treatment in this
experiment. As shown below, an application thickness of 2 cm will provide a total of 105 kg
available N/ha to the nurse/companion crop and forage/switchgrass crop in the first 60 days
after application. This N level is in accordance with the Nutrient Management Act. A 2- cm
thick application represents an ‘inclusion rate’ of 13.3% when incorporated into a 15-cm thick
topsoil layer.
A layer 2.0 cm (0.020 m) thick applied over a total area of 1568 m2 :
= (1568 m2 ) x (0.020 m)
= 31.36 m3
The dry bulk density of the Walker SSO compost is about 0.35 Mg/m3 .
= (0.35 Mg/m3 ) x (31.36 m3 )
= 10.976 tonnes (dry weight basis)
If the SSO compost is 70% dry matter, then the total amount of SSO compost required for
this treatment is 15.680 tonnes SSO compost (wet weight basis)
This represents an application rate (dry weight basis) of 10.976 tonnes (dry weight basis)
applied over 0.1568 hectares:
= (10.976 tonnes) / (0.1568 ha)
= 70.0 tonnes/ha (dry weight basis)
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Nitrogen Applied in SSO Compost (2 cm)
Total N = (70 tonnes SSO compost/ha) x (0.01 total N fraction) x (1000 kg/tonne) = 700 kg N/ha
Available N = (700 kg N/ha) x (0.15 plant-available fraction in first 60 days) = 105.0 kg N/ha This
N level is in accordance with the Nutrient Management Act.
3. NVS-Compost Blend
The organic matter content (20 - 35% kg/kg), percent dry matter (about 70%) and NPK nutritive
value of NVS and SSO compost are relatively similar, but it is possible that the two products may
interact in some manner with respect to soil structural development or crop performance when
blended together. In order to target the available N to near 100 kg N/ha, it is proposed that a
0.33 cm layer of NVS be combined with a 1 cm layer of SSO compost. As shown below,
these application thicknesses will provide a total of 82.5 kg available N/ha to the
nurse/companion crop and forage/switchgrass crop in the first 60 days after application. This N
level is in accordance with the Nutrient Management Act. A 1.33- cm thick application
represents an inclusion rate’ of 8.9% when incorporated into a 15-cm thick topsoil layer.
i) NVS (0.33 cm)
At an application rate of 20 tonnes/ha (dry weight
basis):
= (0.1568 ha) x (20 tonnes/ha)
= 3.136 tonnes NVS (dry weight basis)
If the NVS is 70% dry matter, then the total amount of NVS required is 4.480 tonnes NVS (wet
weight basis)
Nitrogen Applied in NVS (0.33 cm)
Total N = (20 tonnes NVS/ha) x (0.01 total N fraction) x (1000 kg/tonne) = 200 kg N/ha
Available N = (200 kg N/ha) x (0.15 plant-available fraction in first 60 days) = 30 kg N/ha
ii) SSO Compost (1 cm)
A layer 1.0 cm (0.010 m) thick applied over a total area of 1568 m2 :
= (1568 m2 ) x (0.010 m)
= 15.68 m3
The dry bulk density of the Walker SSO compost is about 0.35 Mg/m3 .
= (0.35 Mg/m3 ) x (15.68 m3 )
= 5.488 tonnes (dry weight basis)
If the SSO compost is 70% dry matter, then the total amount of SSO compost required for
this treatment is 7.840 tonnes SSO compost (wet weight basis)
This represents an application rate (dry weight basis) of 5.488 tonnes (dry weight basis)
applied over 0.1568 hectares:
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= (5.488 tonnes) / (0.1568 ha)
= 35.0 tonnes/ha (dry weight basis)
Nitrogen Applied in SSO Compost (1 cm)
Total N = (35 tonnes SSO compost/ha) x (0.01 total N fraction) x (1000 kg/tonne) = 350 kg N/ha
Available N = (350 kg N/ha) x (0.15 plant-available fraction in first 60 days) = 52.5 kg N/ha
Total Amount of NVS Needed for the Experiment:
Mass:
(3.136 tonnes) + (3.136 tonnes) = 6.272 tonnes (dry weight basis)
If the NVS is 70% dry matter, then the total amount of NVS required for this experiment is 8.960
tonnes NVS (wet weight basis)
Volume:
Assuming the dry bulk density of NVS is about 0.6 Mg/m3 , then the total volume of NVS
required is:
6.272 Mg

X

1m3
_________

= 10.45 m3

0.6 M

Total Amount of SSO Compost Needed for the Experiment:
Mass:
(5.488 tonnes) + (10.976 tonnes) = 16.464 tonnes (dry weight basis)
If the SSO compost is 70% dry matter, then the total amount of SSO compost required for
this experiment is 23.520 tonnes SSO compost (wet weight basis)
Volume:
(15.68 m3 ) + (31.36 m3 ) = 47.04 m3“TARGET” PLOT-LEVEL AMENDMENT APPLICATIONS
1. NVS treatment
4,480 kg NVS (wet weight basis) to be applied in total
32 plots (7m x 7m) distributed over 4 experimental sites
140 kg NVS (wet weight basis) needed per plot
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2. SSO Compost (2 cm) treatment
15,680 kg SSO compost (wet weight basis) to be applied in total
32 plots (7m x 7m) distributed over 4 experimental sites
490 kg SSO compost (wet weight basis) needed per plot
3. NVS-Compost Blend treatment
4,480 kg NVS (wet weight basis) to be applied in total
32 plots (7m x 7m) distributed over 4 experimental sites
140 kg NVS (wet weight basis) needed per plot
7,840 kg SSO compost (wet weight basis) to be applied in total
32 plots (7m x 7m) distributed over 4 experimental sites
245 kg SSO compost (wet weight basis) needed per plot
“ACTUAL” PLOT-LEVEL AMENDMENT APPLICATIONS (AUGUST, 2006)
1. NVS treatment
Target
 4,480 kg NVS (wet weight basis) to be applied in total
 32 plots (7 m x 7 m) distributed over four experimental sites
 140 kg NVS (wet weight basis) needed per plot
Actual
 the NVS was applied manually to the individual plots using 20-L pails
 a 60-kg electronic balance was used to weight two 20-L pails both empty (tare) and full of NVS
(on a wet weight basis)
 the full pails weighed 21.1 and 21.3 kg, and the empty pails weighed about 1 kg
 therefore, seven pails of NVS were manually distributed over the full 7 m x 7 m area of
each NVS treatment plot
Actual Nitrogen Applied in NVS
As per ‘target’ amount:
Available N = (200 kg N/ha) x (0.15 plant-available fraction in first 60 days) = 30 kg N/ha
2. SSO Compost (2 cm) treatment
Target
 15,680 kg SSO compost (wet weight basis) to be applied in total
 32 plots (7 m x 7 m) distributed over four experimental sites
 490 kg SSO compost (wet weight basis) needed per plot
Actual
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the SSO compost was applied to the individual plots with a rubber-tracked Gehl equipped
with a front-end loader
a weight trial was conducted using the Walker weigh scale located at the entrance to
the composting facility
the Gehl was weighed empty (tare), and then re-weighed with the front-end loader full of
SSO compost (on a wet weight basis)
the SSO compost was leveled off in the loader so that a reproducible volume (mass) of SSO
compost could be transported to the plots
the Gehl and driver (empty) weighed 4,940 kg, and full weighed 5,260 kg (10 kg)
therefore, a level loader of SSO compost weighed 320 kg (wet weight basis)
it was decided to use a level loader as a convenient and reproducible quantity of
amendment, whereby two level loaders of SSO compost were applied over the full 7 m x 7
m area of each SSO Compost (2 cm) treatment plot
therefore, a total of 640 kg (not the target 490 kg) of SSO compost were applied to each
of these treatment plots

Actual Nitrogen Applied in SSO Compost (2 cm)
(640 kg / 490 kg) = 1.306
Total N = 700 kg N/ha x 1.306 = 914 kg N/ha
Available N = (914 kg N/ha) x (0.15 plant-available fraction in first 60 days) = 137 kg N/ha
3. NVS-Compost Blend treatment
Target
 4,480 kg NVS (wet weight basis) to be applied in total
 32 plots (7 m x 7 m) distributed over four experimental sites
 140 kg NVS (wet weight basis) needed per plot
Actual
 seven pails of NVS were manually distributed over the full 7 m x 7 m area of each NVSCompost-Blend treatment plot (see ‘NVS treatment’ above)
Target
- 7,840 kg SSO compost (wet weight basis) to be applied in total
- 32 plots (7m x 7m) distributed over 4 experimental sites
- 245 kg SSO compost (wet weight basis) needed per plot
Actual
 as noted earlier (see ‘SSO Compost [2 cm] treatment above’), it was decided to use a
level loader as a convenient and reproducible quantity of amendment, whereby 1 level loader
of SSO compost was applied over the full 7 m x 7 m area of each NVS-Compost-Blend
treatment plot
 therefore, a total of 320 kg (not the target 245 kg) of SSO compost were applied to each
of these treatment plots
Actual Nitrogen Applied in NVS
As per ‘target’ amount:
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Available N = (200 kg N/ha) x (0.15 plant-available fraction in first 60 days) = 30 kg N/ha
Actual Nitrogen Applied in SSO Compost (1 cm)
(320 kg / 245 kg) = 1.306
Total N = 350 kg N/ha x 1.306 = 457 kg N/ha
Available N = (457 kg N/ha) x (0.15 plant-available fraction in first 60 days) = 68.5 kg N/ha
TOTAL (NVS + compost) = 98.5 kg N/ha
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Appendix 9: Plot Treatment and Instrumental Layout
Platform construction and layout:
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Appendix 10: Soil Platform Construction and Crop
Establishment Operations – Phase I Field Trials
CELL 12 (NO GAS RECOVERY):
Construction of Experimental Plot Platform (late summer 2006) STEPS:
1. The Cell 12 area consisted of exposed, compressed waste as platform construction commenced,
so about 120 cm of clay-rich landfill cover soil was initially put in place in accordance with EPA
Reg. 347.
2. This new landfill cap was graded to a flat surface with sloped embankments across the area
where the soil plateau would be located
3. A precise GPS survey was conducted in order to mark the platform boundaries with stakes,
and to record numerous georeferenced points of landfill surface elevation
4. The soil plateau was constructed with locally available subsoil material (from Area F
stockpile) that was hauled to the platform location by large dump trucks
5. Small bulldozers were used to distribute the subsoil material over the platform area to a
minimum depth of 100 cm
6. A roadway composed of coarse dolostone aggregate material was constructed that
circumvented the perimeter of both adjacent platforms on Cell 12
7. The emplaced subsoil material was deep ripped to a depth of about 60 cm (50 cm spacing on the
tractor mounted 5-tyne subsoiler) in order to alleviate any compaction in the upper plant root
zone arising from bulldozer traffic (steel tracks)
8. Large stones and foreign objects embedded in the subsoil material were removed
manually from the surface
9. Subsoiling was repeated as required until inspection with a recording cone penetrometer
indicated an acceptably low strength soil profile
10. Topsoil material (from Area A stockpile) was spread on the platform surface t o a
minimum depth of 20 cm
11. The topsoil layer was chisel plowed to the depth of the topsoil (i.e., minimum depth of 20
cm) in order to alleviate any compaction in the upper plant root zone arising from
bulldozer steel track traffic
12. Any remaining large stones and/or foreign objects brought to the surface were removed
manually
13. The topsoil layer was tilled with a disc in order to break up large soil clods and create a
firm seedbed
14. The 7 m x 7 m plot boundaries were marked with rebar, drainage flags and cord, with each
plot assigned a prescribed soil amendment/conditioner type in accordance with the
treatment randomization completed beforehand
15. The soil amendment/conditioner materials were applied manually to the experimental plot
areas at the appropriate application rates
16. The soil amendment/conditioner materials were incorporated into the topsoil with a
tractor mounted harrow
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Weed Control
It is very important to control weeds when establishing forages, especially for the switchgrass crop.
The platform soil was allowed to lie fallow for two weeks following seedbed preparation in order to allow
for any weed seed germination to occur in the late summer/early autumn of 2006. No irrigation was
necessary to stimulate weed germination, as sufficient rainfall occurred during this two week fallow
period. Preparations were made for the possible application of the broad spectrum herbicide ‘RoundUp’ (to be applied by Lawrence Lawn Care) two weeks after seedbed preparation, if necessary. Only a
moderate amount of weed germination actually occurred, so no herbicide was applied.
Seeding of Forages
A Brillion seeder was used to apply both conventional forage seed (alfalfa, red clover, timothy,
bromegrass) and the very fine switchgrass seed. A cultipacker seeder, such as a Brillion seeder, drops
seed between double corrugated rollers. The leading roller breaks clods and firms the soil prior to
seeding. The trailing roller splits the ridges made by the first roller, covering and packing the seed.
Seeding occurred sufficiently late in the 2006 growing season that a nurse or companion crop (e.g., oats)
was not co-seeded.

Schematic diagram of the anthropogenic soil profile stratigraphy within the Cell 12 platform.
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Initiation of Cell 12 platform construction by first capping the exposed waste with about 120 cm of clayrich landfill cover soil.
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Early stages of Cell 12 platform construction showing the hauling of subsoil material by truck to the
platform area, and the even distribution to a prescribed depth with small bulldozers in order to minimize
soil compaction.

257

All subsoil material used to construct the three platform areas on the landfill surface was hauled by
truck from the ‘Area F’ berm.
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Deep ripping the graded surface of the Cell 12 platform with a 5-tyne subsoiler prior to topsoil
application (tractor mounted).
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Manual application of soil amendment/conditioner materials to 7m x 7m experimental plots on Cell 12
in late summer 2006 in accordance with prescribed application rates (N-VIRO soil [light coloured]; SSO
compost [dark coloured]).
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CELL 12 - GCL (NO GAS RECOVERY):
Construction of Experimental Plot Platform (late summer 2006) STEPS:
1. The Cell 12 - GCL area consisted of exposed, compressed waste as platform construction
commenced, so about 120 cm of clay-rich landfill cover soil was initially put in place in accordance
with EPA Reg. 347
2. This new landfill cover was graded to a very flat and smooth surface across the area where the soil
plateau would be located, so that the ‘geosynthetic clay liner’ (GCL) could be installed properly
on a smooth surface
3. The GCL was distributed over the entire surface of the platform area from large rolls, allowing
for 20-30 cm of overlap between sheets
4. Powdered bentonite was applied between the overlapping sheets to create a water- and airtight seal
5. A precise GPS survey was conducted in order to mark the platform boundaries with stakes,
and to record numerous georeferenced points of landfill surface elevation and of the location of
the GCL sheet edges
6. Flat drains (plastic) were placed on the GCL sheet, and about 5 - 10 cm of ½ to ¾ clear crushed
stone was spread over the entire GCL sheet to serve as a drainage layer
7. The soil plateau was constructed with locally available subsoil material (from Area F stockpile)
that was hauled to the perimeter of the platform location by large dump trucks
8. Small bulldozers were used to push the soil from the perimeter of the platform to the centre,
and subsoil material was emplaced to a minimum depth of 100 cm
9. A roadway composed of coarse dolostone aggregate material was constructed that
circumvented the perimeter of both adjacent platforms on Cell 12
10. The emplaced subsoil material was deep ripped to a depth of about 60 cm (50 cm spacing on the
tractor mounted 5-tyne subsoiler) in order to alleviate any compaction in the upper plant root zone
arising from bulldozer traffic (steel tracks)
11. Large stones and foreign objects embedded in the subsoil material were removed manually
from the surface
12. Subsoiling was repeated as required until inspection with a recording cone penetrometer
indicated an acceptably low strength soil profile
13. Topsoil material (from Area A stockpile) was spread on the platform surface t o a minimum
depth of 20 cm
14. The topsoil layer was chisel plowed to the depth of the topsoil (i.e., minimum depth of 20 cm) in
order to alleviate any compaction in the upper plant root zone arising from bulldozer steel
track traffic
15. Any remaining large stones and/or foreign objects brought to the surface were removed
manually
16. The topsoil layer was tilled with a disc in order to break up large soil clods and create a firm
seedbed
17. The 7 m x 7 m plot boundaries were marked with rebar, drainage flags and cord, with each plot
assigned a prescribed soil amendment/conditioner type in accordance with the treatment
randomization completed beforehand
18. The soil amendment/conditioner materials were applied manually to the experimental plot areas at
the appropriate application rates
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19. The soil amendment/conditioner materials were incorporated into the topsoil with a tractormounted harrow
Weed Control & Seeding of Forages
As per Cell 12 description above.

Schematic diagram of the anthropogenic soil profile stratigraphy within the Cell 12 – GCL platform.

262

Unrolling the thin GCL sheets onto the smooth landfill cover soil surface at the Cell 12 - GCL
platform.
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Powdered bentonite was applied between the overlapping sheets to create a water- and airtight seal.
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A precise GPS survey was conducted in order to mark the platform boundaries with stakes, and to
record numerous georeferenced points of landfill surface elevation and of the location of the GCL sheet
edges.
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Flat drains (plastic) were placed on the GCL sheet, and about 5 - 10 cm of ½ to ¾ clear crushed stone
was spread over the entire GCL sheet to serve as a drainage layer.
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Small bulldozers were used to push the soil from the perimeter of the platform to the centre, and
subsoil material was emplaced to a minimum depth of 100 cm.
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The Cell 12 - GCL platform in the spring of 2007, showing the establishing forage crop in 7m x
28m crop strips.
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Aerial view of the two Cell 12 raised platforms (GCL and no GCL treatments) on May 3 2007, showing
the establishing forage crop in 7m x 28m crop strips.
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CELL 8 (WITH GAS RECOVERY):
Construction of Experimental Plot Platform (late summer 2006)
STEPS:
1. The existing landfill cover was graded to a flat to gently inclined surface across the area
where the soil plateau would be located
2. A precise GPS survey was conducted in order to mark the platform boundaries with
stakes, and to record numerous georeferenced points of landfill surface elevation
3. The soil plateau was constructed with locally available subsoil material (from Area F
stockpile) that was hauled to the platform location by large dump trucks
4. Small bulldozers were used to distribute the subsoil material over the platform area to a
minimum depth of 100 cm
5. The Cell 8 area was sufficiently sloping that the depth of subsoil material needed to be
increased to close to 2 m at the southwest corner in order to create a reasonably
horizontal platform surface
6. A roadway composed of coarse dolostone aggregate material was constructed that
circumvented the entire platform
7. The emplaced subsoil material was deep ripped to a depth of about 60 c m (50 cm
spacing on the tractor mounted 5-tyne subsoiler) in order to alleviate any compaction in
the upper plant root zone arising from bulldozer traffic (steel tracks)
8. Large stones and foreign objects embedded in the subsoil material were removed
manually from the surface
9. Subsoiling was repeated as required until inspection with a recording cone penetrometer
indicated an acceptably low strength soil profile
10. Topsoil material (from Area A stockpile) was spread on the platform surface to a
minimum depth of 20 cm
11. The topsoil layer was chisel plowed to the depth of the topsoil (i.e., minimum depth of
20 cm) i n order to alleviate any compaction in the upper plant root zone arising from
bulldozer steel track traffic
12. Any remaining large stones and/or foreign objects brought to the surface were removed
manually
13. The topsoil layer was tilled with a disc in order to break up large soil clods and create a
firm seedbed
14. The 7m x 7m plot boundaries were marked with rebar, drainage flags and cord, with
each plot assigned a prescribed soil amendment/conditioner type in accordance with the
treatment randomization completed beforehand
15. The soil amendment/conditioner materials were applied manually to the experimental
plot areas at the appropriate application rates
16. The soil amendment/conditioner materials were incorporated into the topsoil with a
tractor mounted harrow
Weed Control & Seeding of Forages
As per Cell 12 description above.
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Schematic diagram of the anthropogenic soil profile stratigraphy within the Cell 8 platform.
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The Cell 8 platform in the spring of 2007, showing the exposed soil slope and roadway, the
establishing forage crop, and a landfill biogas recovery stack.
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Aerial view of the Cell 8 raised platform on May 3 2007, showing the establishing forage crop in
7m x 28m crop strips.
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Indicator crop strip surrounded by recently cut forages at Cell 8 in August 2007 (i.e., foreground
shows white beans as indicators of tropospheric ozone levels).
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CONTROL AREA:
Preparation of Agricultural Field for Establishment of Experimental Plots (late summer
2006)
STEPS:
1. A suitable Control area was located in a soybean field east of Taylor Road in the
summer of 2006. The soils belonged to the clay-rich Beverly and Toledo soil series
(imperfectly and poorly drained, respectively), and were situated on flat terrain
2. A large area of the existing immature soybean crop was cut and removed to allow for
the experimental plot area and a suitably large buffer area around it
3. A precise GPS survey was conducted in order to mark the experimental area boundaries with
stakes, and to record numerous georeferenced points of land surface elevation
4. The topsoil layer was tilled with a disc in order to incorporate any crop residue and create
a suitable seedbed
5. The 7m x 7m plot boundaries were marked with rebar, drainage flags and cord, with each
plot assigned a prescribed soil amendment/conditioner type in accordance with the treatment
randomization completed beforehand
6. The soil amendment/conditioner materials were applied manually to the experimental plot
areas at the appropriate application rates
7. The soil amendment/conditioner materials were incorporated into the topsoil with a
tractor mounted harrow
Weed Control & Seeding of Forages
As per Cell 12 description above.
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Schematic diagram of the natural soil profile horizonation within the Control area (Beverly and
Toledo soil series).
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Manual application of soil amendment/conditioner materials to 7m x 7m experimental plots on the
Control area in late summer 2006 in accordance with prescribed application rates (N-VIRO soil is light
coloured).

277

The Control area in the spring of 2007, showing the establishing forage crop in 7m x 28m crop strips.
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Appendix 11: Assessment of the Experimental Design
by the Ashton Laboratory (University of Guelph)
The following is a summary of discussions held with Dr. O.B. Allen and Mr. Kevin Lu (Department of
Mathematics and Statistics, Univ. of Guelph) on May 12, 2006 concerning the experimental design of this
study:

There are over 3700 landfills in Ontario (closed and active). In this study, however, the opportunity
exists to sample from only one member of this ‘population’, the East Landfill operated by Walker
Industries Holdings Ltd. In this study, there is only one 28m x 56m experimental area representing each
of the four landfill biogas treatments (treatments 1.1 to 1.4). Hence, this factor is not properly
replicated, and the design would have to involve multiple landfills in order to rectify this limitation.
The resources are not available to undertake a study of such scope. Since the three factors are applied to
different sized plots, the proposed experimental layout can be considered as a variation on the ‘splitsplit plot’ design with the whole plot treatment (biogas) not randomized (see diagram below).

The biogas factor is the ‘whole plot’ treatment applied to 28m x 56m plots. Each of these whole plots is
divided into four blocks of 28m x 14m each (i.e., 4-fold replication). Within each block, the two crop
species are randomized to 28m x 7m split plots (‘crop strips’). It is important that most of the soil and
crop management be done with conventional agricultural equipment (not plot-scale equipment, etc.)
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in order to simulate a real world situation where a landfill operator would engage in conventional agriculture
over an entire landfill surface. Hence, the optimal arrangement for the crop species treatments is in crop
strips. Finally, the soil amendment treatments are randomized to four 7m x 7m split-split plots within

each crop strip. The design is similar to that given in Table 7.11 (Cochran and Cox, 1957) shown later in
this Appendix, but with a second split. Consequently, the biogas factor is not properly testable, but all
other factors and interactions are.
The problem with the lack of proper replication is that the whole plot error MS (mean square) may
be too small. Any comparison of the biogas treatments (whether simple or main effects, whether an
F-test or multiple comparisons, etc.) will involve this error MS. Hence, mean separation of the biogas
treatments is also suspect. It is still possible to carry out such biogas treatment comparisons, but the
problem is in defending the conclusions, especially if those data suggest a statistically significant
difference.
Despite the above, testing all interactions are acceptable with this design. For example, it is
acceptable to ask if the difference between two biogas treatments is different for switchgrass than for
forage. This comparison does not involve the whole plot error, so it is acceptable. Similarly, it is
acceptable to ask if the biogas effect changes with the addition of a soil amendment/ conditioner.
The analysis of variance table for this experimental design is given below:
ANOVA Table:
Source of Variation
Biogas Type
Blocks (Biogas)
Species
Species x Biogas
Species x Blocks (Biogas)
Soil Amendment
Soil x Biogas
Soil x Species
Soil x Biogas x Species
Split-Split Plot Error
Total

Degrees of Freedom
3
(4-1) x 4 = 12
1
3
12
3
9
3
9
72
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In the above ANOVA table, ‘Blocks (Biogas)’ represents blocks nested within the ‘Biogas Type’.
‘Species x Blocks (Biogas)’ is the appropriate error term for comparisons of the ‘Species’ main effect and
the ‘Species x Biogas’ interaction. The ‘Split-Split Plot Error’ is the appropriate error term for comparing
the main effect of ‘Soil Amendment’ and its interactions with the other factors. The levels of ‘Biogas
Type’ can be compared using ‘Blocks (Biogas)’. However, this is not a proper error and in fact may be too
small, making the comparisons of ‘Biogas Type’ appear more significant than they really are.
To summarize, the weakness in the experimental design with respect to the biogas factor is
unavoidable, and is related to both a lack of replication (using only one landfill rather than 3 or 4 from
the population of Ontario landfills) and a lack of randomization (as per the 'systematic
arrangement' complication noted in Cochran and Cox (1957)) of the biogas type factor.
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excerpt of section 7.31 (pg. 305-306) from:
Cochran, W.G and G.M. Cox. 1957. Experimental designs. Second edition. J. Wiley & Sons Inc., New York,
NY.
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The following is a randomized plot layout generated by Kevin Lu (Ashton Laboratory) using the
SAS statistical program.
-------------------------------------Factors and treatments to be used in experimental field trials on the East Landfill.
Factor

Treatments

1. Landfill biogas

1.1
1.2
1.3
1.4

on landfill - biogas recovery
on landfill - no biogas recovery
on landfill - no biogas recovery + GCL
off landfill (normal agricultural field)

2. Soil amendment/conditioner
(Note: NPK added as per soil
analysis on all treatments)

2.1
2.2
2.3
2.4

biosolids
compost (SSO and/or green waste)
mix of biosolids and compost
no soil conditioner

3. Crop species

3.1 forage crop (grass/legume)
3.2 energy from biomass/fibre crop (switchgrass)
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Randomized treatment layout:

(3.1 represents 1st level of 3rd factor i.e. crop species, 3.2 represents 2nd level of 3rd factor,
similar for other factors in the table above)

1.1 on landfill - biogas recovery
3.2, 2.2
3.2, 2.3
3.2, 2.1
3.2, 2.4

3.1, 2.2
3.1, 2.4
3.1, 2.3
3.1, 2.1

Block 1

3.2, 2.3
3.2, 2.1
3.2, 2.2
3.2, 2.4

3.1, 2.1
3.1, 2.3
3.1, 2.2
3.1, 2.4

3.1, 2.3
3.1, 2.4
3.1, 2.1
3.1, 2.2

Block 2

3.2, 2.2
3.2, 2.1
3.2, 2.3
3.2, 2.4

Block 3

3.2, 2.3
3.2, 2.1
3.2, 2.4
3.2, 2.2

3.1, 2.1
3.1, 2.3
3.1, 2.4
3.1, 2.2

Block 4

1.2 on landfill - no biogas recovery
3.1, 2.2
3.1, 2.3
3.1, 2.1
3.1, 2.4

3.2, 2.1
3.2, 2.3
3.2, 2.2
3.2, 2.4

Block 1

3.2, 2.3
3.2, 2.2
3.2, 2.1
3.2, 2.4

3.1, 2.1
3.1, 2.4
3.1, 2.3
3.1, 2.2

3.2, 2.3
3.2, 2.2
3.2, 2.4
3.2, 2.1

Block 2

3.1, 2.3
3.1, 2.4
3.1, 2.2
3.1, 2.1

Block 3

3.1, 2.2
3.1, 2.4
3.1, 2.1
3.1, 2.3

3.2, 2.3
3.2, 2.1
3.2, 2.2
3.2, 2.4

Block 4

1.3 on landfill - no biogas recovery + GCL
3.2, 2.1
3.2, 2.4
3.2, 2.2
3.2, 2.3

3.1, 2.3
3.1, 2.4
3.1, 2.2
3.1, 2.1

Block 1

3.2, 2.2
3.2, 2.3
3.2, 2.1
3.2, 2.4

3.1, 2.3
3.1, 2.1
3.1, 2.2
3.1, 2.4

3.1, 2.4
3.1, 2.2
3.1, 2.3
3.1, 2.1

Block 2

3.2, 2.1
3.2, 2.3
3.2, 2.2
3.2, 2.4

Block 3

3.2, 2.1
3.2, 2.2
3.2, 2.3
3.2, 2.4

3.1, 2.3
3.1, 2.2
3.1, 2.1
3.1, 2.4

Block 4

1.4 off landfill (normal agricultural field)
3.1, 2.4
3.1, 2.2
3.1, 2.3
3.1, 2.1

3.2, 2.2
3.2, 2.4
3.2, 2.1
3.2, 2.3

Block 1

3.1, 2.2
3.1, 2.4
3.1, 2.3
3.1, 2.1

3.2, 2.4
3.2, 2.2
3.2, 2.3
3.2, 2.1

3.1, 2.2
3.1, 2.3
3.1, 2.1
3.1, 2.4

Block 2

3.2, 2.1
3.2, 2.2
3.2, 2.4
3.2, 2.3

Block 3
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3.2, 2.2
3.2, 2.3
3.2, 2.1
3.2, 2.4

3.1, 2.2
3.1, 2.1
3.1, 2.4
3.1, 2.3

Block 4

Appendix 12: Application of the ‘Least Limiting Water
Range’ Concept to the Study Area Soils (East Landfill)
Application of ‘Least Limiting Water Range’ Concept to Study Area Soils (East Landfill)
Letey (1985) first introduced the ‘non- limiting water range’ (NLWR) concept in an attempt to
integrate several physical soil properties associated with the suitability of soil as a plant growth
medium, and to refine the concept of plant-available water-holding capacity.
The NLWR represents the range of volumetric soil water content (Ɵ) where limitations to plant growth
(such as water potential, air- filled porosity, or soil strength) are minimal. da Silva et al. (1994) later refined
the concept, and termed it the ‘least limiting water range’ (LLWR). Figure 1 shows how the LLWR typically
decreases as a soil is progressively compacted.

Figure 1. Schematic diagram illustrating the ‘Least Limiting Water Range’ (LLWR) concept for a) a well
structured soil, b) a moderately compacted soil, and c) a severely compacted soil (after Letey, 1985).
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The upper limit (wet end) of the LLWR is determined not only by the volumetric soil water content at
the ‘field capacity’, but also by the capability of providing adequate aeration for plant root respiration. The
critical threshold for the latter is usually taken as an air- filled porosity (i.e., at ‘field capacity’) of 10% m3 m3 . The lower limit (dry end) of the LLWR is determined not only by the volumetric soil water content at
the ‘permanent wilting point’, but also by the ability of roots to penetrate the soil (soil mechanical
resistance). The critical threshold for the latter is usually taken as a cone penetration resistance of 2 MPa.
Table 1 shows the best available estimates of the four parameters that make up the LLWR concept as
applied to the three soils series found in the vicinity of the East Landfill. For all three soils series, the upper
horizons show that it is the air- filled porosity (wet end) and permanent wilting point (dry end) water
contents that define the upper and lower limits, respectively, although the LLWR is relatively narrow
for many horizons. At greater depths in these soil profiles, however, the very low Ɵ at an air- filled
porosity of 10% m3 m-3 gives rise to no ‘least limiting water range’ at all. This effect is a consequence of
very high dry bulk densities in the deeper subsoil layers, which give these C horizon materials poor
suitability as plant growth media.
Table 1. The LLWR of the three soil series found in the vicinity of the East Landfill.
Ɵ at which the
Ɵ at the
Ɵ at an air-filled
Soil
Soil
porosity of 10%
mechanical resistance permanent
3
-3
Series
Horizon
wilting point
= 1.0 MPa
m m

Ɵ at
field
capacity

BVY

Ap

14.5

21.2

41.0

41.0

BVY

Bmgj

0

24.7

36.5

39.1

BVY

Btgj

0

30.5

32.7

38.0

BVY

Ckgj

0

33.8

27.4

35.1

TLD

Ap

18.6

23.9

41.0

45.3

TLD

Bg1

0

28.6

36.5

42.2

TLD

Bg2

0

30.5

32.7

39.3

TLD

Ckg

0

32.8

27.4

35.3

PEL.R

Ap

8.4

25.3

41.0

41.7

PEL.R

Bmgj

0

28.2

36.5

39.4

PEL.R

Btgj

0

39.4

32.7

40.2

PEL.R

IICkg

0

31.4

27.4

34.4
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Appendix 13: DSS Model, Soil Mixing Model, and Standard
Costs
DSS Model
In the bound version of this thesis the MS-Excel DSS model (Beta version) can be found
on a DVD-ROM in the flap pocket.
Soil mixing model
The soil mixing model is appended to the DSS model as a separate series of worksheets
in the DSS model workbook.
Standard Costs
The standard costs for the DSS model are appended as a worksheet in the DSS model
workbook.
Obtaining the models from other sources:
If you have downloaded a copy of thesis from another source it will not include an
electronic version of the model. You can request a current version of the model in an
MS-Excel file by contacting:
Dr. Raymond McBride: rmcbride@uoguelph.ca
Or
Dr. Lee Battiston: lee.battiston@sympatico.ca
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