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ABSTRACT 

The environmental impact of biodegradable waste has resulted in legislative 
drivers that are designed primarily to reduce the impacts arising from (a) 
pathogens in the waste, (b) gaseous emissions of carbon dioxide and methane, 
and (c) the effects of biodegradation in landfill sites on leachates to groundwater.  
These drivers are considered in this research under three applications: (i) the 
development of a sustainable technology for the treatment of food wastes to obtain 
a high quality compost product in a closed-loop situation within a single premises, 
(ii) the development of  a  programme to assess the environmental impacts and 
carbon footprints of food waste treatment options and of other secondary recovery 
processes, and  (iii) the development of a methodology to assess the effects of 
landfill leachate on groundwaters resulting from deleterious  landfill practices and  
management.  
 
Technology to overcome the challenges associated with the conversion of food 
waste to compost has been developed.  The resulting in-vessel composting 
process produces a high quality compost that meets the highest BSI  PAS 100 
standard.  The key factors in the methodology are the rapid transfer of food waste 
from the kitchen to composter, the efficient maceration and dewatering of the 
feedstock, optimisation of the C:N ratio, and the achievement of temperatures high 
enough to destroy pathogens. 

The fundamentals of the concept of benchmarking was developed in this work as 
part of a study to permit the determination of carbon dioxide savings in secondary 
metal recovery, and extended to carbon footprinting of alternative processes to 
landfill of food waste to permit a comparison of alternative treatments of food 
waste.  The in-vessel composting methodology described in this work compares 
favourably with the alternative methods of food waste treatment. 

A computer software programme, HEDAS, for the statistical analysis of landfill 
monitoring data to predict borehole behaviour, has been developed.  The 
programme permits assessment of the reliability of the data and ultimately 
determines the extent of groundwater contamination.  In the course of the 
development of the software, a novel concept was used to determine the best 
applicable experimental standard deviation (BAESD) to be used to assess the 
reliability of individual borehole and analyte data.  The BAESD is used with the 
measured standard deviations for individual boreholes and analytes to produce a 
reliability rating for the individual borehole and analyte.  These ratings effectively 
measure the analytical data against the most stable boreholes at the site and 
provide viable indicators of step changes in concentration or other anomalies.  
HEDAS was developed using historical data from the UK Environment Agency’s 
Thames region, and is now used as their standard for assessing monitored data at 
landfill sites.  The application of HEDAS has now been extended from groundwater 
and leachate analysis to landfill gas emissions.  



 3

DECLARATION 
 
The copyright of this thesis rests with the author and no quotation from it or 

information derived from it may be published without the prior written consent of 

the author. 

 

ACKNOWLEDGEMENTS 
 
“To Caesar what belongs to Caesar, and to God what belongs to God!” 
 
At the threshold of recognition by one’s achievement, one is overcome by a feeling 
of gratitude to all those who made it possible to present this work.  
 
Firstly, I would like to thank my sponsor Imperial Machine Company, represented 
by Tim Tindle, Andrew Neale, Paul Tittle and Dennis Moore. Specially indebted to 
Dennis Moore for his unconditional support throughout my research.  
 
Secondly, I would like to show my appreciation to the staff of HMP Morton Hall, 
specially Cliff, Mike, Sam, David and Gary. Special thanks to Andrew Smyth for his 
enthusiasm, dedication and invaluable contribution.  
 
Many thanks to Tim Raby from the Environment Agency, Thames Region, West 
Area, Wallingford,  for his friendship, support and help. 
 
I am grateful and indebted to my supervisor, Professor Susan Mary Grimes, for her 
guidance, her dedication in the completion of this thesis and her tutoring over my 
professional development. 
 
Most recognition is owed to Professor John Dallas Donaldson, my professional 
mentor, who has played a crucial role in the completion of this thesis. 
 
Also thanks 
 
To Alessandro , dear friend, for sharing some of his programming knowledge with 
me and to those who accompanied me in this journey, Kostas, Zafeiris, Ignacio, 
Ilias, Alan, Georgos, Ana, Maria, Sarahjane, Hallo, Avin, Bogie, Keo ….  
And specially to Leila, for giving me a less ordinary life.  
 
 
 
A Paquito y a Jose. 
A Maria y a Paco. 
 
 



 4

Table of Contents 
 
ABSTRACT.................................................................................................................. 2 

DECLARATION ........................................................................................................... 3 

ACKNOWLEDGEMENTS ............................................................................................ 3 

TABLE OF CONTENTS............................................................................................... 4 

INDEX OF TABLES ..................................................................................................... 8 

INDEX OF FIGURES.................................................................................................. 10 
 

CHAPTER 1: INTRODUCTION.................................................................................. 12 
1.1 BACKGROUND .................................................................................................... 13 

1.2 THE NEED FOR FOOD WASTE TREATMENT........................................................... 15 

1.3 THESIS OBJECTIVES ........................................................................................... 16 

1.4 SCOPE OF THE THESIS........................................................................................ 17 

 

CHAPTER 2: LEGISLATION AND WASTE STRATEGY.......................................... 18 
2.1 LEGISLATIVE FRAMEWORK................................................................................... 19 

2.1.1 Waste definition ........................................................................................ 19 

2.1.2 Legislation and waste ............................................................................... 21 

2.1.3 Legislation and organic waste................................................................... 22 

2.2 BACKGROUND TO WASTE AND WASTE STRATEGY ................................................ 30 

2.2.2 Waste strategy .......................................................................................... 30 

2.2.3 Biodegradable and organic waste............................................................. 34 

2.3 SUMMARY.......................................................................................................... 36 

 

CHAPTER 3: FOOD WASTE CHARACTERISATION AND MANAGEMENT 
OPTIONS ........................................................................................................... 37 

3.1. INTRODUCTION................................................................................................... 38 

3.1.1 Landfill chemistry ...................................................................................... 38 

3.1.2 Landfill risks .............................................................................................. 40 

3.1.3 The future of landfill disposal and management........................................ 43 

3.2. FOOD WASTE CHARACTERISATION ...................................................................... 44 

3.2.1 Physical characterisation of ground and dewatered catering wastes........ 46 



 5

3.2.2 Chemical characterisation of ground and dewatered catering wastes ...... 49 

3.3. ALTERNATIVE TREATMENT OPTIONS TO LANDFILLING OF FOOD WASTE .................... 53 

3.3.1 Collection system...................................................................................... 53 

3.3.2 Treatment options for food waste.............................................................. 55 

3.4. SELECTION OF TREATMENT OPTION FOR CATERING FOOD WASTE ......................... 71 

3.5. SUMMARY.......................................................................................................... 73 

 

CHAPTER 4: IN-VESSEL THERMOPHILIC COMPOSTING OF SOURCE 
SEGREGATED FOOD WASTES....................................................................... 74 

4.1 INTRODUCTION................................................................................................... 76 

4.2 SUITABILITY OF FOOD WASTE FOR COMPOSTING .................................................. 76 

4.2.1 Particle size............................................................................................... 77 

4.2.2 Moisture Content....................................................................................... 77 

4.2.3 C:N Ratio .................................................................................................. 78 

4.2.4 pH ................................................................................................... 79 

4.2.5 Nutrients ................................................................................................... 81 

4.2.6 Heavy metals ............................................................................................ 81 

4.2.7 Element distribution between solid and liquid fractions of food waste....... 85 

4.2.8 Pathogens................................................................................................. 85 

4.2.9 The Morton Hall Research ........................................................................ 86 

4.3 FACTORS RELEVANT TO FOOD WASTE COMPOSTING AT MORTON HALL ................. 88 

4.3.1 Composting process control...................................................................... 88 

4.3.2 Quality and use of the compost................................................................. 89 

4.4 THE MORTON HALL METHODOLOGY..................................................................... 91 

4.4.1 Equipment used ........................................................................................ 91 

4.4.2 Analytical techniques ................................................................................ 95 

4.5 OPTIMISATION OF METHODOLOGY ....................................................................... 96 

4.5.1 Maceration and dewatering of food waste................................................. 97 

4.5.2 Mixing of food waste with bulking agent and choice of bulking agent ....... 98 

4.5.3 The C:N ratio and loading the composter................................................ 101 

4.5.4 Optimisation of Thermophilic in-vessel conditions .................................. 102 

4.5.5 Maturation of the compost....................................................................... 109 

4.6 RESULTS AND DISCUSSION ............................................................................... 111 



 6

4.6.1 Physical and chemical characterisation of output compost from the in-

vessel composter .................................................................................... 111 

4.6.2 Pathogen removal................................................................................... 112 

4.6.3 Matured Compost Quality ....................................................................... 113 

4.6.4 Economic and social benefits.................................................................. 118 

4.7 CONCLUSIONS ................................................................................................. 120 

 

CHAPTER 5: CARBON DIOXIDE EMISSIONS AND CARBON 
FOOTPRINTING .............................................................................................. 121 

5.1 INTRODUCTION................................................................................................. 122 

5.2 CARBON FOOTPRINT OF ON-SITE IN-VESSEL AEROBIC COMPOSTING OF FOOD  

 WASTES........................................................................................................... 124 

5.2.1 Biogenic emissions of in-vessel composting of food wastes................... 124 

5.2.2 Fossil fuel emissions............................................................................... 126 

5.2.3 Carbon footprint of food waste treatment options ................................... 127 

5.3 BENCHMARKING IN CARBON FOOTPRINT CALCULATIONS ....................................... 129 

5.4 BENCHMARKING AND CARBON FOOTPRINTING OF PRIMARY AND SECONDARY METAL 

PRODUCTION: THE CASE OF COPPER .................................................................. 132 

5.4.1 Methodology ........................................................................................... 132 

5.4.2 Primary and Secondary Copper Production............................................ 133 

5.4.3 Energy requirement, carbon footprint and benchmark tables for copper 134 

5.4.4 Sensitivity analysis.................................................................................. 138 

5.4.5 Variation of energy and emissions by country......................................... 140 

5.5 CONCLUSIONS ................................................................................................. 144 

 

CHAPTER 6:  A MANAGEMENT TOOL FOR REGULATION OF  
      LANDFILL EMISSIONS TO GROUNDWATER - HEDAS.................................. 145 
6.1 INTRODUCTION................................................................................................. 146 

6.1.1 Landfill regulator: The Environment Agency ........................................... 147 

6.1.2 Monitoring of landfill sites........................................................................ 148 

6.1.3 Scoring of landfill sites ............................................................................ 149 

6.2 INTRODUCTION TO STATISTICAL ASSESSMENT OF BOREHOLE DATA...................... 151 

6.2.1 Input data to HEDAS............................................................................... 153 



 7

6.2.2 Validity of data ........................................................................................ 158 

6.2.3 The output of HEDAS ............................................................................. 162 

6.3 HANDLING OF STATISTICAL PARAMETERS IN HEDAS .......................................... 166 

6.3.1 The best applicable experimental standard deviation ............................. 166 

6.3.2 Rating ................................................................................................. 172 

6.4 HEDAS TEST: GROUNDWATER ASSESSMENT. ................................................... 174 

6.4.1 Introduction to the West Area, Thames Region ...................................... 174 

6.4.2 Landfill analysis....................................................................................... 175 

6.4.3 Summary of HEDAS development.......................................................... 202 

6.5 APPLICATION OF HEDAS AT OTHER SITES ........................................................ 204 

6.6 CONCLUSIONS ................................................................................................. 206 

 

CHAPTER 7: CONCLUSIONS AND FUTURE RESEARCH.................................... 209 

7.1 SUMMARY AND CONCLUSIONS............................................................................ 209 

7.2 CONTRIBUTION TO KNOWLEDGE......................................................................... 212 

7.3 FUTURE DIRECTIONS......................................................................................... 214 

REFERENCES ......................................................................................................... 215 



 8

Index of Tables 
 
Table 1.1 Table of quantified emission limitation or reduction commitments for the purpose of 

determining the respective emission levels allocated to the European Community 
and its Member States (European Parliament 2002). .................................................. 14 

Table 2.1 Operating conditions for the treatment of food waste containing meat (OPSI 2005b) ..... 26 
Table 2.2 Biodegradable waste landfill allowance in tonnes for the UK in target years (OPSI 

2004)............................................................................................................................. 27 
Table 2.3 Regional Recycling Rates (DEFRA 2008) ........................................................................ 31 
Table 3.1 Typical landfill gas composition (Southern Cross University 2005).................................. 41 
Table 3.2 Physical Characterisation of Food Waste (University samples) ....................................... 48 
Table 3.3 pH of effluent and collected fraction. Results are expressed in pH units with standard 

deviation as indication of error. (University samples)................................................... 48 
Table 3.4 Water content and total solids of ground food waste samples from Morton Hall ............. 48 
Table 3.5 General Analytical conditions for flame atomic absorption spectrometry. Source 

Perkin Elmer Atomic Absorption Spectrophotometer Handbook. ................................ 50 
Table 3.6 Elemental characterisation of food waste macerated and dewatered (University 

samples) ....................................................................................................................... 51 
Table 3.7 Morton Hall food waste characterisation in mg/KgDM...................................................... 51 
Table 3.8 Brunel. Carbon, nitrogen and phosphorus content of food waste macerated and 

dewatered. (University samples) .................................................................................. 52 
Table 3.9. Carbon, nitrogen and phosphorus content of food waste macerated and dewatered. 

(Morton Hall samples) .................................................................................................. 52 
Table 3.10 Elemental characterization of collected solid fraction of food waste (macerated and 

dewatered) expressed in mg/kg food waste as received. ............................................ 52 
Table 3.11. Elemental composition of effluent fraction, expressed in mg/Kg of food waste as 

received. ....................................................................................................................... 53 
Table 3.12 Typical composition of fuel-gas from MSW (% Volume-dry gas) (Porteus et al 2003)... 67 
Table 4.1 Physical characterisation of different outlets of food wastes ............................................ 80 
Table 4.2 pH of food wastes ............................................................................................................. 80 
Table 4.3 Selection of nutrients found in food wastes ...................................................................... 81 
Table 4.4 Concentration of heavy metals of different outlets of food wastes ................................... 82 
Table 4.5 Concentration factor experienced by food wastes dependant on the level of organic 

matter content............................................................................................................... 84 
Table 4.6 Elemental comparison of effluent and collected fraction .................................................. 85 
Table 4.7 Characteristics of bulking agents, BA1 as analysed and BA2 according to supplier 

information. ................................................................................................................... 99 
Table 4.8 Input mix ratio (weight based) of food waste (FW) and wood savings (BA1) applied in 

the IVC process ............................................................................................................ 99 
Table 4.9 Input mix ratio (weight based) of food waste (FW) and pellets (BA2) applied in the 

IVC process. ............................................................................................................... 100 
Table 4.10 Moisture content by zone during the start up stage...................................................... 105 
Table 4.11 Average temperature by zone, from week 15............................................................... 106 
Table 4.12 Weekly average temperature (ºC) recorded during the IVC stage by zone ................. 107 
Table 4.13 Temperatures in different areas of the composter (A to E) in stationary mode at 

different times. ............................................................................................................ 108 
Table 4.14 Solvita maturity test carried out in different compost samples at different stages of 

maturation................................................................................................................... 110 
Table 4.15 Nutrient content of compost at the end of IVC stage.................................................... 111 
Table 4.16 Heavy metal content of compost samples taken from Morton Hall, expressed in 

mg/kgDM, compared to PAS 100 upper limits ........................................................... 112 
Table 4.17 Pathogen depletion results ........................................................................................... 112 
Table 4.18 Summary of results of PAS 100:2005 analysis carried out in compost samples 

produced in Morton Hall. ............................................................................................ 115 
Table 4.19 Physico-chemical properties of compost produced using food waste as main 

feedstock .................................................................................................................... 116 
Table 4.20 Feedstock used in composting processes used for reference in this study and the 

type of composting windrow or in-vessel.................................................................... 116 



 9

Table 4.21 Heavy metal content of compost, expressed in mg/kg dry basis.................................. 117 
Table 4.22 NPK content of compost from food wastes................................................................... 117 
Table 4.23 Secondary nutrients in compost from food waste (mg/KgDM). .................................... 117 
Table 4.24 pH and electrical conductivity of compost from food waste.......................................... 118 
Table 5.1Total amount of feedstock introduced in the in-vessel composter during the trial........... 125 
Table 5.2 Emissions of carbon, nitrogen and water........................................................................ 125 
Table 5.3 CO2 emissions and electrical consumption of the composting methodology followed 

at HMP Morton Hall .................................................................................................... 126 
Table 5.4 Benchmark emissions of different treatment options compared to current landfill 

practices. .................................................................................................................... 130 
Table 5.5 Savings in CO2eq by diverting food waste to landfill alternatives................................... 130 
Table 5.6 Estimated CO2eq emission savings from landfill diversion of 7Mt of food waste by 

process ....................................................................................................................... 131 
Table 5.7 Sensitivity analysis for the treatment of 100,000tonnes of food waste by composting, 

anaerobic digestion and incineration vs landfill disposal............................................ 131 
Table 5.8 Benchmark energy requirements for copper production ................................................ 137 
Table 5.9 Energy requirement and carbon footprint for the production of 100,000t of copper 

metal ........................................................................................................................... 137 
Table 5.10 Estimated savings of CO2eq emissions by secondary production of 100,000t of 

metal assuming benchmark values of operation. ....................................................... 137 
Table 5.11 Total estimated CO2eq savings applied to secondary production using benchmark 

values ......................................................................................................................... 138 
Table 5.12 Sensitivity analysis for secondary energy requirement data vs. primary benchmark 

data (expressed in TJ/kg) ........................................................................................... 139 
Table 5.13 Sensitivity analysis for secondary carbon footprint data vs primary benchmark data 

(expressed in ktCO2/t) ................................................................................................ 139 
Table 5.14 CO2 emission factors in kg/GJ, average for Europe-14................................................ 140 
Table 5.15 Benchmark CO2 emissions in generation of electricity from different energy sources. 141 
Table 5.16 Electricity emission factor by region.............................................................................. 141 
Table 5.17 Largest copper mine producers and production in 2007 .............................................. 142 
Table 5.18 CO2 emissions per 100,000 tonnes of primary copper production in selected 

countries -depending on their electricity emission factor-(EIA 2007) ......................... 143 
Table 5.19 CO2 emissions per 100,000 tonnes of secondary copper production in selected 

countries -depending on their electricity emission factor-(EIA 2007) ......................... 143 
Table 6.1 Sample of data extracted from SCI2............................................................................... 157 
Table 6.2 Critical values for 3 to 10 measurements at different confidence level (Rorabacher 

1991)........................................................................................................................... 161 
Table 6.3 Statistical data calculated as presented by HEDAS ....................................................... 163 
Table 6.4 Example of Table of ratings ............................................................................................ 173 
Table 6.5 Example of Table of ratings with overall scores for each analyte and borehole ............ 173 
Table 6.6 Breakdown of quantities of waste deposited in landfills of the West Area, Thames 

Region Environment, including the biodegradable fraction in 2006/07...................... 175 
Table 6.7 Threshold limits for groundwater quality (WMP26B) ...................................................... 179 
Table 6.8 Table of ratings corresponding to groundwater boreholes in Beenham Landfill ............ 180 
Table 6.9 Combined rating of groundwater boreholes in score order ............................................ 180 
Table 6.10 Combined rating sorted by analyte ............................................................................... 181 
Table 6.11 Outliers found sorted by analyte, indicating the skew change before and after 

removing the outliers. ................................................................................................. 182 
Table 6.12 Ratings before removal of outliers ................................................................................ 182 
Table 6.13 Ratings after removal of outliers ................................................................................... 182 
Table 6.14 BAESD comparison before (BAESD 1) and after removal (BAESD 2) of outliers........ 188 
Table 6.15 Number of measurements and statistical data for analytes highlighted by HEDAS for 

all groundwater boreholes .......................................................................................... 189 
Table 6.16 HEDAS overall score of a selected group of analytes for (from top to bottom) 

a)Alkerton Landfill Site, b) Barlows Plantation, c) Beenham, and d)Slape Hill .......... 205 
Table 6.17 Normalised overall score of a selection of analytes and sites ...................................... 206 
Table 6.18 Unitary normalisation of the overall score of a selection of analytes and sites ............ 206 



 10

 
Index of Figures 
 
Figure 2.1 Landfill Tax increase in the UK for the period 1996-2010 ............................................... 29 
Figure 2.2 Regional household recycling and municipal recycling rates, 2006/07 (DEFRA 2008) .. 32 
Figure 3.1 Relative warming effects of greenhouse gases (DEFRA 2000) ...................................... 41 
Figure 3.2 Illustration of environmental impact caused by landfills with source-receptor-pathway 

indicators (HMSO 1995) ............................................................................................... 42 
Figure 3.3 IMC grinder (Source IMC Ltd).......................................................................................... 45 
Figure 3.4 IMC Dewaterer. Inside view with helicoidal brush dismantled......................................... 45 
Figure 3.5 Solid fraction of food waste collected in container for analysis ....................................... 46 
Figure 4.1 Heavy metal content of food wastes according to literary source. .................................. 83 
Figure 4.2 Concentration of heavy metals after composting of biowaste as a function of the 

extent of organic matter degradation and the initial organic matter content (Veeken 
& Hamelers 2002)......................................................................................................... 84 

Figure 4.3 Big Hanna Composter Model T75 (Aletrumman 2002) ................................................... 93 
Figure 4.4 Airflow and dimensions of the Big Hanna used in the trials ............................................ 94 
Figure 4.5 Carbon dioxide gel-paddle test and indexed colour reference (Solvita 2004)................. 96 
Figure 4.6 A schematic of the in-vessel composting process of food waste .................................... 97 
Figure 4.7 Macerator-dewaterer system as installed in Morton Hall during the trials....................... 98 
Figure 4.8 Daily temperature by zone during the first week of the trial. ......................................... 104 
Figure 4.9  Average temperature by zone during the start up stage .............................................. 105 
Figure 4.10  Temperature by zone for the 34 week-long trial ......................................................... 107 
Figure 4.11 Greenhouse used to carry out the windrow stage of degradation and subsequent 

maturation................................................................................................................... 110 
Figure 5.1 CO2eq emissions for different food waste treatment options ........................................ 127 
Figure 5.2 Schematic of Copper Production................................................................................... 134 
Figure 5.3 Energy Requirement for Copper Production ................................................................. 135 
Figure 5.4 Carbon footprint for copper production.......................................................................... 136 
Figure 6.1 Environment Agency Regions in the UK. ...................................................................... 147 
Figure 6.2 Simplified flowchart of HEDAS operation ...................................................................... 152 
Figure 6.3 HEDAS Flowchart .......................................................................................................... 152 
Figure 6.4 Comparison of the theoretical Qcrit given by Rorabacher (1991) versus the Qcrit 

fixed for the purpose of this work................................................................................ 160 
Figure 6.5 User interface with HEDAS............................................................................................ 164 
Figure 6.6 HEDAS Time chart showing in different size and shape the monitoring result of the 

regulator...................................................................................................................... 165 
Figure 6.7 HEDAS mean values chart ............................................................................................ 165 
Figure 6.8 Representative probability chart of a Gaussian distribution .......................................... 167 
Figure 6.9 Comparison of Gaussian distributions depending on standard deviation ..................... 168 
Figure 6.10 Histogram of standard deviations obtained for ammonia in a given site, showing as 

example a threshold defined by the nth percentile...................................................... 170 
Figure 6.11. Skew comparison ....................................................................................................... 171 
Figure 6.12 Map of the Thames Region West Area, showing main urban nuclei, river stretches 

and landfill sites (Environment Agency 2005) ............................................................ 174 
Figure 6.13 Map of Beenham showing the different phases of the landfill and the position of 

groundwater sampling points (GW) and surface waters (SW). .................................. 176 
Figure 6.14 Water level (mAOD) of groundwater boreholes........................................................... 178 
Figure 6.15 Time chart of groundwater borehole GW4 for manganese ......................................... 183 
Figure 6.16 Time chart of groundwater borehole GW9 for ammonia as N..................................... 183 
Figure 6.17 Time chart of groundwater borehole GW6 for ammonia as N..................................... 183 
Figure 6.18 Time chart of groundwater borehole GW12 for iron .................................................... 183 
Figure 6.19 Time chart of groundwater borehole GW13 for iron .................................................... 184 
Figure 6.20 Time chart of groundwater borehole GW7 for iron ...................................................... 184 
Figure 6.21 Time chart of groundwater borehole GW1 for iron ...................................................... 184 
Figure 6.22 Time chart of groundwater borehole GW4 for iron ...................................................... 184 
Figure 6.23 Time chart of groundwater borehole GW2 for iron ...................................................... 185 



 11

Figure 6.24 Time chart of groundwater borehole GW9 for iron ...................................................... 185 
Figure 6.25 Time chart of groundwater borehole GW12 for alkalinity as CaCO3 ........................... 185 
Figure 6.26 Time chart of groundwater borehole GW7 for alkalinity as CaCO3 ............................. 185 
Figure 6.27 Time chart of groundwater borehole GW9 for alkalinity as CaCO3 ............................. 186 
Figure 6.28 Time chart of groundwater borehole GW11 for alkalinity as CaCO3 ........................... 186 
Figure 6.29 Time chart of groundwater borehole GW11 for COD .................................................. 186 
Figure 6.30 Time chart of groundwater borehole GW3 for COD .................................................... 186 
Figure 6.31 Time chart of groundwater borehole GW4 for COD .................................................... 187 
Figure 6.32 Time chart of groundwater borehole GW4 for BOD .................................................... 187 
Figure 6.33 Average values of manganese concentration after the removal of outliers ................ 190 
Figure 6.34 Average values of ammonia as N concentration after the removal of outliers ............ 190 
Figure 6.35 Average values of iron concentration after the removal of outliers ............................. 190 
Figure 6.36 Average concentration values of alkalinity as CaCO3 after the removal of outliers.... 190 
Figure 6.37 Average values of BOD measurements after the removal of outliers ......................... 191 
Figure 6.38 Average values of COD measurements after the removal of outliers ......................... 191 
Figure 6.39 Time chart of groundwater borehole GW10 for manganese ....................................... 191 
Figure 6.40 Time chart of groundwater borehole GW5 for manganese ......................................... 191 
Figure 6.41 Time chart of groundwater borehole GW1 for manganese ......................................... 192 
Figure 6.42 Time chart of groundwater borehole GW2 for manganese ......................................... 192 
Figure 6.43 Time chart of groundwater borehole GW11 for manganese ....................................... 192 
Figure 6.44 Time chart of groundwater borehole GW3 for manganese ......................................... 192 
Figure 6.45 Time chart of groundwater borehole GW6 for manganese ......................................... 193 
Figure 6.46 Time chart of groundwater borehole GW10 for ammonia ........................................... 193 
Figure 6.47 Time chart of groundwater borehole GW10 for ammonia ........................................... 193 
Figure 6.48 Time chart of groundwater borehole GW3 for ammonia ............................................. 193 
Figure 6.49 Time chart of groundwater borehole GW1 for ammonia ............................................. 194 
Figure 6.50 Time chart of groundwater borehole GW10 for iron .................................................... 194 
Figure 6.51 Time chart of groundwater borehole GW5 for iron ...................................................... 194 
Figure 6.52 Time chart of groundwater borehole GW3 for iron ...................................................... 194 
Figure 6.53 Time chart of groundwater borehole GW6 for iron ...................................................... 195 
Figure 6.54 Time chart of groundwater borehole GW1 for iron ...................................................... 195 
Figure 6.55 Time chart of groundwater borehole GW1 for iron ...................................................... 195 
Figure 6.56 Time chart of groundwater borehole GW5 for alkalinity as CaCO3 ............................. 195 
Figure 6.57 Time chart of groundwater borehole GW10 for alkalinity as CaCO3 ........................... 196 
Figure 6.58 Time chart of groundwater borehole GW3 for alkalinity as CaCO3 ............................ 196 
Figure 6.59 Time chart of groundwater borehole GW6 for alkalinity as CaCO3 ............................. 196 
Figure 6.60 Time chart of groundwater borehole GW5 for BOD .................................................... 196 
Figure 6.61 Time chart of groundwater borehole GW1 for BOD .................................................... 197 
Figure 6.62 Time chart of groundwater borehole GW10 for BOD .................................................. 197 
Figure 6.63 Time chart of groundwater borehole GW3 for BOD .................................................... 197 
Figure 6.64 Time chart of groundwater borehole GW13 for BOD .................................................. 197 
Figure 6.65 Time chart of groundwater borehole GW1 for COD .................................................... 198 
Figure 6.66 Time chart of groundwater borehole GW3 for COD .................................................... 198 
Figure 6.67 Time chart of groundwater borehole GW4 for COD .................................................... 198 

 
 

 

 

 

 



 12

Chapter 1: 
Introduction 

 

 

 

CHAPTER 1: INTRODUCTION....................................................................12 

1.1 BACKGROUND ...........................................................................13 

1.2 THE NEED FOR FOOD WASTE TREATMENT ..................................15 

1.3 THESIS OBJECTIVES...................................................................16 

1.4 SCOPE OF THE THESIS ...............................................................17 

 



 13

1.1  Background 

 

The environmental impact of biodegradable waste has recently been highlighted by 

legislative drivers that are designed primarily to reduce the impacts arising from (a) 

pathogens in the waste, (b) gaseous emissions of carbon dioxide and methane, 

and (c) the effects of biodegradation in landfill sites on leachates to groundwater. 

These legislative drivers restricting the landfill of biodegradable wastes and the use 

of wastes containing components of animal wastes mean that alternative methods 

of treatment of these wastes have to be developed. 

Since the adoption of the EU Landfill Directive (European Parliament 1999), 

treatment of biodegradable waste became compulsory in all Member States to 

ensure the amount of biodegradable waste going to landfill is progressively 

reduced.  The targets for reduction are to 75%, 50% and 35% of the total amount 

of biodegradable municipal waste landfilled in 1995 to be achieved by the 5th, 8th 

and 15th year respectively after the adoption of the Landfill Directive in 2001. The 

UK, in the past, has relied almost exclusively on disposal of waste to landfill and in 

1998/99, landfilled 86% of the biodegradable municipal waste generated 

(Brodersen 2002) . 

As a result of farm animal diseases that occurred in the UK during the 1990´s, the 

UK Government has introduced stringent laws on the use and treatment of waste 

containing animal by-products, including untreated food waste containing meat. 

The Animal By-Product Regulations 2005, prevent food waste containing meat 

being used as foodstuff for pigs and other animals. 

The Kyoto Protocol, the United Nations Framework Convention on Climate 

Change, was ratified in 2002 in the EU Council Decision 2002/358/CE (European 

Parliament 2002) . The Decision committed Member States to fulfil targets to 

reduce emissions of the greenhouse gases specified in the Kyoto Protocol (Table 

1.1), as part of a multinational commitment aimed at reducing the environmental 
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impact of human activity. This has a knock-on effect on many areas of resource 

and waste management such as better exploitation of resources, recycling, and 

avoidance of landfilling of waste. 

 

Table 1.1 Table of quantified emission limitation or reduction commitments for the purpose 
of determining the respective emission levels allocated to the European Community and its 

Member States (European Parliament 2002). 

The European Community as a whole is committed to reduce the emissions of 

greenhouse gases by 8% in a 20-year period taking as baseline the figures for 

1990. The UK, however, has committed to reduce the emissions of greenhouse 

gas by 12.5% with a specifically 20% reduction on carbon dioxide by 2008-2012 

(DEFRA 2000). The commitment to the Kyoto Protocol has triggered numerous 

environmental laws and initiatives aimed at fulfilling the targets laid down in the 

Protocol. 
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The European Community also set out in the 6th Community Environment Action 

programme (European Parliament 2002a), the platform from which the European 

Union will set its environmental objectives. The priorities of the programme are (a) 

climate change, (b) nature and biodiversity, (c) environment and health and (d) 

natural resources and waste and the programme reaffirms the European 

commitment to reduce greenhouse gas emissions by 8%. Among the priority 

actions, is a plan for the development of Thematic Strategies tackling all aspects of 

human effects on the environment (sea, land, air, urban, etc), Of particular 

relevance to waste management are: The Thematic Strategy on the Sustainable 

Use of Natural Resources and, The Thematic Strategy on Waste Prevention and 

Recycling aimed at decoupling economic growth from environmental impact and 

introducing a life cycle approach in all considerations. 

 

The diversion of waste from landfill will mean that alternative options for treatment 

of the waste that are higher in the hierarchy of waste management will have to be 

developed to provide immediate improvements. The development of efficient 

technologies for incineration and of quality benchmarks for composting facilities are 

cited as playing an important role in fulfilling the objectives of The Thematic 

Strategy on Waste Prevention and Recycling.  The strategy does, however, 

highlight the fact that there is no single option for the treatment of biodegradable 

waste diverted from landfill and that the options used will depend largely in local 

factors. 

 

1.2 The Need For Food Waste Treatment 

 

The legislative drivers described in section 1.1 will have a particular impact on the 

management and treatment of food waste.  The need for the development of 

alternative treatment of food wastes stems fundamentally from the legal 

requirements of reducing the amount of biodegradable waste sent to landfill and 

the Animal By-Products Regulations.  There is a particular need to achieve 

reductions in the tonnages of food waste being landfilled.  The reasons for this are 

multiple, including: (a) the Landfill and Animal By-Product Regulations; (b) the 
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climate change threat, either real or perceived, which brought the Kyoto Protocol 

into existence; (c) the health risks associated with the contamination of air, land 

and water; and (d) the need to increase recycling and recovery opportunities which 

in turn save unnecessary use of virgin resources.  

 

In addition to the legislative drivers there are also economic drivers that have to be 

considered. In a market driven by prices, more sustainable options may come at an 

extra cost but it is likely that legislation will be put in place to create a level playing 

field between the options of disposal to landfill and reuse and recycle. 

While plastic, paper, cardboard and green wastes have been the subject of 

successful programmes of recycling and treatment, the putrescible part of organic 

waste has not been fully considered in terms of diversion from landfill.    

1.3 Thesis Objectives 

 

The aim of this research is to consider a number of aspects of the environmental 

impact of waste with particular emphasis on (a) the development of an in-vessel 

composting system to divert food wastes containing animal by-products from 

landfill, (b) the development of a management system to deal with current aspects 

of environmental impacts arising from landfill leachate and greenhouse gas 

emissions from biodegradable wastes and other systems. 

 

The aims of the research are achieved through the following objectives: 

• To characterise food waste in order to assess its suitability for composting;  

• To develop a composting system to convert food wastes containing animal 

by-products into high quality compost in compliance with the Animal By-

Products Regulations; 

• To develop a management tool using novel methods to assess the risk 

associated with landfill leachate, from mixed waste landfill sites on the 

leachate itself and on groundwaters; and 
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• To consider the effects of composting on greenhouse gas emissions from 

the treatment of food waste, and comparing any carbon dioxide savings with 

the savings achieved in the recycle of other materials. 

1.4 Scope of the Thesis  

 

This introductory chapter is followed by an introduction to the aspects of legislation 

and waste strategy that provide the drivers for resource conservation and the reuse 

and recycle of wastes. Chapter 3 provides an overview of current aspects of food 

waste collection and treatment options, with a detailed characterisation of catering 

food waste including physical and chemical analysis to provide an understanding of 

the conditions required to achieve successful treatment options and to determine 

the degree of pollutant separation. The data from Chapter 3 are used in the 

development of a closed loop in-vessel composting system for the treatment of the 

total food waste production from a catering activity.  Results on the composting 

system are obtained both from laboratory studies and from field trials carried out at 

HMP Morton Hall and reported in Chapter 4. In Chapter 5 calculation of the 

greenhouse gas emissions from in-vessel composting of food waste is presented, 

and the results are compared both with the emissions from alternative treatments 

of the food wastes and with the levels of savings achieved in other systems. A 

management tool for regulation of landfill emissions to groundwater has been 

developed, and presented in Chapter 6, on behalf of the Environment Agency to 

assist their regulation of leachate from mixed landfill sites that contain 

biodegradable wastes.. The final chapter provides a summary of the work carried 

out in this thesis indicating the contributions to knowledge that have been made 

during the course of this research. 
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2.1 Legislative framework 

 

The main driver for all current activities on the production, collection and treatment 

of waste in the UK and Europe is legislation.  The key areas of the legislative 

control of wastes are summarised in this Chapter.  

 

2.1.1 Waste definition 

 

Following implementation of the 1991 EU Framework Directive on Waste (European 

Parliament 1991), Section 75a of the Environmental Protection Act 1990 (OPSI 

1990) which sets out the definition for waste, was amended by the Environment Act 

1995 (OPSI 1995) to reflect the new and current definition: 

 

‘Waste is any substance or object in the categories set out in Schedule 2B to this 

Act (ie EPA90) which the holder discards or intends or is required to discard…. 

 

A further consideration is whether ‘the substance or object has been discarded so 

that it is no longer part of the normal commercial cycle or chain of utility, which 

means that some items although eventually recycled will be treated as waste 

(discarded) because they need to be reprocessed before they can be brought back 

into re-use.   There is currently much discussion on the revisions to this definition to 

give more encouragement to the concepts of value recovery from waste.  

 

The problem with the current definition of waste stems from the concept of when a 

waste ceases to be waste.  In England and Wales a waste does not cease to be 

waste until it has been used in an alternative function.  This means that waste-

derived fuel remains a waste until it is burnt in an incineration process, and this 

means that a company wishing to use refuse-derived fuel in their process must have 

a waste management licence because refuse-derived fuel is not a product but a 

waste.  The judicial precedent for this, in England and Wales, is the Castle Cement 
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case that confirmed the waste definition.  In a more recent case, the judgement 

confirmed the Castle Cement case as the precedent but permission was given for 

an appeal against this judgement.  The Court of Appeal (2007) ruled that material 

classified as waste remains a waste and under supervision until the objective of 

protection of health and environment is achieved. The position in Scottish law is 

different because the judicial precedent stems from a judgment in the case of 

Scottish Power against The Scottish Environment Protection Agency that did not 

define a fuel derived from waste as a waste.  

Classification of waste is into two types: controlled and non-controlled waste (OPSI 

1990).  Controlled waste refers to those wastes that are subject to the provisions of 

the Control of Pollution Act 1974 (OPSI 1974), (Control of Pollution Amendment Act 

1989) and the Environment Protection Act 1990 (OPSI 1990), and includes wastes 

arising from domestic, industrial and commercial premises as well as non-mineral 

wastes from a mine or quarry, and waste from premises used for agriculture.  For 

the purposes of clarification, the types of waste to be treated are defined in the 

Controlled Waste Regulations 1992 (OPSI 1992) as follows:  Domestic waste is 

defined as  waste from a domestic property which is used wholly for the purposes of 

living accommodation; household waste includes domestic waste, and waste 

generated in hospitals, universities, nursing homes prisons, camp sites, public 

meeting halls, royal palaces etc; commercial waste refers to waste generated in 

offices, hotels, private garages, government and local government offices etc; and 

industrial waste refers to  waste generated in industrial premises, clinical waste, 

waste oils & solvents, scrap metals etc.  Municipal waste does not have a legal 

definition but refers to the waste collected by waste collection authorities and 

generally consists of household and commercial waste etc. The Environment 

Protection Act 1990 excluded agricultural waste from waste management controls. 

The exclusion contravened the Waste Framework and Landfill Directives, and , as a 

result, The Waste Management (E&W) Regulations 2006 (OPSI 2006a) place 

agricultural waste under regulatory control. For the purpose of clarification, manure 

and slurry from livestock is not considered waste as long as it is used as fertiliser on 

farm.  
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The source of much of the current waste legislation is driven by Europe.  The 

European Union has adopted a number of Directives aimed at harmonizing waste 

disposal policies throughout the EU, and preventing the development of measures 

that might distort competition. 

 

2.1.2 Legislation and waste 

 

European waste legislation deals with waste under three categories: (i) horizontal 

legislation which establishes the framework, the definitions and principles, and the 

overall requirements for all waste management operations (including the Directive 

on Waste 2006/12/EC (European Parliament 2006) and the Hazardous Waste 

Directive 91/689/EEC (European Parliament 1991)); (ii) legislation on waste 

treatment operations detailing controls on specific treatment options (including the 

Landfill Directive 99/31/EC (European Parliament 1999), and the Waste Incineration 

Directive 2000/76/EC (European Parliament 2000); and (iii) legislation pertaining to 

specific waste streams including packaging, Waste Electrical and Electronic 

Equipment (WEEE), Animal By-Products, End-of Life Vehicles etc (Williams 2005).    

 

The first major piece of legislation pertaining to the environment as a whole was the 

Environmental Protection Act 1990 (OPSI 1990) and emanating from it were a 

number of regulations focusing on duty of care, prescribed substances and 

processes and waste management licensing.  The Environment Protection Act 

covered for the first time, all media ie. air, water and land through an integrated 

pollution control.  Other significant features of the Act were the inclusion for the first 

time of prescribed substances as well as processes, and the requirement to 

minimize and prevent release of all substances whether prescribed or not applying 

the principle of Best Available Techniques Not Entailing Excessive Costs 

(BATNEEC).  Under the provisions of the Act, incineration processes were 

regulated under two regimes dependent on the size of the facility, with small scale 

facilities (<1t/hr) under the Local Authority Pollution Control regime, and the larger 

facilities (>1t/hr) controlled by Integrated Pollution Control (IPC) derived from the 

Act.  
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The EU Directive on Integrated Pollution Prevention and Control (IPPC (96/61/EEC) 

(European Parliament 1996)) 1996, and its subsequent implementation in the UK 

through the Pollution Prevention and Control (E&W) Regulations 2000 (OPSI 

2007a) saw the control of these processes extended to include more than twice the 

number of processes previously covered by IPC, and a requirement to consider 

other factors such as minimization of waste in processes,  raw material 

consumption, energy efficiency, heat loss, noise, vibration and good environmental 

management.  The types of waste management facility that fall under this Directive 

now include both landfill and energy from waste plants.   

 

2.1.3 Legislation and organic waste 

 

For the purposes of this report only those key pieces of legislation, not already 

described that might apply in the handling, treatment and disposal of organic waste 

are described.  They include:  

 

• Hazardous Waste Directive 1991 (European Parliament 1991) 

• The Landfill Directive 1999 (European Parliament 1999)  

• Waste Incineration Directive 2000 (European Parliament 2000)  

• The Animal By-Products Regulations 2002 (OPSI 2005b) 

• EU Hazardous Waste Directive 1991 

2.1.3.1 Hazardous Waste Directive 1991 

 

The Hazardous Waste Directive redefines hazardous waste as wastes with one or 

more of fifteen specified characteristics (H1-H14) pertaining to physical, chemical 

and biological properties viz. explosive, oxidizing, highly flammable, flammable, 

irritant, harmful, toxic, carcinogenic, corrosive, infectious, teratogenic, mutagenic, 

ecotoxic etc   It prohibits the mixing of hazardous waste with other waste, places 

strict requirements for permitting installations handling hazardous waste,  and on 

waste producers and carriers to keep records of waste transactions.  Compliance 
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with the Hazardous Waste Directive in England is effected through the Hazardous 

Waste (E&W) Regulations 2005 (OPSI 2005).  These should be read in conjunction 

with the List of Waste Regulations 2005 (OPSI 2005a) which transpose the revised 

European Waste Catalogue (EWC) 2000 into UK legislation, classifying all waste 

with a six digit code for example, paper and cardboard is 20.01.01, biodegradable 

waste is 20.02.01, and biodegradable kitchen and canteen waste is 20.01.08. 

 

2.1.3.2 EU Landfill Directive 1999 

 

The main driver for the management of waste in general is governed by the Landfill 

Directive of 1999 which seeks to limit the disposal of biodegradable waste to landfill. 

The planned reduction from 1995 levels is to 75% of the 1995 level by 2006, 50% of 

the 1995 level by 2009 and 35% of the 1995 level by 2016.  Those countries 

landfilling more than 80% of their municipal waste in 1995 (including the UK) were 

allowed to take advantage of a 4 year derogation to extend the time to meet the 

objectives of the Directive, to 2010, 2013 and 2020 respectively.   The 

implementation of the Directive in the UK is through the Landfill (England and 

Wales) Regulations 2002 (OPSI 2002), amended in 2005, and the corresponding 

legislation in Scotland and Northern Ireland, which aim to prevent, or to reduce as 

far as possible, the negative environmental effects of landfill,   The regulations seek 

to restrict the quantities of biodegradable municipal waste going to landfill, ban the 

co-disposal of hazardous and non-hazardous waste, ban the disposal of tyres to 

landfill, ban the disposal of certain hazardous waste including liquids, and require 

the pre-treatment of waste before landfill.    

 

A Council Decision  (2003/33/EC) (European Parliament 2003) established 

acceptance criteria and procedures for allowing waste into landfill sites, and this 

was formalized in the UK with the introduction of the Waste Acceptance Criteria in 

July 2005 (Environment Agency 2008). 

 

The amendment to these  Regulations in 2005 completed the implementation, in 

England and Wales, of Council Decision 2003/33/EC establishing criteria for the 
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acceptance of waste at landfills (‘the waste acceptance criteria’) by setting the 

criteria to be met by monolithic waste.  

 

2.1.3.3 Waste Incineration Directive 2000 

 

The Waste Incineration Directive (2000/76/EEC) (European Parliament 2000) was 

implemented in England and Wales through the Waste Incineration (E&W) 

Regulations 2002 (OPSI 2002b).  The aim of the Directive is to minimise the impact 

of negative environmental effects on the environment and human health resulting 

from emissions to air, soil, surface and ground water from the incineration and co-

incineration of both hazardous and non-hazardous waste.  The Directive defines an 

incineration plant as ….. any stationary or mobile technical unit and equipment 

dedicated to the thermal treatment of waste with or without recovery of the 

combustion heat generated….  Thermal treatment in this context includes both 

incineration/combustion and other treatments such as pyrolysis and gasification, 

and refers to a process that results in an irreversible change to the chemical 

structure of the original waste. Co-incineration is defined by the Directive as ….any 

stationary or mobile plant whose main purpose is the generation of energy or 

production of material products and: which uses waste as a regular or additional fuel 

or, in which waste is thermally treated for the purpose of disposal….   Under these 

regulations all new plants (including alternative treatment processes such as 

pyrolysis, gasification) and now, all existing plants, must comply with the Waste 

Incineration Directive’s requirements for operation and emissions standards. 

 

The Directive 2000/76/EC (European Parliament 2000) on the incineration of waste 

required considerable reductions in the emission of acid gases such as NOx, SO2 

and hydrogen chloride (HCl) and of heavy metals. The incineration option is limited 

to those solid wastes that have relatively low water content (30% or less) (Yang et al 

2007). Food waste, for example is not, by itself, accepted for incineration because 

of high moisture contents.  
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2.1.3.4 EU Animal By-Products Regulation 2002 

The EU Animal By-Products Regulation (1774/2002) (European Parliament 2002b) 

which controls the collection, transport, storage, handling, processing and use or 

disposal of animal by-products in EU Member States, is implemented in England 

through the Animal By-Product Regulations 2005 (OPSI 2005b). Animal By-

Products are defined as animal carcases, parts of carcases or products of animal 

origin that are not intended for human consumption. This includes catering waste, 

used cooking oil, former foodstuffs, butcher and slaughterhouse waste, blood, 

feathers, wool, hides and skins, fallen stock, pet animals, zoo and circus animals, 

hunt trophies, manure, ova, embryos and semen. The Regulations divide Animal 

By-Products into three categories and stipulate the means of collection, transport, 

storage, handling, processing and use for disposal for each category. Animal By-

Products are classified into the three categories: Category 1 (such as brain and 

spinal cord) are considered as high risk materials, and need to be treated in high-

temperature systems, preferably by incineration; Category 2 includes animal by-

products from food-processing, including residues from healthy animals not 

intended for human consumption; Category 3 includes food for human consumption 

such as catering waste from commercial kitchens or household biowaste.  

These Regulations lay down health rules on animal by-products not intended for 

human consumption, from collection to treatment and disposal of catering waste 

and animal by-products.    Materials in categories 2 and 3 can be used as feedstock 

for composting and biogas fermentation.  The Regulations are enforced by Member 

State Veterinary Services. There is a variation on the standard of treatment within 

Member States.  Enforcement of the Regulations in the UK is more rigorous than in 

other Member States.  The UK requires materials to be handled under specific 

conditions of closed vessel composting, with regular temperature monitoring and full 

traceability of the materials.    

The Regulations (OPSI 2005b) allow catering waste to be treated in composting or 

biogas  plants provided that they follow certain operating conditions (set out in Table 

2.1) determined by a risk assessment (Gale 2002).  
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Articles 14 and 16 of the 2005 Regulations(OPSI 2005b) refer to the need for 

approval of premises, operators and equipment for the purpose of operating a 

biogas or composting plant, unless the decomposed material is only applied to land 

at those premises, no ruminant animals or pigs are kept at the premises and if 

poultry is kept at the premises the material is composted in a secure container 

which prevents the poultry having access to it during decomposition.  

 

 

Table 2.1 Operating conditions for the treatment of food waste containing meat (OPSI 2005b) 

Other alternative methods for the treatment of catering waste that are also approved 

by the Regulations include alkaline hydrolysis, high pressure, high temperature 

hydrolysis, high pressure hydrolysis, biogas processes, biodiesel production, 

Brookes gasification processes, combustion of tallow in a thermal boiler and 

autoclaving (OPSI 2005b).  
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2.1.3.5 Other Significant Legislation and Economic Instruments  

 

Waste and Emissions Trading Act 2003 

 

This 2003 Act (OPSI 2003b) was intended to help the UK meet its obligations under 

the EU Landfill Directive (European Parliament 1999).  Part I of the Act sets out the 

framework to require local authorities to progressively reduce the amount of 

biodegradable municipal waste landfilled in the line with the requirements of the 

Landfill Directive.  It is implemented through the Landfill (Scheme Year and 

Maximum Landfill Amount) Regulations 2004 (OPSI 2004), which specify the 

maximum amount of municipal waste which may be sent to landfill in the UK in the 

target years and non-target years.   

 

The Act provides a framework for the Landfill Allowance Trading Scheme (LATS), a 

system whereby tradable landfill allowances are allocated to waste disposal 

authorities each year.  The scheme enables allowances to be traded with other 

authorities, saved for future years (banked) or used in advance of future allowances 

(borrowed).  Inter-year trading is allowed in non-target years, and a fixed penalty for 

exceeding a landfill allowance of £150 per tonne (in England) has been set (OPSI 

2005c)  

 

 

Table 2.2 Biodegradable waste landfill allowance in tonnes for the UK in target years (OPSI 
2004). 
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Household Waste Recycling Act 2003 

 

This Act (OPSI 2003) came into force in October 2003 and requires English waste 

collection authorities to provide kerbside recycling for at least two different 

recyclable or compostable wastes from households separate from residual waste by 

31st December 2010. 

 

Finance Act 2007 

 

Through the Finance Act 2007 (OPSI 2007), amendments to Section 42 of the 

Finance Act 1996 (OPSI 1996) are implemented which set the rate of Landfill Tax to 

be charged at £24 for each whole tonne of active waste  disposed of and a 

proportionately reduced  sum if less than a tonne is disposed of. The landfill tax will 

increase by £8 per tonne per year until 2010/2011 to £48 per tonne. 

 

The Landfill Tax Regulations 1996 (OPSI 1996a) as amended, most recently in 

2008, cover registration procedures, credits, accounting and environmental trusts.  

The tax is based on the weight of waste to be deposited thus applying the polluter 

pays principle; it also aims to provide an incentive to promote a more sustainable 

approach to waste management by providing an incentive to dispose of less waste 

to landfill and to recover more value from waste.   

 

The standard landfill tax rate for active waste has increased considerably since the 

introduction of the tax in 1996 (Figure 2.1). The landfill tax, coupled with the fines 

derived from landfilling more waste than allocated, is the most significant economic 

instrument aiming to decrease reliance on landfill.  
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Figure 2.1 Landfill Tax increase in the UK for the period 1996-2010 

 

Renewable Obligations Order 2006 (OPSI 2006) 

 

The Renewables Obligation Order was introduced in 2002 (OPSI 2002a) (amended 

in 2006 and again in 2007)  to create a market in tradable renewable energy 

certificates for which each supplier of electricity must demonstrate compliance with 

increasing Government targets for renewable electricity generation.  The Obligation 

requires electricity companies to source an increasing proportion of their supply 

from renewable technologies to reach the 10% goal by 2010, and increasing to 

15.4% for 2016 and beyond.   Renewable Obligation Certificates (ROC’s) will be 

awarded to accredited generators of eligible renewable electricity produced within 

the UK such as solar energy, hydropower, wave power, biofuels (including energy 

from crops).  Suppliers  must either obtain ROC’s sufficient for their obligation target 

amount from a renewable energy source or may purchase ROC’s through a 

tradable scheme or pay a ‘buyout price’ of £44/MWh for the difference between the 

statutory obligation and the quantity of ROC’s.  If, for certain waste streams, energy 

recovery from the waste is the primary goal (ie co-incineration) then this process, 

along with pyrolysis and gasification, is eligible for the Renewables Obligation.  The 

fund created with this income is distributed among the ROC´s suppliers.  
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2.2 Background To Waste And Waste Strategy 

2.2.2 Waste strategy 

 

As part of a wider vision, the European Union has set out a hierarchy for dealing 

with waste placing importance on the reduction, reuse, recycling and recovery of 

waste in all its forms to achieve a more sustainable approach to resource use, 

generation of waste and the environmental burden of waste. Waste Strategies have 

been devised that aim to fulfil targets set out by legislation having regard for 

technological development and national infrastructure and resources. 

 

In the Environment Act 1995 (OPSI 1995), amendments to the Environmental 

Protection Act 1990 (OPSI 1990), required the Secretary of State to prepare a 

National Waste Strategy for England and Wales.  In emphasising waste reduction 

and the need to maximise recycling, the Waste Strategy 2000 (DEFRA 2000a) 

illustrated the vision of the Government in managing waste and resources to 

achieve sustainable development. 

 

The Waste Strategy 2000 set out how each sector can contribute to achieving its 

aims and the targets for reducing waste over a period. These included: 

 

• By 2005 reduce industrial & commercial waste landfilled to 85% of 1998 

levels 

• By 2020 reduce landfill of biodegradable municipal waste to 35% of its 1995 

level; 

• To recover value from 40% of municipal waste by 2005; 45% by 2010, and 

66% by 2015 

• To recycle or compost at least 17% of household waste by 2003, 25% by 

2005, 30% by 2010, and 33% by 2015. 

 

In order to allocate a proportional and fair distribution of recycling and compost 

obligations to all local authorities, the government set statutory targets under the 
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Best Value performance standards; for example: BVPI 82a refers to the percentage 

of household waste recycled and BVPI 82b refers to the percentage of household 

waste composted (OPSI 2003a). Two thirds of English local authorities met or 

exceeded their household recycling targets for 2005/06.  The performance across 

the regions up to 2006/07 is presented in Table 2.3  (DEFRA 2008).  

 

 

 

Table 2.3 Regional Recycling Rates (DEFRA 2008) 

 

 

The target of 40% recovery from municipal waste by 2005 had not been achieved in 

England although some regions, notably the South East and West Midlands have 

exceeded the target (55.7% and 40.6% respectively). One year on, 5 out of 9 

regions are above that target, with a national average of 41.7% (Figure 2.2). 

 

A major aspect of the Waste Strategy 2000 was concerned with the reduction in 

waste being disposed of to landfill and to this end, targets were set for a reduction in 

commercial and industrial waste to 85% of that landfilled in 1998 by 2005. The 

consolidated results on commercial and industrial waste show that in 2002/03 the 

amount sent to landfill was 87% of that landfilled in 1998/9 (DEFRA 2008). 
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Figure 2.2 Regional household recycling and municipal recycling rates, 2006/07 (DEFRA 
2008) 

 

It is assumed that the target set out by the Strategy 2000 have been widely met. 

Whilst recycling percentages are being met, meeting the future targets may become 

a problem because of a general increase in the amounts of waste generated. 

 

In addition to targets set in the Waste Strategy 2000, local authorities have been set 

yearly allowance targets towards reaching the 2009/2010 Landfill Directive target.  

There are 121 waste disposal authorities (WDA’s) and unitary authorities (UA’s) 

involved in the Landfill Allowance Trading Scheme (LATS) in England.  All achieved 

their 2004/05 targets by means of trading borrowing and diverting biodegradable 

municipal waste from landfill.   Any authority exceeding its allowance and not having 

borrowed or bought sufficient additional allowances would be reported to Defra and 

could face financial penalties of £150 per tonne.  In 2005/06, in the UK the target 

allocated landfill total was 15.19Mt, whilst the calculated total disposed of to landfill 

was 12.38Mt, 18.5% less than allocated (DEFRA 2008). 
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England’s Waste Strategy 2007 (DEFRA 2007b) is regarded as an important step in 

making the radical changes needed to meet European waste targets.  There is 

emphasis on the use of energy from waste as a treatment option which is regarded 

as having advantages over landfill in terms of environmental protection and offering 

the added benefit of a source of heat and power at a time when there is a potential 

shortage of energy in the future.  At present, the UK’s capacity to recover energy 

from its waste is underdeveloped.  Rapid planning and commissioning of plants and 

technologies is needed to support three key policy areas – landfill diversion targets, 

combating climate change and meeting energy demand through secure and 

sustainable supply (DEFRA 2007b). Encouragement of energy from waste 

development moves the UK closer to satisfying the Government’s 2010 target of 

generating 10% of electricity from renewable sources. In 2006/07, 6.7% of electricity 

supplied came from renewable sources, an increase of 1.2% in respect to the 

previous year. Supporting energy from waste, however, does not discourage waste 

minimisation or recycling and, indeed, the approach adopted in some other 

European countries illustrates the achievement of high recycling levels coupled with 

the use of energy from waste to provide heat and power for households and 

commercial premises.  The industry is encouraged that the Strategy 2007 places 

particular emphasis on business waste, given that industrial, commercial and 

agricultural waste accounts for >90% of the total waste generated in the UK.  There 

is further pressure on local authorities to meet demanding recycling targets; the 

31% achieved in England in 2006/07 is still well behind much of the rest of Europe - 

Germany, Austria, Denmark, Sweden and The Netherlands have already met their 

final targets for the diversion of biodegradable municipal waste.    

 

Waste Strategy 2007 comes in the aftermath of the Thematic Strategy on Waste 

Prevention and Recycling (European Parliament 2005), and shares the same aims. 

The key objectives are to: 

 

• put more emphasis on waste prevention and re-use; 

• decouple waste growth from economic growth  

• meet and exceed the Landfill Directive diversion targets  
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• increase diversion from landfill of non-municipal waste  

• secure the investment in infrastructure and 

• increase recycling of resources and recovery of energy from residual waste. 
 

The Waste Strategy 2007 introduced a new target to reduce the amount of 

household waste not re-used, recycled or composted by 29% by 2010 taking as a 

baseline the figures recorded in 2000, and to reduce it by 45% by 2020. 

 

The recycling and composting of household waste targets specified in the Waste 

Strategy 2000 has been surpassed. Waste Strategy 2007 has set higher targets of 

40% by 2010, 45% by 2015 and 50% by 2020 (DEFRA 2007b). 

 

Despite the poor record on recovery of municipal waste since the last strategy, 

Waste Strategy 2007 set a new higher rate of 53% by 2010,  keeping the 67% 

target for 2015 and introducing a target of 75% by 2020 (DEFRA 2007b). 

 

2.2.3 Biodegradable and organic waste 

 

Organic wastes are defined as those materials containing carbon fractions. They 

comprise plastics, paper, green waste, catering and kitchen waste, human and 

animal waste. The only major uses of organic wastes at present are in energy 

recovery and composting. 

 

Organic waste comprises wastes that contain substantial proportions of carbon-

containing materials.  In the UK, they include for example 440,000t of waste tyres 

(WRAP 2007), 10Mt of packaging waste (DEFRA 1997),  300,000t from end-of-life 

vehicles and 250,000t (DEFRA 2004) from waste electrical and electronic 

equipment. 

 

Not all organic wastes are biodegradable, but the most common forms of 

biodegradable waste comprise paper, board and kitchen waste.  Biodegradable 

waste exists in the municipal, commercial and industrial sectors.  To try to quantify 
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the levels of biodegradable waste from current statistics is not easy because 

normally statistics are based on waste stream or sector rather than characteristics 

such as biodegradability.  The following are, however, examples of biodegradable 

waste streams corresponding to 2002/2003, year in which Commercial and 

Industrial data was collected, to allow comparison between sectors:   

 

Biodegradable waste from household origin: 

• The biodegradable component accounts for 55% of total household waste in 

England in 2002/03 (DEFRA 2007c) 

• In 2002/03  12.65 Mt of household waste are biodegradable 

 

 Biodegradable waste from commercial origin: 

• The biodegradable component of commercial waste accounted for 36% of  

the total in 2002/03 (Environment Agency 2002) 

• In 2002/03  10.92 Mt of commercial waste are biodegradable  

 
Biodegradable waste from industrial origin: 

• The biodegradable component accounts for 28% of total industrial waste. In 

England, 37,587,000 tonnes of  industrial waste in 2002/03 (Environment 

Agency 2002) 

• In 2002/03 10.52 Mt of industrial waste are biodegradable 

 

Consolidated data from DEFRA (2008) records amounts for both commercial and 

industrial waste for 1998 and 2002. In both years, the UK produced 116 million 

tonnes of commercial (34Mt), industrial (48Mt) and municipal (34Mt) of which 89% 

is household waste.  

With regard to Industrial and Commercial waste, around 67.9 million tonnes of 

industrial (38Mt) and commercial waste (30Mt) was produced in England in 2002/3. 

Forty four percent was landfilled and 45% was recycled or re-used. Food waste 

accounts for 6m tonnes of Industrial and Commercial waste (4M and 2M tonnes 

respectively), of which 9.5% and 13% respectively were landfilled  (DEFRA 2008).  
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Food waste collected from households amounts to approximately  6Mt in the UK 

assuming an average of 17% food waste content in household waste (Parfitt 2002), 

although Hogg et al (Hogg et al 2007) do point out that the percentage of food 

waste can be as much as 40%. According to Hogg et al, only 2% of food waste is 

captured for treatment. The latest figure quoted in the “Understanding Food Waste” 

document published by WRAP in 2007 (WRAP 2007), indicates that the amount of 

food waste generated in  household waste is around 6.7Mt. 

The amount of biodegradable waste landfilled during 2005/06 was 12.4Mt, and this 

was close to the target set in the Landfill Directive and applied to England to landfill 

no more than 11.2Mt of biodegradable waste by 2010, but was higher than the 

7.5Mt required  by 2013, and the 5.2Mt required by 2020 [Table 2.2].  The problem 

in achieving the targets lies in the fact that up to 2002, annual municipal waste 

growth was over 3%, although up to 2007, the average annual growth has reduced 

to 0.5% (DEFRA 2008).  

 

2.3 Summary 

 

The legislative framework which covers the treatment of biodegradable waste has 

been considered in this chapter including the Landfill Directive 1999 and the 

Animal By Products Regulations 2005.  Also covered is the current status of waste 

regulation in the UK, highlighting the achievements and shortcomings of the Waste 

Strategy 2000, along with the targets of the Waste Strategy 2007. The quantities of 

biodegradable waste generated in England from the commercial, industrial and 

municipal sectors and of food waste in the UK, are recorded to illustrate the size of 

the problem.  
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3.1.  Introduction 

 

Traditionally in the UK, food waste, particularly that from households and catering 

establishments, has been disposed of to landfill.  Currently the average food waste 

recovered in the UK is 2% (Hogg et al 2007).  The landfilling of food waste results 

in three adverse impacts:  (a) the loss of potentially recoverable organic material, 

(b) the emissions of carbon dioxide and methane from the landfill sites that affect 

the total UK greenhouse gas emissions, and (c) the production of short chain fatty 

acids, mainly acetic acid, in anaerobic landfill conditions that increases the acidity 

of the leachate resulting in higher solubilisation of metals and other components of 

the landfill (Forster-Carneiro et al 2008).  All three adverse environmental impacts 

are considered in various ways in this thesis.  The current chapter deals with the 

reactions of putrescible materials in landfill sites and the characterisation of food 

wastes and their management.    

 

3.1.1 Landfill chemistry 

This section provides a description of landfill chemistry based on the degradation 

processes described in “Landfill Design, Construction and Operational Practice” 

WMP26B (HMSO 1995), in which landfill chemistry is divided into the following five 

stages: 

 

3.1.1.1. Aerobic stage 

When the waste is deposited in landfill, organic matter, such as food waste, 

decomposes aerobically through hydrolysis reactions forming carbon dioxide, 

water and anions such as nitrates and sulfates. The process is exothermic and 

increases the temperature in the landfill bed. Carbon dioxide can either be 

released as gas or be dissolved in water forming an acidic solution with a 

composition depending on pH.  
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3.1.1.2. Depletion of oxygen 

The availability of oxygen in the landfill decreases rapidly as a result of both the 

aerobic process and the difficulty of oxygen circulation through the compacted 

waste. As oxygen is depleted other anions, such as nitrates, sulfates, and other 

oxygen based compounds, take the role of oxidizing agent, but finally the 

conditions in the landfill become anaerobic.  

 

3.1.1.3. Anaerobic-Acetogenic stage 

In the first stage of the anaerobic digestion of food waste, acetogenic bacteria 

convert the waste into carboxylic acids, mainly acetic acid, resulting in a decrease 

in the pH.  At this stage the acetic acid solutions are capable of solubilising any 

metal compounds in the landfill. The depletion of oxidizing agents also reduces the 

redox potential of the chemical mix of the waste, and sulfates for example can, in 

turn, remove heavy metals by precipitating them as sulfides.  

 

3.1.1.4. Anaerobic-anaerobiosis stage 

In the second anaerobic stage, intermediate anaerobiosis, the concentration of 

carboxylic acid decreases with corresponding increase in the pH because, at this 

stage, the main product of biological reaction is  methane.  Under these conditions 

ammonia is released from the nitrogen present in the waste because there is no 

oxygen present to convert it to nitrate.    

3.1.1.5. Anaerobic-methanogenic stage 

The third and last anaerobic stage, methanogenic fermentation, takes place at 

around neutral pH conditions, where most of the organic components are 

solubilised.  The product of the bacterial action at this stage, biogas, is produced 

and dependent on the type of waste has a valuable content of methane which is 

nevertheless always higher than 50%.  The leachate, at this stage is largely 

composed of dissolved organic carbon, which also enhances the solubilisation of 

metals.  
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3.1.2 Landfill risks 

 

The environmental risks associated with the landfilling of biodegradable wastes 

can be summarised as follows: 

 

• Uncontrolled emissions of greenhouse gases such as methane and carbon 

dioxide which could be prevented. 

• Formation of organic acids and dissolved organic material which increase 

the solubility of pollutants in water, posing a risk of leachate percolation to 

groundwater. 

 

An additional concern, although not a risk, is the disregard for the loss of resources 

that are being wasted in landfill. Food waste, if  it is treated appropriately and with 

safeguards should provide a source of organic materials that would avoid the use 

of scare virgin resources. 

 

3.1.2.1. Landfill gas generation and impact 

The amount of landfill gas generated depends on the size of the landfill, the total 

amount of waste contained in the landfill, the biodegradable waste content, and the 

water content.  Taking account of these variables, one tonne of biodegradable 

waste produces between 200-400 m3 of landfill gas (Environment Agency 2005a). 

 

Table 3.1 shows a typical landfill gas composition. The methane content of landfill 

gas is important not only because of its greenhouse gas effect (20-30 times more 

than carbon dioxide) (Rubba 2005) but because it is flammable.  Figure 3.1 shows 

the relative warming effects of greenhouse gases. Although the effect of methane 

gas on the greenhouse effect is 20 times greater than carbon dioxide, the relative 

warming effects of greenhouse gas emissions (Figure 3.1) does also depend on 

the amount of each gas emitted. About 3% of the UK greenhouse gas emissions 

currently arise from the landfilling of biodegradable waste (DEFRA 2008).  At 

present about 70% of the methane emitted from landfills is recovered (DEFRA 

2007a). In 2005 a second annual report on Renewable Obligations stated that 
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almost 42% of the Renewable Obligation Certificates (ROCs) issued were in 

respect of electricity produced from landfill gas. This percentage will inevitably 

decrease as the legislative driver causes the diversion of biodegradable waste 

from landfill. By comparison with the emissions from landfill, agriculture contributes 

7% of greenhouse gas emissions in the UK, of which 16% is produced by manure 

and slurries (treatable fraction), and the rest is produced by enteric fermentation 

(DEFRA 2008). In contrast to these emissions from biodegradable materials, the 

greenhouse gases emitted by the energy sector, the transport sector and 

residential use account for bigger percentages of the total emissions at 37.4%, 

21.6% and 15% respectively of the total gases emitted in 2005 by the UK, which 

represented 2% of the world total. Across all sectors, however, food production, 

distribution and disposal accounts for 20% of GHG emissions in the UK (DEFRA 

2008). 

 

 

Table 3.1 Typical landfill gas composition (Southern Cross University 2005) 

 

Figure 3.1 Relative warming effects of greenhouse gases (DEFRA 2000) 
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3.1.2.2. Leachate 

 

Ground and surface waters are not only receptors of polluting substances, but also 

a pathway for other receptors (Figure 3.2). Each landfill poses a different degree of 

risk depending on the nature of the landfill and its content. The presence of 

pathways and their vulnerability have to be considered together with the nature, 

amount and mobility of the landfill source and the geology in which it is contained 

in order to design and provide adequate safeguards for the prevention of pollution. 

What is important, however, is that leachates should be prevented from reaching 

groundwaters and surface waters.  

 

 

Figure 3.2 Illustration of environmental impact caused by landfills with source-receptor-
pathway indicators (HMSO 1995) 

 

The management of old landfills, in the absence of any engineered barrier, used 

the approach of dilute and disperse by which the leachate would percolate slowly 

to the water table. Modern landfills insulate the tipping area by laying down layers 

of impermeable soil such as clay or thin layers of plastic and once the tipping area 

is full it is capped using the same material. 
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Modern and well engineered landfills offer a very good degree of protection in the 

short term, but “even the best engineered landfill sites will leak to some extent” 

(Dumble & Ruxton 2001). In both operational and closed areas of landfills there is 

now regular monitoring of the external boundaries to ensure that the insulation has 

not been breached. In cases of dilute and disperse sites (most landfills constructed 

before the 1980), the monitoring is used to determine the level of pollution in the 

leachate. 

 

3.1.3 The future of landfill disposal and management 

 

The technological know-how involved in the process of extracting gas from landfill 

is well developed and understood, however, there are some issues that impede the 

proper development of such practice, namely, the generation of landfill gas is not 

constant or predictable and therefore it poses some investment risks for operators. 

Furthermore, current legislation imposes reductions on the amount of 

biodegradable waste going to landfill, contributing to the uncertainty in the long-

term economic viability of landfill gas extraction technology. Information on the 

amount of biodegradable waste in a landfill is not enough to base investment on 

gas extraction technology.  

  

Once the programs implemented by the EU Member States are fully operational, in 

line with the aims of the Landfill Directive 1999 (European Parliament 1999) of 

diversion of biodegradable waste from landfill, many landfills will continue to emit 

landfill gases for decades to come.  It will become important to collect methane gas 

and assess leachate pollution from those landfills so as to minimise their 

environmental impact and at the same time take advantage of any energy content, 

but attention needs to be focused in furthering programmes to achieve a 100% 

diversion of biodegradable waste from landfill.  

 

The work carried out in the present research concentrates on the method of 

treatment of food waste that would achieve diversion of this waste from landfill.  In 
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this chapter, characterisation studies of food waste carried out in this work are 

described in the next section and this is followed by a description of alternative 

treatment options to the landfilling of food waste. 

 

3.2. Food Waste Characterisation 

 

In order to assess the best methods for diverting food waste from landfill it is 

necessary to understand the nature and composition of food wastes.  In this work 

food waste, derived from two different catering sources, (a) the food-hall of a 

University refectory and (b) a prison facility, have been subjected to physical and 

chemical characterisation studies.  Food waste is a very heterogeneous waste 

because its content differs in the solid : liquid composition, and in particle size 

which ranges from very fine solids to large particle components such as bones.  

The difference in liquid: solid content and the range of particle sizes in the 

inhomogeneous waste does present a problem which has to be solved in terms of 

treatment options.  For the purposes of chemical characterisation, however, the 

samples were homogenised by grinding and dewatering prior to characterisation.   

 

The grinding and dewatering of the as-received catering waste samples, were 

carried out using equipment supplied by Imperial Machine Company Ltd (IMC, 

Wrexham UK). The grinding and dewatering equipment used are shown in Figure 

3.3 - Figure 3.4.  

 

The grinder had been designed to improve hygiene standards in commercial 

kitchens and to permit the disposal of food waste to the drainage system quickly  

avoiding odours and cross-contamination with food intended for human 

consumption. The optimum average water consumption to achieve an 

homogenous ground product of small particle size is 2 - 2.7 litres per kilo of food 

waste.  In this work, however, the solid material produced was dewatered, and 

collected for chemical analysis.  To remove water from the material produced in 

the grinder, the grinder was connected by a metre long pipe (diameter 5.08cm) 

which acted as a gravity feed to the dewaterer.  The food waste enters the system 
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via a horizontal feed (A) and is carried up through a vertical screening cylinder (B) 

using Archimedes Screw (C). The screening metal in the cylinder has orifices of 

3mm in diameter and a helicoidal bar with brushes in the periphery (Figure 3.4) to 

push the solid fraction of food that does not pass through the orifices, upwards.  

Water extracted from the waste was discharged to the drain, although samples 

were collected for effluent analysis, while the solid fraction was collected in a 

collection vessel.(Figure 3.5). 

 

Figure 3.3 IMC grinder (Source IMC Ltd) 

 

 

Figure 3.4 IMC Dewaterer. Inside view with helicoidal brush dismantled 
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Figure 3.5 Solid fraction of food waste collected in container for analysis 

 

3.2.1 Physical characterisation of ground and dewatered catering 

wastes 

 

The system used to grind and dewater catering wastes from the Brunel University 

refectory and Morton Hall prison gave samples that were characterised to obtain 

the following information:  

 

 Water content and total solids  

 Amount of food waste captured from the system 

 Volatile organics and ash content 

 pH 

 

using the following procedures: 

 

Water content, total solids and amount of food waste captured 

 

Weighed samples of ground and dewatered food waste were dried in an oven at 

105 °C for 24 hours, and reweighed to measure the weight of water evaporated, 
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and the weight of solid material which was used  in the Brunel University samples 

to determine the amount of food waste captured in the system.  

 

Volatile organics and ash content 

 

Ash and volatile matter contents were obtained following the American Standard 

2540E: Fixed and Volatile Solids ignited at 550ºC (APHA 2006).   

 

Weighed samples containing about 3g of the dried waste were heated in an oven 

at 550°C for 2 hours, and cooled. The weight loss at this temperature gives a 

measure of volatile materials other than water, contained in the samples while the 

solid residue provided a measure of the ash content.    

 

pH 

 

The pH of the dewatered effluent and of the ground and dewatered solid samples 

were measured using a Delta 320 pH meter. (Mettler-Toledo Instruments). The pH 

of the ground and dewatered solid fraction was measured in a mixture of 1 part of 

ground and dewatered waste in 3 parts of deionised water. 

 

The results of the physical characterisation of the samples of food waste collected 

from Brunel University refectory for moisture content, total solids, volatile matter 

and ash content of the solid fraction resulting from the process are shown in Table 

3.2.  

 

The grinding and dewatering of catering food waste resulted in a reduction of 79% 

of the original weight of the waste. The remaining 21% of solid material had a 

water content of 76.7% and contained 23.3% of dry matter with an ash content of 

1.7%.  

 

The pH of 5 samples of the collected fraction and the dewatering effluent has been 

measured and are in Table 3.3 
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Table 3.2 Physical Characterisation of Food Waste (University samples) 

 

 

Table 3.3 pH of effluent and collected fraction. Results are expressed in pH units with 
standard deviation as indication of error. (University samples) 

 

The average  results of the physical characterisation of 11 ground and dewatered  

samples of food waste collected from HMP Morton Hall are in Table 3.4 and are  

similar to those results from Brunel University. 

 

 

Table 3.4 Water content and total solids of ground food waste samples from Morton Hall 
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3.2.2 Chemical characterisation of ground and dewatered catering 

wastes 

 

Chemical characterization of the ground and dewatered food wastes from Brunel 

University and Morton Hall was carried out by analysing materials for: 

 

• Elements that contribute to the nutritional value of compost: iron (Fe), 

calcium (Ca), magnesium (Mg), potassium (K), and phosphorus (P).  

• Heavy metals for which there is a trigger level for compost quality except 

mercury as it is not part of food components: nickel (Ni), cadmium (Cd), 

copper (Cu), chromium (Cr), lead (Pb) and zinc (Zn) 

• Organic parameters in order to assess the suitability of food waste for 

composting and anaerobic digestion: Carbon (C) and nitrogen(N) content 

 

Acid Digestion 

 

The metal content of the solid food waste samples was determined by atomic 

absorption spectroscopy following an acid digestion procedure using aqua regia.  

The acid digestion of food waste samples was carried out following the British 

Standard ISO 11466:1995(E), a method for the extraction, with aqua regia, of trace 

elements from soils and similar materials, as follows: 

Approximately 3 grams of ground samples of dry food waste is extracted with aqua 

regia (hydrochloric/nitric acid mixture 21:7 ml), although for samples with a carbon 

content in excess of 20% of total weight, additional nitric acid is needed.   Food 

waste samples contain about 50% of carbon, therefore three grams of sample 

contains about 1.5g of carbon. According to the Standard, an additional  1ml of 

nitric acid per 0.1g of carbon exceeding 0.5g had to be added, after the aqua regia 

reaction has taken place. The mixture was left for 16 hours at room temperature, 

and then boiled under reflux for 2 hours, and the resulting solution was filtered and 

collected in a 100ml flask. 
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Atomic absorption spectroscopy 

 

Atomic-absorption (AA) spectroscopy uses the absorption of light to measure the 

concentration of gas-phase atoms. Since samples are usually liquids or solids, the 

analyte atoms or ions must first be vaporized. The atoms absorb ultraviolet or 

visible light and make transitions to higher electronic energy levels. The analyte 

concentration is determined from the amount of absorption.  Absorption and 

concentration are a linear function for a specific range (Table 3.5). Therefore, the 

samples have to be concentrated or diluted until the concentration of analyte is 

within that range.  The analytical conditions for the atomic absorption 

spectroscopic measurements are given in Table 3.5 below  

 

 

Table 3.5 General Analytical conditions for flame atomic absorption spectrometry. Source 
Perkin Elmer Atomic Absorption Spectrophotometer Handbook. 

 

Determination of total carbon and nitrogen and phosphorus 

 

Total carbon and nitrogen were determined by NRM Laboratories Limited, 

Winchester by totally combusting the sample in an oxygen-rich atmosphere. The 

oxides of the gases are separated using a chromatographic column and analysed 

using  thermal conductivity (TCD) measurements applying the Dumas Technique 

(AOAC 1990). 
 

Phosphorus analyses were also carried out by NRM Laboratories Limited on 

samples digested in concentrated nitric acid at high temperature and  pressure in a 
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microwave digester. The total phosphorus in solution was determined by 

Inductively Coupled Plasma Emission Spectroscopy (ICP-ES) (MAFF 1986).  
 

3.2.2.1. Chemical elemental characterisation of the collected fraction 

The results of the chemical analyses of the ground and dewatered catering waste 

sample from a University and Morton Hall prison for metal content  are in Table 

3.6. and  Table 3.7 respectively and the corresponding data for carbon, nitrogen 

and phosphorus are in Tables 3.8 and 3.9 respectively. 

 

 

Table 3.6 Elemental characterisation of food waste macerated and dewatered (University 
samples) 

 

 

Table 3.7 Morton Hall food waste characterisation in mg/KgDM 
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Table 3.8 Brunel. Carbon, nitrogen and phosphorus content of food waste macerated and 
dewatered. (University samples) 

 

Table 3.9. Carbon, nitrogen and phosphorus content of food waste macerated and 
dewatered. (Morton Hall samples) 

 

3.2.2.2. Elemental composition of effluent fraction for comparison with 
solid fraction  

The metal content of the effluent from the dewatering process using the same 

methods as those used for the solid fraction was determined for comparison with 

the metal content in the solid fraction.  The data in Tables 3.10 and 3.11 for the 

solid fraction and the effluent respectively are expressed in terms of mg/kg of the 

as-received food waste to permit direct comparison. The conversion of the liquid 

fraction data to mg/Kg is done using the liquid effluent volume collected in each 

sample (see Table 3.2) 

 

Table 3.10 Elemental characterization of collected solid fraction of food waste (macerated 
and dewatered) expressed in mg/kg food waste as received. 
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The elemental composition of effluent fraction is presented in Table 3.11 

 

 

Table 3.11. Elemental composition of effluent fraction, expressed in mg/Kg of food waste as 
received. 

 

3.3. Alternative Treatment Options to landfilling of food waste 

 

3.3.1 Collection system 

 

Local Authorities are required by law (EPA 1990) to collect and treat and/or 

dispose of the waste generated.  In fulfilling this duty, municipal solid waste, 

including food waste, has been collected and transported to landfill by fossil fuel 

consuming trucks. While the need to divert biodegradable waste to landfill has 

been acknowledged and acted upon, consideration of segregation at source and 

the inefficient and burdensome collection system has not received the same focus 

 

The separation of biodegradable waste at source has been found to be the most 

economical and environmental option prior to treatment (Hogg et al 2001), as it 

results in the best quality raw material; otherwise the products of treatment would 

be typically of lesser quality and with restricted use. It is easier to deal with source-

separated food waste than it is to deal with the contaminated biodegradable 

fractions arising in mechanical biological treatment (MBT) facilities. 
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Kerbside collection of source-separated food waste provides the most efficient and 

advantageous method of food waste collection to permit economically viable 

treatment based on the homogeneity of the waste prior to treatment. However, 

current collection practices may result in a greater environmental burden if source 

segregation is undertaken  

The report commissioned by Defra entitled Dealing with food waste in the UK 

(Hogg et al 2007), deals exclusively with collection strategies for household green 

and food wastes. The economical analysis reveals that systems which include 

garden waste collection, free of charge, tend to be more expensive than a system 

designed to target food waste only. Home composting definitely improves the 

economics of the system as it prevents a portion of waste from entering the 

collected waste stream. The environmental sustainability of home composting is 

yet to be determined because of the necessity of avoiding anaerobic conditions in 

the pile, but home composting is expected to develop further and is strongly 

supported by the government policy makers. 

 The report also suggests that addition of food waste to green waste collection is a 

cost disadvantage. Due to the low capture of food waste into the garden waste 

collection route, and considering that windrow composting (suited for garden 

waste) is cheaper than in-vessel composting (compulsory form of composting for 

food waste containing meat), the result is that it becomes necessary to use in-

vessel composting for a large proportion of biodegradable waste that does not 

require this treatment. In the same way anaerobic digestion of mixed garden waste 

and food waste would be more expensive than treating garden waste by windrow 

composting on its own.  The conclusions of the report are that separate collection 

of food waste with further treatment by anaerobic digestion results in the 

production of useable compost and methane that can be used as a fuel.    

An alternative route for disposal of food waste is through the drains after the waste 

has been macerated.  This process uses a food waste disposer (FWD) which is 

installed under the kitchen sink. The use of food waste disposers is about 45% of 

all households in the USA (Rosenwinkel & Wendler 2001), and in some American 
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cities it is even compulsory.  Use in the UK is 5% (Rosenwinkel & Wendler 2001), 

but the method is not popular in continental Europe.  Switzerland, for instance, do 

not accept FWD on the basis of the amount of suspended solids disposed of to 

drain. Germany, although it does not forbid the use of FWD directly, insists that the 

use has to be in compliance with their environmental law banning the mixing of two 

different types of waste.  The main advantage of FWD is that the waste is disposed 

of immediately after generation and does not need to be stored. Consequently, 

odour and vermin attraction is avoided completely, and food waste is transported 

using the existing sewage infrastructure thus avoiding environmental and 

economical burden posed by collection runs. Once in the drain, food waste mixes 

with human waste and is treated in the local Water Treatment Works (WTW).    

 

3.3.2 Treatment options for food waste 

 

Further detail of options that can be considered for the treatment of food waste are 

described under the headings: Food waste disposers; Biological treatment, and 

Advanced thermal treatments 

 

3.3.2.1. Food waste disposers 

Numerous studies have been carried out to assess the effects of the suitability of 

FWDs used to dispose of food wastes amid concerns of clogging of drains by high 

density waste, extra maintenance and operational costs by wastewater treatment 

companies (WTW), increase in the production of sewage sludge -while only 40% of 

it is being used on land in Europe (European Commission 2001)-, and the lack of 

preparedness by wastewater authorities to deal with higher volumes of suspended 

solids 

 There are several studies on the effects of FWD on sewer operations and  in 

WTW operations.  For example, The New York City Department of Environmental 

Protection has concluded (NYDEP 1997) that the extra maintenance cost as a 
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result of increased load of suspended solids and oil, the additional consumption of 

water, the additional expense incurred by WTW to treat higher amounts of organic 

matter were all de minimis and that the worst case scenario would translate into a 

1% increase of the annual water bill. 

Diggelman and Ham(Diggelman & Ham 1998) carried out a Life Cycle comparison 

on five different treatment options of food waste. The use of FWD plus treatment in 

sewage works was considered the best environmental and economical option 

compared with collection plus landfill; collection plus composting; collection plus 

incineration; and FWD plus on-site septic tank collection (Lundie & Peters 2005). 

Other studies, Rosenwinkel and Wendler (2001), Kegebein et al (2001), De Koning 

(2004), Jones et al (1994), Wainberg et al 2000 and Lundie and Peters (2005), 

confirm these findings and make the following additional significant conclusions:  

 

1. FWD disposers are an acceptable means of disposing of food waste 

providing that there is a marketable product for all of the additional 

sludge produced with none of it being disposed of to landfill. 

2. The economic regulator of wastewater treatment plants accepts the 

increase in the expense of treating high amounts of organic materials 

and makes provision for this. 

3. That food waste disposers are not installed in areas provided with 

combined-sewer-rain-run-off systems to avoid contamination of 

surface waters in wet seasons.  

4. The implementation of FWD has to be consistent with the existing 

infrastructure including the sewer and free capacity of the waste 

water treatment plant and water availability 

 

The CECED, The European Committee of Manufacturers of Domestic Appliances, 

considers the use of FWD an integral part of the future European strategy to deal 

with food waste collection, and argues any detrimental effect perceived to be 

caused by FWD is small. In the UK, the Chartered Institute of Water and 
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Environmental Management (CIWEM 2004) published a Policy Position Statement  

on the use of FWD in which it highlights the need to assess the implementation of 

FWD with a risk assessment to determine which is the best environmental option in 

each case considered. 

In 2007, for the first time in the UK, Herefordshire and Worcestershire County 

Councils commissioned an environmental impact study of FWD (Evans 2007) in 

which the following facts were established: 

• Home composting is the best environmental option to deal with green waste 

and food wastes not containing meat. 

• The use of FWD reduces the amount of household waste collected per head 

of population, the cost of household waste collection and the cost of waste 

disposal per tonne of municipal waste 

• FWD separates at source and without entailing bureaucracy 

• The use of FWD plus composting results in a net global warming potential 

(GWP) of -14KgCO2e/tFW, allowing for fertiliser offset and carbon 

sequestration. 

• The use of FWD plus anaerobic digestion in WTW whereby the biogas is 

used as renewable energy and the solids are spread on land, results in a 

net GWP greater than -168KgCO2e/tFW. This figure is contrasted in the 

study with the GWP for landfill of +743KgCO2e/tFW. 

• The payback on the FWD investment has been calculated at 3 years and 4 

months, not including future increases in Landfill Tax or the penalties for 

landfilling more than allocated 

• The addition of food waste into the sewer stream results in a product of 

better quality when the sewage is anaerobically digested in the treatment 

plant, and reducing the cost of treatment of food waste to 4% of that 

incurred by landfilling 
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3.3.2.2. Biological Treatment 

Food waste is largely organic, therefore, biological processes such as composting 

and anaerobic digestion appear to offer the most suitable means of treatment.  

Both processes are based on sound technologies but their practice has been 

underdeveloped in the UK due to lack of economic incentives. In order to fulfil the 

reduction targets a wide range of technologies will be needed in the UK.  

Composting 
Composting, or aerobic digestion, is a biological process by which organic matter 

is decomposed in the presence of oxygen by the action of microorganisms. The 

organic matter provides the nutrients for bacterial growth and the result is the 

break down of the organic molecules present into carbon dioxide, water, heat and 

a solid residue which is biologically stable. 

 

Organic matter + Bacteria + O2 →    Compost + CO2 + Water + Heat 

 

 

The composting of any biodegradable matter is carried out by three classes of 

microbes:   Psychrophiles which are active at low temperatures (-5 to 20oC), 

Mesophiles which are active at medium temperatures (15 to 47oC), and 

Thermophiles which are active at high temperatures (40-65oC) (Dickson et al 

1991).  

 

The temperature rises during the composting because of the heat produced in the 

biological process. Under proper operating conditions, the temperature generated 

in the process is high enough to inactivate any pathogenic content of the mix, thus 

sanitising the compost product. The composting process starts with the activity of 

Psychrophilic micro-organisms, but as the temperature increases the activity of 

these micro-organisms is inhibited but those that operate at higher temperatures 

are activated, first Mesophiles, and then Thermophiles. Recent research suggest 

that optimum temperature of thermophilic composting is about 65ºC, with no added 
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benefits at higher temperatures, contrary to earlier theories based on the 

interpretation of the Van’t Hoff-Arrhenius equation (Toki 2008).  

 

Important factors for the growth of micro-organisms in the composting process are 

(Chang et al 2006, Washington State University 2007) ): 

 

• Proper aeration to provide a supply of oxygen 

• A carbon:nitrogen C:N ratio of about 20-40:1 to optimise the nutrient 

composition for amino acid production for bacterial growth 

• A water content of 50-65% 

• Small particle size 

 

If the composting process is carried out under these conditions the end of the 

process will be signalled by a stop in temperature increase with eventual 

temperature reduction to give a biologically stable compost. 

 

There are three types of composting processes – windrow, in-vessel and aerated 

static pile: 

 

• Windrow composting consists of piles of organic waste which are turned 

periodically to maintain the optimum operating conditions such as 

temperature, oxygen and water content and which can be housed under 

cover or in the open air. 

• In-vessel composting takes place in a more confined environment and 

usually incorporates controls to monitor temperature, air exchange and 

water content.  An advantage of in-vessel composting is that it can be sized 

to fit the throughput of waste.  The example of composting food waste at a 

single site is given in Chapter 4 

• Aerated static pile (ASP) composting provides oxygen, necessary for 

biodegradation, through perforated piping and not by turning. It is generally 

used in composting operations that require to deal with large amount of 

waste.  
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There has been a large increase in the number of centralised composting sites, 

particularly for municipal solid waste over the last decade stimulated by 

Government funds and the increase in landfill tax. It is likely that the numbers of 

such sites will continue to increase and will become an important part of fulfilling 

the targets for diverting biodegradable waste from landfill. 

 

 

The benefits of composting food waste are twofold: 

 

1. As a means of diverting biodegradable waste from landfill 

 

• Food waste is the main factor in a landfill responsible for methane 

generation and leachate of toxic substances into the soil.  

• Lowering the risk of polluting emissions to air, land and water by reducing 

considerably the amount of biodegradable waste deposited in the landfill 

site. 

 

2. As soil conditioning product,(Hogg et al 2001, University of Georgia 

2004)  

 

• Reduces the need for pesticides and fertilizers 

• Binds heavy metals and prevents them from migrating to water resources, 

being absorbed by plants, or being bioavailable to humans 

• Amends contaminated, compacted and marginal soils, improving soil 

structure, porosity and density, infiltration and permeability. 

• Long term stable organic matter source, supplying macro and micronutrients 

• Buffers soil pH levels 

• Improves water holding capacity 
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Anaerobic Digestion (AD) 

AD or biogas production is the biological process by which organic matter is 

decomposed by microorganisms in the absence of oxygen. These conditions 

happen naturally in landfill sites creating the problem of uncontrolled emissions of 

gas to the atmosphere and of leachates to soil. The resulting products are 

methane, carbon dioxide and a stable solid residue which is similar to compost in 

aspect and characteristics. 

 
2

4 2
Absence of OOrganic matter  Micro-organisms  CH   CO   Compost+ ⎯⎯⎯⎯⎯⎯→ + +  

 

AD consists of three stages (Monnet 2003): 

 

• During the first stage a group of microorganisms breaks down organic 

matter into smaller molecules through hydrolysis. 

• In the second stage, a different group of microorganisms convert the 

product of the first stage into organic acids (acidogenesis). 

• The third stage consists of the conversion of such acids into methane 

(methanogenic stage). 

 

AD can occur at two different ranges of temperature: mesophilic range at around 

36.7°C and thermophilic range at around 54.5 °C (US Department of Energy 

2007). Outside these ranges microbial activity decreases. The thermophilic 

process is faster than the mesophilic, but as with aerobic digestion, proper control 

of operating conditions such as temperature, C:N ratio, water content, particle size 

and residence time is crucial for the process.  The resulting methane (50 to 

80%)(US Department of Energy 2007) can be used as a source of energy for 

heating, or to produce electricity. The rest of the methane is burnt to provide heat 

for the process to maintain high temperatures to speed up digestion and achieve 

an adequate level of sanitation.   

 

Due to the very large reduction in solid material in the AD process it is expected 

that any solid residue will have a high concentration of metals, and will need to be 
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supplemented with N and P if it is to be used as a soil conditioner. The AD process 

must also be compliant with ABPR regulations.   

 

The main benefits of anaerobic digestion are: 

 

• AD, as well as composting, has an inherent benefit by diverting the organic 

matter from landfill.  

• Additionally, AD can be used as an effective source of energy for small-

scale facilities, avoiding the use of fossil fuels. 

• With inexpensive additions, the residue can be used as an effective soil 

conditioner. 

• It is less land demanding than composting 

• Food waste is better suited for anaerobic compared to aerobic digestion 

based on C:N ratio and moisture content, as it does not need additives 

(bulking agent), producing, in addition to compost, valuable renewable 

energy. 

 

There are, though, some concerns with AD:  

 

• The resulting product has not found the appropriate market, rendering it to 

landfill disposal,  

• It requires higher capital outlay and incurs more maintenance costs than 

composting.  

• Its viability depends on the total value of energy taken from the system.  

 

The anaerobic digestion of biodegradable waste is not uncommon in the EU 

although in most countries, its use has been limited to the treatment of sewage 

sludge and cattle slurries. The use of AD in the treatment of the organic fraction of 

municipal solid waste has however not been widely implemented. 
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3.3.2.3. Advanced Thermal treatments 

The common feature of thermal methods is that they operate at elevated 

temperatures to decompose the wastes releasing the energy content of the wastes 

in the form of heat or combustible gases, liquids or solids depending on the 

process used.  These processes require an initial heat supply to start up the 

energy recovery reaction and the residues from the process are mainly ashes and 

gaseous emissions. 

  

The types of thermal methods considered in this Chapter are incineration with 

energy recovery, which is a well established technology for the treatment of 

organic wastes, pyrolysis, gasification, plasma arc gasification and autoclaving 

which are emerging technologies in the field of waste management. 

 

Incineration with energy recovery 

 Incineration is the combustion of untreated organic wastes including municipal 

solid waste in sufficient oxygen to convert the carbon and hydrogen contents of the 

organic material to carbon dioxide and water respectively at temperatures in 

excess of 850oC (Enviros Consulting 2005). Any non-combustible materials in the 

waste remain in the residual solid bottom ash that usually also contains a small 

amount of residual carbon. Incineration is one of the most used methods of 

treatment of organic wastes.  About 10% of municipal waste in England and Wales 

is currently disposed of by incineration (Enviros Consulting 2005).  In some 

countries including Japan, Luxembourg, Belgium, Switzerland and Sweden, 

incineration is the main organic waste treatment option and deals with more than 

50% of their generated waste (DEFRA 2008). 

 

Historically, incineration referred to uncontrolled burning as a means to dispose of 

waste without recovery of value and, because of this, is usually perceived by public 

as a dirty option of reducing the volume of waste involving hazardous gaseous 

emissions and solid products.  Modern incineration plants, however, are fully 

equipped with efficient combustion systems, gas clean-up devices and energy 
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recovery units. Recovery of energy from incinerators can involve both use of the 

heat produced and electricity generation.  

When waste is incinerated, very high temperatures are used to burn the waste to 

ashes.  The energy from the burning process is recovered and used for local 

heating and the production of electricity. Generally it is more energy efficient to use 

the heat produced for district or local heating but it can be converted to electricity 

with a lower efficiency.   

 

Focus on the development of processes involving energy recovery from waste 

(EfW), is growing to meet the UK and EU policies in sustainable waste 

management. The term co-incineration refers to the combustion of selected 

elements of the waste stream as substitute fuels in certain processes such as 

cement kilns, where for example, cement manufacturers use waste tyres as 

substitute fuels for high temperature cement manufacture. 

 

Incineration plants can be classified on the basis of their capacity, the nature of the 

waste to be combusted, the type of system etc (Williams 2005).  A broad division is 

made between mass burn incinerators, and other types. 

 

Mass burn incineration is a commonly used large-scale combustion and energy 

recovery technology with typical throughputs of untreated waste of 10 - 50 tonnes 

per hour (Williams 2005).     

 

The advantages of mass burn incineration with energy recovery are (Williams 

2005): 

 

♦ The waste requires minimal processing 

♦ Mixed wastes can be treated although pre-mixing is used to provide a 

relatively uniform fuel.  

♦ The volume of the waste can be reduced by up to 90% (Waste Watch 2004) 

♦ The waste  can be burned at an optimal temperature of about 1100oC and 

remains on the grate for 45-70mins to ensure maximum combustion 
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♦ Following combustion of waste on the grate, the resultant gases of 

combustion are completely burnt in the upper combustion chamber to ensure 

complete destruction of gaseous products such as dioxins 

♦ The hot gases are cooled by water in boiler tubes that generate steam for use 

in local heating or in electricity production. 

♦ The flue gases can be treated to remove particulates and most of the 

hazardous gaseous products.  

♦ The residual bottom ashes and fly ashes are biologically sterile and can 

generally be landfilled and in the case of bottom ashes, used as secondary 

aggregates in the construction industry.   

♦ Incineration can usually be carried out on large tonnages relatively close to 

the points of collection.  

 

The other types of incinerators used to burn waste include those used for 

distributed energy generation, the destruction of clinical waste and hazardous 

waste and of sewage sludge. These incinerators are generally smaller in scale and 

can make use of technologies such as fluidised bed incinerators, rotary kiln 

incinerators, and liquid and gaseous incinerators.   

 

Most clinical waste incinerators are of two-stage incineration systems with 

throughputs of 400-25000 t/yr. The use of small scale waste burning incinerators 

as distributed generators for combined heat and power has become more common 

over the past decade (Williams 2005).    

 

Pyrolysis 

Pyrolysis is widely used and well established as an industrial process for energy 

recovery from hydrocarbon feedstock, but its use as a process for dealing with 

heterogeneous, mixed waste streams is at early stage of development.  Pyrolysis 

involves indirect heating of carbon-rich material to achieve thermal degradation of 

that material at a temperature of 450 – 6000C in the absence of oxygen and under 

pressure (Williams 2005). The process, through a combination of thermo-cracking 
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and condensation reactions, transforms organic materials into a gas of medium 

calorific value, a liquid and a char fraction as follows: 

 

• Gas stream – uncondensed gases including CO, CO2, H2, CH4, C2H4, C2H6 

(Cardiff University 2007).  

• Tar/oil liquid phase – condensed gases produce acetic acid, acetone, 

methane and 

• Char (solid phase) – mainly carbon but also contains other inert material 

and heavy metals.  

 

The recoverable energy content in pyrolysis varies from 720,000 to 1,440,000 kJ/t 

of waste, depending on the quality of material being treated (Williams 2005). The 

char can be used as a fuel in a coal-fired power plant and in cement rotary kilns 

and can also be converted into activated carbon. The gases can be burnt as a fuel 

with a net calorific value of 10 to 20 MJ/Nm3 or used as synthesis gas in the 

production of chemicals such as methanol or ethanol (Enviros Consulting 2005). 

The pyrolytic oil has to be refined to permit its use as a fuel in engine turbines and 

boilers and this refinement is usually uneconomic. 

 

Suitable waste streams for the feedstock for pyrolysis, include sewage sludge, 

agricultural waste, and mixed organic waste including food waste, garden waste, 

paper pulp and pre-separated residual waste.  

 

The pyrolysis process requires primary heat to start up the reaction. The important 

process conditions that affect product distribution (distribution between char, gas 

and oil phases) are temperature, heating rate, and the nature of the pyrolysis 

process that can be – carbonisation pyrolysis, slow pyrolysis,  fast flash liquid and  

fast flash gas pyrolysis (Williams 2005). 

 

The advantages and disadvantages of pyrolysis according to Williams (2005) are: 

 

Advantages: 
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• It is a medium temperature technique 

• No oxygen supply is required 

• It breaks down many types of waste 

• Can operate as a small scale plant  

 

Disadvantages: 

• Risks in using a new technology 

• MSW has to be pre-sorted 

 

Gasification 

Gasification is a process that involves the reaction of hot organic waste in air or 

steam in an enclosed reactor. The majority of carbon in the waste is converted to 

gaseous products leaving an inert residue resulting from the break-down of organic 

molecules in the waste. The thermo-chemical conversion of the solid waste at 

between 450 and 1000°C involves several steps and results in a hydrogen-rich 

synthesis gas (Williams 2005). Suitable waste materials for gasification include 

high moisture sludge, industrial wastes and pre-sorted municipal solid waste and 

food waste.  

 

Gasification of municipal solid waste in air gives a mixture of gases with a calorific 

value of about 10 MJ/Nm3 (Porteus et al 2003). The gaseous mixture contains 

carbon monoxide, carbon dioxide, hydrogen, methane, water, nitrogen and small 

amounts of higher hydrocarbons (Williams 2005). A typical gas phase composition 

is shown in Table 3.12. 

 

 

Table 3.12 Typical composition of fuel-gas from MSW (% Volume-dry gas) (Porteus et al 
2003)  
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If oxygen-enriched oxidation conditions are employed in the gasification process, 

calorific values up to 15 MJ/Nm3 (Porteus et al 2003) can be achieved while values 

of 15-20 MJ/Nm3 can be obtained in steam gasification (Williams 2005) (natural 

gas has a calorific value of about 39 MJ/Nm3).  

The environmental burden from emissions from this type of technology is generally 

low due to the contained nature of the process. Emissions of NOx, SOx, dioxins 

and furans are well within consent limits. 

The main advantages of gasification are:  

(i)  the volume of the waste can be reduced  by up to 80-90% (Williams 

2005); 

(ii)  the solid residue is inert (Cardiff University 2007); 

(iii)  it is an efficient energy producing process (Thermogenics Inc 2007) ;  

(iv)  low levels of pollutant emissions (Cardiff University 2007);  

(v)  almost any type of organic waste can be used in a gasification system 

including ‘problem’ wastes such as plastics, tyres, clinical waste, abattoir 

waste, and toxic wastes; 

(vi) the gases can be used in methanol production or liquid fuel rather than 

for energy recovery (Friends of the Earth 2002). 

 

The drawbacks to gasification are: 

(i) the cost of ensuring good fuel penetration into the waste (Cardiff 

University 2007);  

(ii) the technology is not completely proven (Friends of the Earth 2002);  

(iii) energy balance and economics do not currently support the use of the 

technology (Fleck 2006).  

 

In Europe, gasification plays a very small role in management of waste.  There is, 

at present, no full scale operational plant treating MSW in the UK but various 

projects are at the demonstration stage (Fleck 2006)     
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Plasma Arc Gasification 

Plasma is a term given to ‘a gas that has become ionised’. In order for a gas to 

become ionised, it has to be heated to extremely high temperature, usually more 

than 5000°C (Safe Waste And Power 2003).  Plasma is generated by plasma 

torches which heat up the air. Very high voltage is then passed through the gas to 

break down its insulating property, making it conductive. Once a gas becomes 

conductive, electrical discharge heats up the gas and forms plasmas (Safe Waste 

And Power 2003).  Applications of plasma have been widely used in many 

industries such as steel foundries, chemical analysis and cutting of metals.  

 

The plasma process dealing with waste (or fuel) is known as plasma gasification.  

In the process the arc temperature is raised to 20,000 °C (Safe Waste And Power 

2003). The desired product of the process is syngas which has medium calorific 

value.  

 

Plasma gasification is capable of dealing with mixed waste, so minimal sorting is 

required prior to feeding the waste into the gasifier chamber, where, it is heated up 

to high temperatures. The organic material does not burn because there is not 

enough air and as a result, waste undergoes thermal transformation and is 

dissociated into hydrogen, carbon monoxide, carbon dioxide, water vapour and 

methane in the form of gases.  The resulting syngas, which exists at high 

temperature and is still contaminated, requires further cooling and cleaning (Safe 

Waste And Power 2003).     

 

Plasma process is one of the emerging thermal treatment technologies that has 

received considerable attention by industries looking at alternative methods of 

treating waste. One special feature of the plasma process is that it is a non-

incineration technique, and therefore eliminates the drawbacks associated with the 

incineration process, such as emissions and the production of bottom ash and fly 

ash, the handling and control of which can account for significant process costs.  

Nevertheless the commercial uptake of plasma gasification in waste processing 

has been limited.   For many years, plasma has been recognised as an effective 

method for destroying hazardous waste, but its uptake as a means of treating 
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municipal solid waste (MSW) has been hampered not only because of the high 

electricity costs due to the high flows of electricity required, but also because of the 

highly variable feedstock which can lead to a variable flow and content of syngas 

produced.   

 

Autoclaving 

Autoclaving or steam technology has been used to treat infectious waste and 

sterilise medical instruments in hospital for over hundred years.  Commercial 

steam heated autoclaves were first used in 1889. Recently, there has been 

increasing interest in adapting the technology for the treatment of municipal solid 

waste (Robinson 2006).  

 

The treatment involves the loading of unsorted mixed municipal solid waste into 

vessels where steam over 140oC under pressure is applied (Robinson 2006). The 

vessels are rotated to ensure thorough mixing of waste to create a homogeneous 

product, and at the same time, to provide a uniform distribution of heat through the 

waste.  The process sterilises the inorganic fraction and leads to the breakdown of 

the organic fraction of the waste into a sterilised fibrous biomass, which can be 

used as a refused derived fuel. At the same time the inorganic fraction is also 

sterilised.  Additional benefits of rotation in the treatment of waste include providing 

uniform heating as well as thorough mixing of the waste to produce a 

homogeneous mixture.  

 

Steam technology also cleans and separates recyclable materials such as plastics, 

glass and metals. This is especially useful for food containers to kill off micro-

organisms as well as remove labels, leaving the bare materials ready for recycling 

(Robinson 2006). 

 

Autoclaving steam technology offers potential to treat unsorted mixed waste. The 

waste can be effectively separated by this treatment thus reducing time required 

for pre-sorting mixed waste. The end product of steam treatment is clean biomass 

fibre that can be used as a green energy source, in land remediation or, if washed, 

as paper pulp. This is in contrast with other treatment options such as Mechanical 
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Biological Treatment (MBT), where fractions of recyclables (plastics and metal) are 

left in the organic fraction thus lowering the quality of the end product.  Autoclaving 

may also be appropriate as a pre-treatment step, for example, in preparing the 

fibrous biomass, as a more uniform and relatively contaminant-free feedstock as 

input to a pyrolysis or gasification plant.  The efficiency of an autoclaving plant may 

be increased by making use of the waste steam generated from the process.  

 

3.4. Selection of Treatment Option for Catering Food Waste 

 

To meet the aim of this thesis to develop a methodology to treat food wastes from 

catering establishments as an example of source-separated food waste arisings, 

the treatment options described in this chapter were assessed. 

 

The criteria used in the assessment include: 

 

1. The environmental benefits arising from the treatment of the food waste and 

particularly the diversion of food waste from landfill 

2. The generation of the highest value product that is easy to handle and 

meets an identifiable market  

3. A technology that can be appropriately sized to cope with the tonnages 

available in potential use situations  

4. Full compliance with all relevant regulations under current and likely 

legislation 

 

Food waste disposers divert the waste from landfill but increase the environmental 

burden at wastewater treatment facilities.  There are sufficient uncertainties in 

determining whether all of the sludges produced at the wastewater treatment facilty 

could be diverted from landfill to eliminate this method as a long-term general 

solution.  Although the use of food waste disposers is unlikely to produce the 

general solution, the processes of maceration used in the method should be 

important in homogenising food waste from catering sources.   
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Any type of thermal treatment relies on the reduction of the volume of food waste 

with the production of energy or of combustible gases that can be used in energy 

generation.  Again with these techniques it would be necessary to collect sufficient 

waste to enable the operation of units large enough to be economically viable.  

Although thermal techniques could be of value for the treatment of food waste 

collected from a number of sources, one of the objectives of the present work is to 

achieve in-situ treatment of the waste to reduce the impacts of transport, odour 

and vermin.  Furthermore all thermal treatment methods result in the production of 

solid waste in the form of ashes, chars or oils that may have to be disposed of 

under the hazardous waste regulations. 

 

It has been suggested in most reports on the handling and treatment of 

biodegradable wastes, that biological treatments including composting and 

anaerobic digestion offer the best environmental and economic options.  

Composting is capable of producing a single useable solid product for which there 

is a good market provided the quality of the useable product is high enough.  

Anaerobic digestion, which is often said to be the best option, results in the 

production of methane gas as a source of energy and a digestate that could be 

used for soil improvement. There are however problems associated with the 

storage, handling and use of the digestate before this can be used.  An advantage 

of all biological treatments, however is that they do not result in complete depletion 

of their contained carbon. 

 

Both composting and anaerobic digestion are viable for the processing of 

biodegradable wastes and food waste should be a suitable feedstock for both 

processes.  Due to the legislative and economic controls imposed on both 

technologies however, the use of in-vessel composting was chosen in this work as 

the most appropriate technology to develop in terms of ease of handling the 

feedstock, capital outlay, health and safety hazards and the opportunity to develop 

a closed loop treatment process.   
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3.5. Summary 

 

Traditionally in the UK, food waste has been disposed of to landfill  but this practice 

leads to adverse environmental impacts, so alternatives to landfilling of food waste 

have been considered in this chapter.  The chapter has described the reactions of 

putrescible materials in landfill sites and the characterisation of food wastes and 

their management.    

 

In order to assess the suitability of catering food waste as a feedstock for a 

composting system it is necessary to consider the parameters that are important in 

a biodegradable  feedstock to give a high quality product.  These include particle 

size, C:N ratio, water content, pH, nutrient element content, heavy metal content 

and pathogen content. 

The next chapter of this thesis describes the development of an in-vessel 

composting system for the treatment of catering waste based on trials carried out 

at HMP Morton Hall to give a high quality compost in compliance with all relevant 

legislation and which can be used directly on horticultural land at the prison.   

Although this in-situ closed loop system is carried out without the intervention of 

waste carriers, it could also be used at central collection facilities to produce a 

marketable compost.  
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4.1 Introduction 

The beneficial treatment of food waste is most suited to situations where large 

amounts of catering waste (kitchen and plate food waste) are collected at one 

source.  This occurs in situations such as prison facilities, hospitals, care homes, 

schools, Universities, motorway service areas, military bases, hotels, airports, 

medium and large corporate canteens, restaurants etc. The work described in this 

chapter is the results of a research partnership between Imperial College, HMP 

Morton Hall and Imperial Machine Company Limited in which Imperial Machine 

Company provided the commercial scale equipment for the research being carried 

out by Imperial College with the equipment sited at HMP Morton Hall Swinderby, 

Lincoln.  Morton Hall provides an additional benefit because any compost 

generated can be used directly on prison land.   

 

4.2 Suitability of Food Waste for Composting 

 

The characterisation of food waste from a University catering establishment and 

Morton Hall prison described in Chapter 3 has highlighted the following problems 

that have to be solved in the development of an in-vessel composting system: 

 

• The inhomogeneity of catering and kitchen waste materials because the 

system will operate most efficiently with the use of homogeneous food 

waste feedstock with an appropriate range of particle size; 

• The carbon:nitrogen ratio (in the range 11:1 – 12:1) of the food wastes 

characterised in this work is too low to provide the best elemental balance. 

The C:N ratio should be in the range of 25:1 to 35:1; 

• The moisture content of the food waste is too high for ideal composting 

conditions;   

• The food waste could contain pathogens that have to be destroyed; 
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• The metal impurities contained in the food waste must not result in a 

compost containing too high metal concentrations. 

 

The parameters that are important in a biodegradable feedstock to give a high 

quality compost product are described below and include particle size, water 

content, C:N ratio, pH, nutrient element content, heavy metal content and pathogen 

content.   

 

4.2.1 Particle size 

 

Food wastes are generally inhomogeneous but an efficient composting process 

depends upon the use of small and homogeneous particles to improve the surface 

area of biological degradation while allowing access of sufficient oxygen to 

maintain an aerobic process. Furthermore, the homogeneity of the feedstock 

guarantees the ease of heat transfer through the pile and surface availability is 

greater, therefore the substrate itself is readily accessible to microorganisms 

achieving up to twice the rate of degradation, being the recommended minimum 

particle size of 1.3cm when applied to forced aerated systems (Richard 2008).  

 

4.2.2 Moisture Content 

 

The water content of the University catering establishment and Morton Hall food 

waste is greater than 70%.  This is typical of many food waste streams (Table 4.1) 

and is too high for composting.  A reduction in the water content of the feedstock to 

the composter is necessary to achieve optimum conditions for the biological 

degradation and to inhibit hydrolysis reactions.  The optimum water content for 

composting is between 50-65% (Chang et al 2006)  
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4.2.3 C:N Ratio 

 

Characterisation of food wastes, intended to be used as feedstock for composting 

operations, has to be carried out at the source of the waste due to the fact that 

significant variations are found in their physical and chemical properties (Table 4.1) 

due to cultural differences in food habits and geographical product availability 

(Adhikari 2008).  

 

The data in Table 4.1 - Table 4.4, in addition to the data for catering wastes from 

University and Morton Hall prison include characterization data by Tompkins 

(2006) for separately collected kerbside food waste in the UK; from Wang (2003) 

and  Stabnikova et al (2005) for uncooked vegetable food waste from a canteen in 

Singapore; Veeken and Hamelers (2002) for fruits, vegetables and separately 

collected household wastes in the Netherlands; Climenhaga (2007) for catering 

wastes in the UK;  Kwon and Lee (2004) for mainly cooked food residues from a 

university cafeteria in South Korea; Zhang et al (2007) for catering food wastes 

from hundreds of restaurants, hotels and food markets in the USA, and 

Adhikari(2008) for restaurant waste in Canada, Kim et al (2007) for unspecified 

food wastes in Korea, and Chang et al (2006) for kitchen wastes in Taiwan. 

 

From Table 4.1 it is clear that many food wastes including those studied in the 

present work have C:N ratios lower than the 20-40:1 required for composting.  

The carbon content of food waste is typically around 50% dry weight, and should 

provide a good source of carbon in composting processes.  The low C:N ratios 

arise because of the relatively high nitrogen contents (2 – 4% dry weight) found in 

most food wastes.  

 

For the purposes of comparison the C:N ratios for poultry manure, alfalfa hay, 

vegetables wastes and grass clippings display similar C:N ratios to that of food 

wastes (typically 10-15:1). Cow manure, coffee grounds and apple pomace display 

a C:N ratio between 20-25:1 while the C:N for fruit wastes is between 30-
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40:1.Leaves, newspaper, pine needles, corn stalks, oat straw, wheat straw, bark, 

paper and sawdust display variable C:N ratio ranging from 40-500:1, being used to 

balance low C:N ratio feedstock. 

 

The best way to correct the C:N ratio of a food waste feedstock for composting 

would be to add a low cost material, such as paper or sawdust, that has a high C:N 

ratio although consideration has to be given to the ease of biodegradability of the 

additive. 

 

4.2.4 pH 

 

The optimum pH for thermophilic aerobic digestion of biodegradable materials is 

neutral or slightly basic.  Lower acidity feedstocks would favour hydrolysis 

reactions which in turn encourage mesophilic bacterial degradation which is not 

ideal for composting.  In many examples of composting of biodegradable  materials 

the pH is adjusted by the addition of lime (Sundberg et al 2004, Eden Project 

2006).  One advantage of the use of food waste as a feedstock is that the short 

chain organic acids such as acetic acid and lactic acid are water-soluble and are 

largely removed in the dewatering stage (Bech-Friis 2001).  

 

Characterisation of the University food waste, for example, show that there is a 

considerable difference in the pH of the solid fraction of food waste and the liquid 

effluent arising from the dewatering of the waste which have pH values of 5.7 and 

4.3 respectively. The pH of the separated solid and liquid fractions of the University 

food waste is given in Table 4.2 along with pH values measured for the total wet 

food waste described in the literature. The thermophilic bacteria, important in 

composting, have a low tolerance to acidic conditions (Sundberg et al 2004). 

 

 

 



 80

 
MDFW: Macerated and dewatered food waste in this work 

Table 4.1 Physical characterisation of different outlets of food wastes 
 

 

 
Table 4.2 pH of food wastes 
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4.2.5 Nutrients 

 

In addition to nitrogen, which is required to support leaf growth, protein synthesis 

and chlorophyll, other major essential nutrients are phosphorus (P) necessary for 

root, fruit and flower development; and potassium (K) needed for structural growth 

and protein synthesis.  

 

Minor important nutrients are sodium, calcium, magnesium and iron.  The presence 

of any of these major or minor nutrients in the feedstock will of course be beneficial 

in the final feedstock.  Table 4.3 contains the composition of these nutrients in the 

University and Morton Hall samples along with the literature data from other 

sources.    

 

 
Table 4.3 Selection of nutrients found in food wastes 

 

4.2.6 Heavy metals 

 

One possible disadvantage of food waste, as a feedstock for composting is the 

potential concentration of heavy metals in the solid phase.  The heavy metal 

content of the University and Morton Hall samples obtained in this work are in 

Table 4.4 (and Figure 4.1) along with the data from other literature sources.  Table 

4.4 also contains the British Standard Institute PAS 100 upper limit for heavy metal 

content of a high quality compost,    
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Table 4.4 Concentration of heavy metals of different outlets of food wastes 
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Figure 4.1 Heavy metal content of food wastes according to literary source. 

 

The data contained in Table 4.4 are for the metal concentrations of the solid 

fraction of food wastes on a dry matter basis.  In the composting process the loss 

of mass by emission of CO2  and water will concentrate the heavy metals in the 

solid fraction of the compost.   The Concentration Factor (CF) of heavy metals after 

composting of biowaste, as a function of the extent of organic matter degradation 

(OMdeg) and the initial organic matter content (OMini), can be calculated with the 

following formula (Veeken & Hamelers 2002)  

 

deg

100

100
100ini

CF OM
OM

=
−

 ...............................................................................................Eq. 4.1 

 

Figure 4.2 is a series of graphs showing the variation in Concentration Factor 

against the extent of organic matter degradation (OMdeg)  for different organic 

matter contents (volatile solids) OMini  from 20 -100%. 
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Figure 4.2 Concentration of heavy metals after composting of biowaste as a function of the 

extent of organic matter degradation and the initial organic matter content (Veeken & 
Hamelers 2002)  

 
 

The Concentration Factors calculated for the University food waste samples 

converted to compost are in Table 4.6 along with calculations based on literature 

data. 

 
 

 
Table 4.5 Concentration factor experienced by food wastes dependant on the level of 

organic matter content. 
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4.2.7 Element distribution between solid and liquid fractions of food 

waste. 

The distribution of a number of elements,  nutrients and heavy metals,  between 

the solid and liquid phases of the University samples determined in the present 

work are in Table 4.6, and these data show that all elements are found in both the 

solid and liquid fractions although there is evidence for the concentration of sodium 

and potassium in the liquid phase, and of zinc in the solid phase.   

 

 
Table 4.6 Elemental comparison of effluent and collected fraction 

 

4.2.8 Pathogens 

The composting process involving food waste as a feedstock particularly those  

containing animal wastes, is likely to encourage the production of pathogenic 

organisms that must be destroyed in the composting process.  This aspect of 

composting is controlled by the Animal By-Products Regulations 2005 which set 

out the conditions that must be achieved in the composting reaction that are 

necessary to achieve the destruction of pathogens.  In addition the regulations 

require a permit to operate a composting process although there is an exemption 

that applies to the use of the compost on the premises at which it is produced, 

provided any farm animals are kept out of contact with the compost. 
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4.2.9 The Morton Hall Research  

 
The aim of the work described in this chapter is the development of an in-vessel 

composting system designed to produce high quality compost from food waste in a 

catering establishment under conditions relevant to commercial operations. For this 

reason the research was carried out using food waste from the catering section of 

HMP Morton Hall Prison, which is representative of an institutional catering waste 

producer.  

 

There are 128 operational prisons in England and Wales with almost 70,000 

inmates (HMPS 2006). The Government is committed to lead by example in the 

achievement of reduction, reuse, recycling or recovery targets laid out in the 

Landfill Regulations.  

 

The Prison Service is an executive agency of the Home Office but also an integral 

part of the National Offenders Management Service (NOMS), which was set up in 

2004.  NOMS is involved in various functions including strategic aspects of 

custody, settlement, integration of offenders into the community, reduction of  re-

offending and operation of a Sustainable Development Team (SDT).  The SDT is 

responsible for trials such as the research carried out in the present work to 

determine best practice that can be disseminated throughout the entire prison 

estate. Targets have been set in a Framework for Sustainable Development on the 

Government Estate and issued by DEFRA in 2004,  covering aspects that include 

energy, waste and social impacts.  The targets set out for waste management 

across the Prison estate in this document were: 

 

• 45% of prisons with 600 prisoners or more (and 25% of those with less than 

600) to have waste management units in operation by 31st December 2004 

• 60% of prisons with 600 prisoners or more (30% for those with less than 

600) to have waste management units in operation by 31st December 2005 
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• The prisons with waste management units to reuse, recycle or recover 25% 

of waste generated within each prison by 31st December 2005. 

 

At the start of the present work the annual recycling rate was 46.0%, although the 

Morton Hall average was 54.9%(HMPS 2006). The Sustainable Development 

Report for the Prison Service for 2005-2006 highlighted the need to develop 

methods of treatment of catering waste as a means of reducing environmental 

impacts arising from the collection and disposal of these wastes to landfill.   

 

The Morton Hall facility, previously an RAF base, was re-opened as an open prison 

in 1985 for female offenders, with an operational capacity for 392 inmates (HMPS 

2006). In addition to the prison buildings, it has 200 acres of fields, mainly grass, 

and a number of greenhouses where flowers and vegetables are grown. Morton 

Hall Prison serves 710 meals a day, 400 for lunch and 310 for dinner producing 1 

tonne per week of food waste, half of which is free water.  

 

The prison has carried out composting for more than ten years using grass, 

branches and poultry litter, as the main feedstock materials, but their food waste 

was separately collected and disposed of by the Local Authority.  Before the 

research trials commenced, Morton Hall had a catering waste collection expense of 

approximately £8,000 per annum, and there were additional hidden costs in 

administration, invigilation and gate time associated with the collection of food 

waste from a secure facility. 
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4.3 Factors Relevant to Food Waste Composting at Morton Hall 

4.3.1 Composting process control 

The optimum conditions for composting described earlier in this chapter are a 

water content of around 60%, a C:N ratio of 20-40:1.  The Morton Hall food waste 

has a C:N ratio of 11:1 and a water content of 77%, and therefore it is necessary to 

mix the waste with a bulking agent that provides both a carbon source and a 

means of absorbing moisture (Adhikari 2008).  The food waste from Morton Hall 

also contained a wide range of particle sizes from large bones to fine suspended 

particles of food.  To achieve optimum composting conditions, including adequate 

oxygen availability and thermal transfer through the biodegrading material, particle 

homogenisation was necessary.  Heat transfer is particularly important for food 

waste containing animal by-products to ensure that the temperatures necessary for 

pathogen depletion are achieved. 

 

Maximisation of aeration levels to provide the necessary oxygen levels throughout 

the pile will be assisted by a process that involves frequent turning of the feedstock 

in the composter although the frequency of the turning has to be controlled to avoid 

disturbing the extent of microbial activity, by cooling the pile. 

 

Temperature measurements in a composting process provide a means of 

diagnosis of efficiency and the extent of the composting process. Thermophilic 

bacteria operate in the range 40-65ºC with the optimum temperature being 

between 55 and 65o-C (Dickson et al 1991).  Much higher temperatures would 

result in the gradual deactivation of thermophilic bacteria which would in turn 

decrease the temperature.  

 

Another aspect of composter control that is important is the loading frequency.  If the 

loading frequency is delayed, for example, an acidification process can be initiated 

which could result in the delay in the transition of mesophilic to thermophilic 

conditions in the mix (Sundberg et al 2004). 
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4.3.2 Quality and use of the compost 

 

Composting is not only a treatment for biodegradable waste but also a process that 

generates a product that meets a market need and truly closes a loop in food waste 

management.  

 

In an effort to counteract negative end-user perception and to encourage the 

production of compost using food wastes as feedstock, the BSI PAS 100:2005 
Standards for Composted Materials (BSI 2005) (PAS 100) was launched in 2002, 

and updated in 2005.   The PAS Standard ensures the quality of a compost under a 

certification scheme by covering all aspects of the process: feedstock, production 

methods, quality control and laboratory testing. In addition to this, several 

parameters are regulated with upper limits beyond which the compost is not 

considered of optimum quality or safe to use.   The quality control is achieved by 

requiring: the keeping of records of the necessary parameters, batch codes 

identification, hazard and critical point analysis, standard operating procedures and 

training. The PAS 100 also includes control of sanitisation, stabilisation, maturation 

and storage procedures as well as quality requirements,  sampling and analysis, 

classification of compost and labelling. 

 

Compost is classified according to the following criteria: 

 

• Soil improver 

• Mulch 

• Growing medium 

• Turf dressing 

• Top soil (manufactured) 

• Other (as specified by the producer)  
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If the feedstock for composting contains meat, or waste that has been in contact with 

meat, it also needs to comply with the conditions of operation specified in the Animal 

By-Products Regulations 2005 (OPSI 2005b). 

The Quality Compost Protocol For The Production And Use Of Quality 

Compost From Source-Segregated Biodegradable Waste (WRAP & 

Environment Agency 2007) was launched in 2007. It was developed through the 

Business Resource Efficiency and Waste (BREW) Programme, the Waste & 

Resources Action Programme (WRAP) and the Environment Agency to clarify the 

point at which any compost produced from waste ceases to be defined as waste.  

This is designed to decrease the regulatory burden, to encourage the use of the 

compost and to define best practice for use in agriculture or horticulture.  The 

Protocol establishes a link between the operator and end user of the compost. The 

production of compost, under the certification, needs to be carried out under a 

waste management licence or a registered exemption, and must comply with PAS 

100 Standard -  the only standard currently accepted under the Quality Compost 

Protocol certification scheme.  Under the scheme compost ceases to be defined as 

waste when it is applied to land. The purchaser does not need to hold a waste 

management licence to apply the compost on land.  

The Protocol also establishes uses for compost failing to pass the PAS 100 

Standard criteria, provided that (a) the operator is part of an approved certification 

scheme, (b) that the buyer of the compost has an use for it, (c) the compost will not 

be mixed with other type of wastes and (d) that the activity is unlikely to cause 

pollution in the environment.  

A major part of the research carried out at Morton Hall was to ensure that the 

quality of the product compost met the PAS 100 Standard. 
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4.4 The Morton Hall Methodology 

 

The composition of Morton Hall food waste, in common with other sources of this 

type of waste, is not suitable for direct conversion to compost.  In order to develop 

a process that can meet the objective of the conversion of food waste to high 

quality compost, the research involved studies on the following composting 

parameters: 

 

• Homogenisation of the feedstock by maceration and dewatering 

• Optimisation of water content by dewatering and the addition of a water-

absorbing bulking agent 

• Optimisation of C:N ratio by addition of a high-carbon bulking agent 

• Containment of the composting process using an in-vessel reactor 

• Optimisation of in-vessel composter conditions 

• Optimisation of temperature control to ensure that the composting process 

meets ABP regulations 

• Post-reactor maturation and curing  of compost  

• Assessment of the quality of the compost  

 

4.4.1 Equipment used 

 

The equipment used is discussed under the headings of (i) food waste pre-

treatment, and (ii) composting. 

 

4.4.1.1 Food waste pre-treatment 

The pre-treatment of food waste was carried out using the macerator and 

dewatering unit described in Chapter 3, and which was fitted in the Morton Hall 

kitchen. The operation of this system is described in Chapter 3, Section 3.2 “Food 
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Waste Characterisation”. The dimensions, requirements and capabilities of the 

macerator and dewaterer unit as specified by the manufacturer are as follows. 

 

Macerator  

The macerator used in the Morton Hall Research was a IMC Food Waste Disposer 

Model 726. This model can treat up to 400kg of waste per hour (approximately 850 

meals per day), and consumes an average of 14-18 litres of water per minute. The 

motor is connected to a 220/240 V electricity grid supply and consumes 0.33kWh.  

The dimensions of the unit are 850mm, 400mm and 600mm for height, width and 

depth respectively. This model includes a magnetic cutlery saver to avoid metallic 

intrusions that might damage the grinding elements. 

 

Dewaterer 

The dewaterer used was an IMC Waste Pro unit that was connected to the 

macerator by a pipe, up to 1m long. The dewaterer can process up to 700 kg of 

waste per hour (approximately 1450 meal per day).  The unit has a minimum 

required flow rate of 12 litres per minute and uses a 0.19kWh motor connected to a 

220/240V electricity grid. The dimensions of the unit are 784mm, 380mm and 

722mm for height, width and depth respectively. 

 

Weighing scale 

The weight of food waste and bulking agent fed into the composter was recorded 

using a precision electronic scale, with 48mm LCD digital display (500g increments, 

with weight capacity of 172kg). 

 

4.4.1.2 Composting 

 

Composter 

The in-vessel composter used was a horizontally orientated cylinder with a fixed 

axle and stationary rear and front ends. The cylinder with its contained feedstock 
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material was rotated so that the material was turned over and ventilated 

periodically. Processed material was emptied automatically via an exit sited in the 

upper half of the end wall and collected in a covered container. Depending upon 

the amount and the composition of the waste material, a range of choices could be 

made on waiting time between turns, length of turning period, amount of 

ventilation, and filling level.  

 

The model used for this research was a Big Hanna T75 in-vessel composter 

(Figure 4.3), that could accept a maximum load of 325kg of material for composting 

per week (Aletrumman 2002). The power consumption of the composter required 

to move the cylinder, run the fan and heater, if required, was 0.22kW (Aletrumman 

2002). The airflow and dimensions of the Big Hanna T75 are shown in Figure 4.4. 

 

 
Figure 4.3 Big Hanna Composter Model T75 (Aletrumman 2002)  

 

The composter was fitted with entry ports (A-E) to enable removal of solid samples 

for analysis and permit temperature measurements along the length of the 

composter, and the measurement of concentration of gases in the airspace of the 

composter near the exit end of the vessel. 
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Figure 4.4 Airflow and dimensions of the Big Hanna used in the trials 

 

 

Temperature probe  

Temperature measurements were obtained manually using a thermocouple 

thermometer, capable of measuring temperature to ±0.5ºC, and which displayed the 

temperature on a LCD screen. 

 

Gas probe 

A BW Gas Alert Micro Probe (BW Technologies 2007) portable multi-gas detector 

was used to determine the levels of methane, carbon dioxide  and oxygen 

concentration inside the airspace of the composter.   The gases were sampled 

through a tube attached to the probe and inserted into the airspace of the 

composter.   

 

The characteristics of BW Gas Detector are summarised as follows: 

 

• Compact (6 x 10 x 3.3 cm) and lightweight (211 g) 

• Continuous LCD shows simultaneous gas concentrations for O2, 

combustibles (0-100% LEL -Lower Explosive Limit- or 0-5.0% methane) 
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• Powered by two AA alkaline or NiMH cells (run-time typically 16-18 hours) 

• Simple automatic calibration procedure 

• Records TWA (Time Weighted Average), STEL(Short Term Exposure Limit) 

and maximum exposures to gas and display readings on command 

• Delivered ready for use with sensors, two AA alkaline cells, stainless steel 

alligator belt clip, calibration hose/cap and instructions 

 

The gas probe is fitted with an alarm system which is triggered if the levels of 

methane or carbon dioxide exceed pre-logged setpoints. 

 

4.4.2 Analytical techniques 

 

4.4.2.1 Physical and chemical characterisation of compost  

Analysis of the elemental composition of samples from five points along the length 

of the composter, and the end of the in-vessel composting stage were determined 

using the methods described in Chapter 3.  The C:N ratios of samples from the five 

sampling points in the composter were obtained at the NRM Laboratories 

(Registered in England No. 2577148, Berkshire) because of the need to respond 

quickly to any irregularities in carbon and nitrogen balance that might impact on the 

temperature regime in the composter. The PAS 100 analysis of the final matured 

compost was also carried out at the NRM Laboratories, as a registered laboratory 

for PAS measurements.  

 

pH of the input mix to the in-vessel composter was determined using universal 

indicator strips.  The input mix is moist, so that squeezing the paper and input mix 

together was sufficient to obtain a pH of the mix.  
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4.4.2.2 Maturity of compost 

Following the in-vessel stage the compost was matured for a period of up to 4 

months.  The maturity of the compost produced, at different periods of maturation, 

was determined using a Solvita Compost Maturity Test Kit (Solvita 2004) (Figure 

4.5). This kit measures carbon dioxide and ammonia emissions from compost. The 

test was carried out according to the instructions of the manufacturer, and involved 

the use of gel paddles that change colour depending on rates of emissions of 

carbon dioxide and ammonia, assigning indices to carbon dioxide (from 1 to 8 

shown in Figure 4.5) and ammonia (from 1 to 5). Those values are combined to 

give an overall index of maturity. The overall index ranges from 1 to 8, with raw 

compost having indices of 1 to 2, and a finished mature compost of 7 to 8. 

 
Figure 4.5 Carbon dioxide gel-paddle test and indexed colour reference (Solvita 2004). 

 

4.5 Optimisation of Methodology  

A schematic of the methodology followed in the Morton Hall composting research 

trial from segregation of the food waste at source to final assessment of the 

compost product is illustrated in Figure 4.6 
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Figure 4.6 A schematic of the in-vessel composting process of food waste 

 

The overall optimisation of the composting process was carried out considering the 

following sub-stages in the process: 

 

• Maceration of food waste 

• Dewatering of food waste 

• Mixing of food waste with bulking agent 

• Loading the composter 

• Optimisation of thermophilic in-vesssel conditions 

• Maturation of the compost 

 

4.5.1 Maceration and dewatering of food waste 

 
All the food waste generated in Morton Hall from food preparation and plate discards 

was passed through the macerator-dewaterer system and collected in a bucket of 

approximately 20 litres of volume and equipped with a lid to seal in the contents 

(Figure 4.7). The maceration and dewatering of the food waste at Morton Hall 
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reduced the volume (and weight) to less than a full bucket per day (125 kg per week 

on average as opposed to 1t food waste as generated including free water). One 

person can easily handle this quantity of waste in contrast to the effort that would be 

required to handle the untreated waste in a large container.    

 

 
Figure 4.7 Macerator-dewaterer system as installed in Morton Hall during the trials 

 

One bucket was collected every day between Tuesday and Friday, and three 

buckets were collected on Mondays to include the weekend waste.   

 

4.5.2 Mixing of food waste with bulking agent and choice of bulking 

agent 

 

Food waste and bulking agent were weighed in the mixing area and mixed in the 

proportions required for optimising C:N ratio and water content.  The food waste and 

bulking agent were mixed in a drum and loaded into a composter.  Some trials were 

carried out where the food waste and bulking agent were loaded separately into the 

composter. 

 

The main purpose of the bulking agent (a high carbon content biodegradable 

material) was to optimise the carbon : nitrogen ratio for composting by increasing 

the carbon content of the mix. A secondary purpose of the bulking agent was to 
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absorb excess water in the food waste to optimise the total water condition of the 

food waste : bulking agent mix.  A preferred choice (see Section 4.2.3)  of bulking 

agent consists of waste materials produced from wood operations.  For this reason 

two sources of wood waste were considered in the trial (i) wood shavings (BA1), 

and (ii) pelleted sawdust (BA2). The main chemical characteristics of both bulking 

agents are given in Table 4.7.  
 

 
Table 4.7 Characteristics of bulking agents, BA1 as analysed and BA2 according to supplier 

information. 
 

(i) Wood shavings 

The first composting trial was performed using wood shavings as bulking agent. The 

particle size of wood shavings (up to 2cm long and 0.5-3mm thick) was significantly 

larger -bulk density typically 250-400 kg/m3 (Nemestothy 2008)- than that of the 

macerated food waste.  The choice for wood shavings was intended to create 

appropriate channels for oxygen diffusion, and, in doing so, prevent excessive 

compaction of the pile. The three different ratios of food waste (FW) to bulking agent 

(BA1) were studied in the composting trials and are shown in Table 4.8.  

 

 
Table 4.8 Input mix ratio (weight based) of food waste (FW) and wood savings (BA1) applied 

in the IVC process 
 

The volume of this bulking agent (BA1) needed to balance the C:N ratio,  however, 

overloaded the composter   Maximum temperatures of over 55ºC were reached in 

zone C or zone D of the composter, (Figure 4.6).  There was evidence, however, that 

the mix in the composter was starved of carbon, and had a low C:N ratio, because it 

was difficult to mix in the calculated quantity of  bulking agent to balance the C:N 
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ratio of food waste, because of the low bulk density of the shavings (BA1).    In order 

to make space available for bulking agent, the residence time in the composter was 

reduced. Despite these changes, the compost obtained at the end of the in-vessel 

stage revealed high levels of ammonia.  High levels of ammonia are an indication of 

a low effective C:N ratio, and of instability in the composting process.  The relatively 

low temperatures (55oC) achieved in the process using BA1 were lower than that 

stipulated by the Animal By-Products Regulations 2005 (60ºC for 2 days or 70º for 1 

hour) and therefore too low to ensure pathogen removal or demonstrate compliance. 

The problems associated with the use of BA1 arose because of the assumption that 

larger particle sizes were required to ensure adequate oxygen flow through the 

composting mix, because the larger particles also did not present a large enough 

surface area for microbial activity.    

 

(ii) Pelleted sawdust 

Because of the failure of trials of BA1, it was necessary to consider the use of high 

carbon content bulking agent that would be capable of creating (a) adequate airflow 

channels through the composting mix, and (b) eventually presenting a high surface 

area for microbial activity.  In order to achieve these effects subsequent trials were 

carried out with pelleted sawdust as bulking agent.  These pellets have the initial 

bulk to aid oxygen flow, the ability to easily absorb excess moisture from the food 

waste and would eventually lose rigidity and collapse into small granules of saw 

dust. This should also result in a final material that should not contain large particles 

of unreacted bulking agent.  Three different initial ratios of food waste (FW) to 

bulking agent (BA2) were studied in the composting trials and are shown in Table 

4.9. The suitability and merit of the mix was based on (i) the best temperature regime 

given and (ii) the best product resulting from the process. 

 
Table 4.9 Input mix ratio (weight based) of food waste (FW) and pellets (BA2) applied in the 

IVC process. 
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After the 4th week, the mixture Mix 3 was shown to be giving the best results in terms 

of temperature profile (temperature was used as indicator of the kinetics of 

biodegradation) and was subsequently applied to all of the trials, although 

occasionally, responding to specific events, different ratios were applied to maintain 

an optimum temperature regime. 

 

4.5.3 The C:N ratio and loading the composter 

 

Once a homogeneous food waste mix is achieved, the key parameter for the mix of 

food waste and bulking agent loaded into the in-vessel composter is the C:N ratio, 

although care has to be taken to ensure that the feedstock also has an appropriate 

water content. Prior to the start of the Morton Hall trials samples of food waste 

were collected from Morton Hall and analysed, and the data, reported in Chapter 3, 

show that the C:N ratio is not suitable for an in-vessel composting process.  

Throughout the research described in this chapter the C:N ratio of the food waste 

and the food waste : bulking agent mix were determined using the formulae:   

 

%C= (W1*%C1+W2*%C2)/(W1+W2) ....................................................Eq. 4.2 

 

where  %C is total content of carbon in the mix 

W1 is weight of ingredient 1 

W2 is weight of ingredient 2 

%C1 is percentage of carbon of ingredient 1 and 

%C2 is percentage of carbon of ingredient 2 

 

Similarly for nitrogen: 

 

%N= (W1*%N1+W2*%N2)/(W1+W2) ....................................................Eq. 4.3 
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where  N is total content of nitrogen in the mix 

%N1 is percentage of nitrogen of ingredient 1 and 

%N2 is percentage of nitrogen of ingredient 2 

 

The C:N ratio is calculated by dividing carbon content by nitrogen content: 

 

C:N ratio = C content / N content 

 

These analytical checks ensure that the conditions for in-vessel composting were 

appropriate and indicated where minor changes in the feedstock were required, as 

indicated by any drop in temperature of the compost.  In the Morton Hall trials only 

very occasional changes were made to the feedstock to maintain the correct 

temperature regime. 

 

4.5.4 Optimisation of Thermophilic in-vessel conditions 

 

In order to anticipate the onset of detrimental conditions of in-vessel composting 

operation, the following parameters were monitored:  

 

• pH of the input mix was measured to identify any deleterious effects of 

hydrolysis reactions at the early stages of degradation as observed by 

Stanikova et al (2005) and Chang et al (2006). Hydrolysis reactions occur 

when the pH of the mix is too acidic.   Chang et al observed a decrease in 

pH in the early stages of the biological degradation, and described the 

composting as being divided into two distinctive phases: a mesophilic 

degradation taking place in acidic medium and temperatures below 40ºC, 

and a thermophilic degradation at pH 9 with temperatures above 40ºC. 

 

• C:N ratio and moisture content.  
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• Temperature. Throughout the trial, including the start-up stage, temperature 

readings were taken once every working day, at five different locations 

equidistant along the length of the composter, (zones A to E) (Figure 4.6) 

where A is the zone closest to the input and E closest to the exit pipe. 

 

• Methane and oxygen levels in the in-vessel composter airspace to identify the 

development of possible anaerobic composting conditions and  to determine 

the best turning frequency and aeration levels during the research trials.  

 

4.5.4.1 pH 

The pH measurements in the Morton Hall research trial over the first few weeks 

were always measured as neutral or slightly basic but never above pH 8. In the 

early stages of composting it is suggested that the pH decreased because of the 

presence of short chain fatty acids which trigger hydrolysis reactions, and 

mesophilic acidic bacterial reactions (Chang et al 2006). 

 

In some studies on in-vessel composting including that in the Eden project which 

uses a mixed feedstock of green waste and food waste, it has been found 

necessary to add lime to increase the pH at the early stages (Eden Project 2006).   

In the Morton Hall trials there was no evidence for any reduction of pH at the early 

stages of the reaction which would trigger the hydrolysis reaction, and it was not 

necessary to add any alkaline material to raise the pH.   

 

The reason for relatively stable pH conditions during the early stages of the in-

vessel composting, observed in the Morton Hall trial could be attributed to the 

maceration and dewatering pre-treatment process which diverts liquid fats, oils and 

short-chain organic acids to the liquid phase.    

 

In addition to the beneficial effects of maceration and dewatering the very short 

times over which food waste was stored in the Morton Hall project prevented 
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reactions such as those suggested by Sundberg et a(2004), that could affect the 

efficiency of the early stages of the process, 

 

4.5.4.2 C:N ratio and water content 

The effects of C:N ratio and water content on microbial activity were studied for the 

mixture of macerated and dewatered food waste and the pelleted sawdust bulking 

agent (BA2) were studied over periods from 5 days to 10 weeks, using the 

temperature measurements and C:N ratio analysis for the five zones of the 

composter. (Figure 4.6) 

 

An initial study over the first five days of the composting process was carried out 

using bulking agent BA2 in the ratio 27:1 (Mix 1). The temperature measurements, 

over the first five days with this mix (Figure 4.8), show that the temperatures in 

zones A, B and C did not increase to over 40oC for 2 to 3 days.  It was however 

found that addition of food waste alone to the initial feedstock did raise the 

temperature to above 40oC much more quickly and for this reason the C:N ratio of 

the feedstock was changed from that of Mix 1 to the 23:1 of Mix 2 and finally to the 

20:1 ratio of Mix 3. 
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Figure 4.8 Daily temperature by zone during the first week of the trial. 
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In a further study of the initial stages of the composting over an 8-10 week period 

using Mix 2 for three weeks followed by Mix 3 for the remaining seven weeks, data 

are recorded in Figure 4.9 for the temperatures, and in Table 4.10, for moisture 

content of the composting mixture in zones A to E of the composter for the first 8-

10 week period. 

 

The temperature achieved in all zones after the first few days is well within the 

thermophilic bacterial activity range.  The reduction in moisture content along the 

zones from A to E is consistent with increased microbial activity along the length of 

the composter as the heat generated by micro-organisms causes water 

evaporation.  The final water content after seven weeks in zone E shows that there 

was a reduction in moisture content from 60% in the input mix to 35%. 

 

 
Table 4.10 Moisture content by zone during the start up stage 
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Figure 4.9  Average temperature by zone during the start up stage 
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4.5.4.3 Temperature 

 

The ideal situation in an in-vessel composter is to achieve temperatures in the 

thermophilic range as early as possible in the movement of biodegradable material 

through the composter. Prolonged residence at a temperature at or below 40oC 

would favour mesophilic bacteria and is not consistent with the thermophilic 

conditions required by legislation for the treatment of food wastes.  It is also 

necessary when using food wastes containing animal by-products to ensure that 

the temperature in the composter reaches 60oC for two days and/or 70oC for one 

hour.   

The composting trials were extended from the 8-10 week data described in the 

previous section to a total of 34 weeks.  The weekly mean temperatures measured 

in zones A to E are presented in Table 4.11 and Figure 4.10.   Temperature 

averages from week 15, where the process stabilises, to the end of the trial, 

avoiding the fluctuations occurring in the start-up stages of the composting process 

have been calculated and  recorded for each zone in Table 4.12. It is worth noting 

that the heater was not used throughout the 34 week trial. 

 

 

 
Table 4.11 Average temperature by zone, from week 15 

 

The data show that the average temperatures in all five zones tend to stabilise 

after about week 15, and it is clear that in zones C, D and E the temperature 

remains above 60oC for a period much longer than the two-day requirement for 

legislative compliance (UK legislation), and reaches the 70OC requirement for 

periods greater than one hour, required by the EU regulations. 
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Figure 4.10  Temperature by zone for the 34 week-long trial 

 

 

 
Table 4.12 Weekly average temperature (ºC) recorded during the IVC stage by zone 
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4.5.4.4 Determining turning frequency and aeration settings 

Thermophilic microbiological decomposition of food waste can only take place in 

the presence of oxygen.  It is therefore necessary to ensure a constant and 

appropriate supply of oxygen to the process. The extent of aeration in the in-vessel 

composter can be adjusted by changing the turning frequency of the composter 

cylinder, because air is forced into the compost pile at every turning operation, and 

in addition the turning operation permits product gases to escape from the 

composting mass.  In this work, measurements of the temperature generated at 

five points along the length of the composter were used as a means of estimating 

the appropriate turning frequency for the feedstock used in the composter.    

 

The optimum turning frequency for the composter was determined from 

temperature measurements made in the composting mixture at  five points (A-E) 

(Figure 4.6), in a static compost pile from 0 to 2 hours in half-hourly intervals.  The 

data are in Table 4.13.   

 

The data show that if the pile is left static for 120 minutes the temperature at all 

recording points drops from the initial values at the start of the measurements.  

This suggests that leaving the pile in a static mode for two hours leads to oxygen 

deficiency and that a turning frequency of two hours is too slow.  The smallest time 

frequency that does not appear to have a major effect on temperature is that for 90 

minutes and, for this reason, a turning frequency of 90 minutes was used 

throughout the research. 

 

 
Table 4.13 Temperatures in different areas of the composter (A to E) in stationary mode at 

different times. 
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4.5.5 Maturation of the compost 

Samples of fresh output compost were collected for characterisation by 

determining the physical and chemical characteristics of the compost using the 

methods described in Chapter 3.  

 

The fresh samples were also tested for the presence of pathogens, Salmonella 

and E coli, by NRM Laboratories using methods consistent with the BSI PAS 100 
Specification for composted materials. 

 
Although fresh output-compost could be used, the effects of maturing the compost 

in the open air and in greenhouses (Figure 4.11) were studied. 

 

Compost produced every calendar month was assigned to a separate bay in a 

greenhouse on a soil base, with the compost in Bay 1 being the oldest and Bay 6 

being the most recently formed compost (Table 4.14). After the compost in Bay 1 

had matured for 4 months, samples were taken from every available bay to 

determine the extent of maturation or curing.  The data in Table 4.14 are the 

results of the Solvita maturity test carried out on samples from each bay starting 

when the compost produced in April (Bay 1) was four months old.  The data in 

Table 4.14 are thus for measurements on compost from Bay 1 that is 4, 5 and 6 

months old, from Bay 2, that is 3, 4 and 5 months old, Bay 3 that is 1 and 2 months 

old, Bay 4 that is 1, 2, and 3 months old, Bay 5, that is 1 and 2 months old and Bay 

6 that is 1 months old. 

 

The figures in Table 4.14 are the overall indices of maturity where a value of 5 

suggests that further maturation is needed, 6 suggests that the compost is suitable 

for use in top soil substitute blends and general gardening, while 7 and 8 suggest the 

compost suitable for all potential uses including use as seedling starters and potting 

mixes. Indices of between 1 and 4 would suggest that further management of the 
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compost, rather than further maturation would be required but none of the compost 

studied in this work fell within this band. 

 

 

 
Figure 4.11 Greenhouse used to carry out the windrow stage of degradation and subsequent 

maturation. 
 

 

The maturity tests results suggest that a curing period of 3 - 4 months, after the in-

vessel composting stage, is sufficient to obtain a matured compost appropriate for all 

purposes.  

 

 
Table 4.14 Solvita maturity test carried out in different compost samples at different stages 

of maturation. 
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4.6 Results and Discussion 

 

4.6.1 Physical and chemical characterisation of output compost from 

the in-vessel composter 

 

Sixteen samples of output compost from the in-vessel composter were taken for 

physical and chemical characterisation.  At this stage the food waste had been in 

the composter for about 6 to 8 weeks, and was ready to be stored for maturation.  

 

Their physical and chemical analytical characterisation data for the fresh output 

compost are in Table 4.15 and the data for the heavy metal content for the output 

compost are compared with the upper limits for the PAS 100 standard in  Table 

4.16.   The data in Table 4.16 show that all heavy metals measured are lower than 

the PAS 100 upper limit. 

 

 
Table 4.15 Nutrient content of compost at the end of IVC stage 
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Table 4.16 Heavy metal content of compost samples taken from Morton Hall, expressed in 

mg/kgDM, compared to PAS 100 upper limits 
 

4.6.2 Pathogen removal 

 

The data from pathogen analysis in all sixteen samples of fresh output compost in 

Table 4.17 show that the results were negative for Salmonella and minimal for 

E.coli in comparison with the PAS 100 upper limit.  These data show that the 

temperatures generated in the in-vessel stage of the composting are sufficiently 

high not only to meet the legislative requirements but also to effectively deplete all 

pathogens.  The results obtained in this thesis using only food waste as feedstock 

to the composter are in contrast to those of  Tompkins (2006), who added  green 

and cardboard waste to food wastes as bulking agent and experienced poor 

depletion of E. Coli at the end of the in-vessel composting stage.  In situations such 

as those in Tompkin’s work and in windrow composting there is a requirement, 

under the Animal By-Products regulations 2005 for a second barrier process that 

requires further management of the product. 

 

 

 
Table 4.17 Pathogen depletion results 
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4.6.3 Matured Compost Quality 

 

The quality of the mature compost was determined by carrying out physical and 

chemical characterisation, and by studies of germination rates of plants with the 

results being compared with PAS100 standards. 

 

4.6.3.1 Colour, smell and size 

The colour of matured compost, obtained as a result of the trial, was dark brown 

and with an earthy smell. Due to the small particle size of the ground and 

macerated food waste feedstock, and the use of pelleted sawdust, as a bulking 

agent, which when moist, breaks into granular powdery wood, the particle size of 

finished compost was small (90% going through a 4mm sieve).   This is important 

because the principal grade, as defined by the Quality Protocol (WRAP & 

Environment Agency 2007), is made up of fine particle size compost.  

4.6.3.2 Germination rate 

The germination tests carried out as part of the PAS 100 quality measurement 

consists of sowing tomato seeds in a peat soil (control) and in a mix of the control 

soil and compost in a ratio of 4 to1. To meet the PAS standard, it is necessary to 

achieve 80% or higher germination of that achieved in the control soil 28 days after 

sowing.  The results in Table 4.18 are compared with the PAS 100 standard. 

 

The PAS 100 test also measures plant growth by obtaining the average mass per 

plant germinated 28 days after sowing.  The PAS 100 standard requires an 

average plant weight of 80% of the weight of plants grown in the control soil (Table 

4.18)   
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4.6.3.3 PAS 100 Test results 

The characterisation results from samples of Morton Hall compost after 4 months 

maturation period are compared in Table 4.18 against the PAS 100 standards. All 

of the data on the Morton Hall compost meet the requirements of the PAS 100 

standard. 

Measurement of pathogens show that Salmonella is absent in the compost and the 

E Coli content is measured as less than 10 CFU per gram in comparison with the 

upper limit of 1000 CFU per gram.   

 

The heavy metal contents of the Morton Hall compost were found to be well below 

the PAS 100 upper limit. The stability of the compost, measured, as a function of 

CO2 emissions per unit of organic matter, was three times lower than the PAS 100 

upper limit. 

 

There was a complete absence of impurities such as glass, metal, plastic and 

stones in the Morton Hall because of the use of grinding and dewatering pre-

treatment of the food waste feedstock.  

In terms of plant growth, indicated by the average mass per plant 28 days after 

sowing, Morton Hall scores 142.8%. Germination rates after 7 days (57.1%) and 

after 14 and 28 days (both 93.3%) indicates a slight delay in emergence but with 

slightly taller and thicker stems after 28 days. 

 

Germination trials carried out at Morton Hall using compost derived from 100% 

food waste corroborated these findings. Although plant growth was slow at the 

beginning, after one month the plant sizes were greater than the control. In 

addition, weed contamination was not found in the Morton Hall compost but was 

found in compost from green waste or green waste mix. As a result, the compost 

produced from the composting of the food waste generated in the kitchen was 

used, without mixing, as a seedling starter for: tomatoes, various types of peppers, 

melons, cabbage, rosemary, basil, thyme and aubergines with excellent results. 
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The remaining compost was used for flower potting without the need of weed 

suppressors.  

 

 
Table 4.18 Summary of results of PAS 100:2005 analysis carried out in compost samples 

produced in Morton Hall. 
 

4.6.3.4 Comparison with other studies 

The data obtained from this work are compared in Table 4.19-Table 4.24 with data 

obtained by other workers who have used food waste or food waste mixed with 

other wastes as a feedstock for composting (Table 4.19).   

 

The data in Table 4.19-Table 4.24 provide comparisons of the Morton Hall results 

with results from other studies for (i) physiochemical properties of compost, using 
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food waste as the main feedstock; (ii) heavy metal content of the compost; (iii) the 

nitrogen, phosphorus and potassium contents of the compost; (iv) the secondary 

nutrients in the compost; and (v) the pH and electrical conductivity of compost from 

the food waste.  The compost produced in this work was of comparable quality with 

the data from other studies. 

 

 
Table 4.19 Physico-chemical properties of compost produced using food waste as main 

feedstock 
 

 
Table 4.20 Feedstock used in composting processes used for reference in this study and the 

type of composting windrow or in-vessel. 
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Table 4.21 Heavy metal content of compost, expressed in mg/kg dry basis 

 

In terms of heavy metal content, Morton Hall compost presents the lowest 

concentrations in all parameters except zinc (Zn). Of all referenced studies that use 

generic food waste, as opposed to a particular stream such as that of Stabnikova 

et al, which uses solely uncooked vegetable discards, Morton Hall displays slightly 

better NPK credentials than the rest 

 
Table 4.22 NPK content of compost from food wastes 

 

 
Table 4.23 Secondary nutrients in compost from food waste (mg/KgDM). 
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Levels between 0.75–3 dS/m is best for seedlings and young, tender plants, 

although for most established crops, the level should not exceed 5dS/m (California 

EPA 2002). Morton Hall displays a salinity content (Table 4.24) apt to be used for 

all purposes. 

 

 
Table 4.24 pH and electrical conductivity of compost from food waste 

 

4.6.4 Economic and social benefits 

4.6.4.1 Economic benefits 

The economic benefits reported by HMP Morton Hall have been identified as  

• Savings arising from not having the food waste collected - about £7000 per 

annum 

• Savings in administration of the waste food collection – about £4000 per 

annum 

• Savings from reduction in salary costs of a prison officer to escort the 

collection vehicle - about £400 per annum. 

• Savings in not having to purchase compost-  about £500 per annum, 

• Savings in reduced vermin control charges – about £100 per annum 

 
The benefits may be increased if sufficient of the high quality compost can be 

manufactured to permit the sale of compost surplus to requirements.  The total 

estimated benefit of the in-vessel composting system developed in this work to  

Morton Hall is £12,000 for a prison population of about 400. If this benefit is 

extrapolated across the total prison population of the UK the overall benefit would 

be £2.5 million per annum.  At present the Morton Hall system based on this 

research has been initiated in 25 prisons in England and Wales and is to be 
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adopted in Edinburgh and Polton (nr Falkirk) prisons with a view to a potential roll 

out to the rest of the Scottish prisons. 

 

4.6.4.2 Social benefits 

 

Throughout the prison service there are stated aims including maintaining quality 

as a custodian of inmates, and achieving environmental benefits.  The composting 

project has introduced rehabilitation opportunities across the prison estate at 

Morton Hall where the composting is carried out by a full time member of staff 

assisted by a group of inmates. Future plans at Morton Hall and throughout the 

prison estate is to include significant transfer of responsibility in areas such as 

composting requiring technical skills. It is anticipated that the inclusion, within 

accreditation courses of biodegradable waste management for National Vocational 

Qualifications (NVQ) or National Proficiency Training Certificate (NPTC) level 

would enhance rehabilitation prospects.  

 

The Waste Management and Recycling Team of HMP Morton Hall were awarded, 

supported by the HM Prison Service, the Butler Trust Greening/Sustainable 

Development Award for the development of the methodology resulting from this 

research. The Butler Trust, a charity “to promote and encourage positive regimes 

in UK prisons” (The Butler Trust 2007), considered for the award the innovation of 

the project, the facilitation of employment for prisoners, the financial savings 

derived from the practice, and the overall significance, national and international, 

that the dissemination of such practice can achieve (The Butler Trust 2007). 
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4.7 Conclusions 

 
An economically viable system for converting catering food waste into a high 

quality compost has been developed. The scientific and technical requirements 

for composting, with food waste as the main feedstock, were fully compliant with 

EU regulations, to give a marketable product. Chemical and physical analyses of 

catering food waste show that it does not have the correct composition or 

consistent particle size for direct use as a composting feedstock. For food waste 

specifically there is also a requirement to achieve high temperatures in the 

composting process for long enough to destroy any pathogens present. The 

conversion of food waste to a high grade compost has been achieved in this work 

by a combination of macerating and dewatering to homogenize the feedstock and 

reduce the water content, with the addition of a carbon-rich bulking agent to 

achieve the correct C:N ratio and absorb any excess of water in a closed in-

vessel composter. The composting process in a catering establishment trial was 

carried out over a 34 weeks.  The temperatures generated in the in-vessel 

composter were high enough to permit the operation of the process without the 

need for external heating to give a product that had also been treated at 

sufficiently high temperatures to ensure pathogenic depletion to give a high 

quality product measured against BSI PAS 100 standards. 
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5.1 Introduction 

 

Carbon footprinting is a concept used to measure the sustainability of our activities. 

It is expressed as the amount of greenhouse gases emitted (direct or indirect) in 

carrying out an activity, and is reported as equivalent carbon dioxide emissions 

CO2eq.  

 

The main greenhouse gases in order of their significance in their greenhouse effect 

are water vapour (the atmospheric concentration of which is not affected by human 

activity), carbon dioxide, methane -which has an effect 21 times greater than 

carbon dioxide), nitrous oxide (which has an effect of 310 times greater than 

carbon dioxide- (U.S. Environmental Protection Agency 2002), ozone (which has 

an effect 4 times less than carbon dioxide) and chlorofluorocarbons (CFC’s) -which 

have an effect of up to 10,000 times stronger than carbon dioxide (U.S. 

Environmental Protection Agency 2002). Except for CFC’s the main greenhouse 

gases are also emitted to the atmosphere by natural processes such as volcanoes, 

hot springs, organic degradation of plants, etc. It is widely accepted, however, that 

the anthropogenic contribution to greenhouse gases emissions into the 

atmosphere is disturbing the balance between natural emissions and natural sinks.  

The annual anthropogenic contribution of greenhouse gas emissions has been 

estimated at around 30,000 million tonnes CO2eq. The man-made increase in the 

concentration of greenhouse gas in the atmosphere over time manifests itself in an 

increase in temperature. As a result, weather patterns or their intensity start to 

change. These changes are commonly referred to as climate change. 

 

At present human activity relies overwhelmingly on carbon-based energy sources 

such as coal, crude oil and natural gas, the combustion of which produces carbon 

dioxide, water vapour and heat as the main products. The introduction into the 

atmosphere of carbon from these sources, which would otherwise be geologically 

stored underground, alters the balance of emissions and sinks.  In contrast, carbon 

sources from life processes such as fruit, vegetables, wood based materials, etc, 
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are referred to as biogenic carbon, and are part of the natural cycle of emissions 

and sinks.  

 

The replacement of fossil fuels is, over the short term not an option, and as a result 

it is important to consider reducing carbon dioxide emissions by: (a) efficient use of 

resources, and (b) recovery of value from waste. 

 

The natural process of biodegradation of biogenic waste such as sewage sludge, 

manure and slurry, food waste and green waste, are aerobic digestion 

(composting) and anaerobic digestion.  These biological processes are natural and 

if operated under controlled conditions can bring benefits to the environment by 

replacing the use of virgin resources. The controlled use of biological degradation 

processes therefore sequesters carbon for recycle in contrast to the commonly 

used thermal treatment of wastes which generate energy by complete conversion 

of all of the organic carbon present in the waste to carbon dioxide.   

 

Over a large number of decades, organic matter has been landfilled in an 

uncontrolled manner and this has resulted in the generation of the greenhouse 

gases, carbon dioxide and methane, through biological activity.  Since the 

deleterious effects of landfilling biodegradable waste have been recognised, steps 

have been put in place to control the disposal of biodegradable waste to landfill. 

The most significant factors to consider in the treatment of waste, in replacing 

landfilling, are: (a) the recovery of value in the form of energy or a product to 

replace virgin resources, and (b) to decrease the environmental impact associated 

with its collection and treatment. From the environmental point of view, composting 

and anaerobic digestion are said to offer the best treatment options, and according 

to current views on sustainability and environmental impact, anaerobic digestion is 

at present the preferred option as it produces biogas which can replace fossil fuels. 

The benefits of these processes are, however, often overshadowed and surpassed 

by environmentally detrimental segregation, collection and transport practices.  

 

In this chapter the carbon dioxide equivalent emissions for the on-site in-vessel 

composting of food wastes system described in Chapter 4 are calculated and the 
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results are compared with similar calculations for anaerobic digestion, thermal 

treatment and landfilling of food waste. The results are expressed in terms of the 

treatment of 100,000 tonnes of food waste in order to compare the carbon dioxide 

savings with a series of calculations carried out as part of this work on the carbon 

footprinting and carbon dioxide savings in the production of metals from secondary 

rather than primary sources.  

 

5.2 Carbon footprint of on-site in-vessel aerobic composting of 
food wastes  

 

The composting of food wastes on the premises where it originates, such as that 

described in Chapter 4 avoids unnecessary deployment of resources for its 

collection and treatment. Carbon dioxide emissions resulting from the degradation 

of organic matter are biogenic, and therefore of sustainable origin. On the other 

hand, the equipment used in the composting system described in Chapter 4 for the 

pre-treatment of food waste, the macerator and dewaterer, and for running the 

composter, requires electrical energy generated mainly from fossil fuel. The work 

described in this section is a calculation of the biogenic (composting) and fossil fuel 

(equipment) emissions of carbon dioxide for the in-vessel composting system 

developed in this work. Total emissions of carbon dioxide (biogenic and fossil) 

have been accounted for during the composting process. Carbon dioxide 

emissions, as a result of the manufacturing and decommissioning of the 

equipment, however, have not been considered. 

 

5.2.1 Biogenic emissions of in-vessel composting of food wastes 

 

The total amounts of macerated and dewatered food waste and bulking agent 

added to the composter during the 34 week-long trial are in Table 5.1 expressed as 

MDFW and Pellets (BA2). Compost collected at the end of the in-vessel stage 

accounted for 33% of the input feedstock. 
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*MDFW Macerated and dewatered food waste 

a calculated; b measured; c analysed; d information supplied by manufacturer 

Table 5.1Total amount of feedstock introduced in the in-vessel composter during the trial. 

 

The data in Table 5.1 permit the calculation of the quantities of emissions (Table 

5.2) resulting from the composting process. These quantities are derived from the 

knowledge of the percentage of carbon, nitrogen and moisture content in 

macerated and dewatered food waste, bulking agent and compost.  

 

 
Table 5.2 Emissions of carbon, nitrogen and water 

 

If it is assumed that the carbon depleted from the process has been emitted in the 

form of CO2, the total carbon dioxide emitted will be 1826 kg CO2, and the carbon 

dioxide per tonne of food waste composted would be 0.396 tCO2/t food waste.  If 

account is taken of the total feedstock mix (food waste plus bulking agent) the 

carbon dioxide emissions per tonne of feedstock, will be 0.321 tCO2/t feedstock. 
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5.2.2 Fossil fuel emissions  

In order to complete the estimate of carbon dioxide emissions it is necessary to 

obtain values for the carbon dioxide emissions for each component in the operating 

of the process.  The power of the motor in the macerator was 1.1 kW.   Assuming 

30 minutes use every day, two cycles of 15 minutes each, the daily consumption is 

0.55 kWh per day. This regime would involve an electricity consumption of 30.8 

kWh per tonne of food waste and 24.9 kWh per tonne of feedstock.  Since the 

power of the motor in the dewaterer was 0.37 kW, the electricity consumptions for 

the dewaterer were calculated as 10.4 kWh per tonne food waste or 8.4 kWh per 

tonne of feedstock. 

 

The composter used for the trials consumed 0.22kWh/day corresponding to a 

power of 0.44 kW and assuming 2 minutes turning of the composter every 90 

minutes (16 times a day). The calculated electricity consumptions were 12.32 

kWh/tonne macerated dewatered food waste or 9.98 kWh/tonne feedstock 

 

The total electricity consumption of the process used at Morton Hall is given in 

Table 5.3, and using an electricity conversion factor of 0.475 kg CO2/kWh -average 

between the long term marginal factor of 0.43 kg CO2/kWh and the rolling average 

of the previous 5 years of 0.52 kg CO2/kWh- (DEFRA 2007), the figures for carbon 

dioxide emissions are calculated and recorded.  The data in Table 5.3 show that 

the carbon dioxide emissions from the biodegradation of the feedstock account for 

94% of the total carbon dioxide emissions, while those from the use of electricity in 

operating the system are responsible for only 6% of the emissions. 

 

 
Table 5.3 CO2 emissions and electrical consumption of the composting methodology 

followed at HMP Morton Hall 
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5.2.3 Carbon footprint of food waste treatment options 

 

The carbon footprint obtained in this study, expressed as 421 kgCO2/t FW in 

Figure 5.1, is compared with data obtained from other studies for composting, 

anaerobic digestion, incineration and landfill. Carbon dioxide emissions savings as 

a result of replacing virgin resources such as fertiliser or fossil fuel, or the impact 

caused by collection and transport requirements are not accounted for in this 

study. 

 

 

 
Figure 5.1 CO2eq emissions for different food waste treatment options 

 

Komilis and Ham (2006) measured 285 kgCO2/t feedstock during the composting 

of a selection of grocery food in a laboratory study. Heat was added to the system, 

instead of being generated by biological activity, to give a temperature of between 

50-54ºC,.  Lee et al (2007) evaluated emissions for composting as 270 kgCO2eq/t 

food waste from data from field operations, but this value included the subtraction 

of an estimated 150 kgCO2eq/t food waste savings to allow for reduction in virgin 

fertiliser use.  The value, without this allowance would be 420 kgCO2eq/t food 

waste as expressed in Figure 6.1.  These authors (Lee et al 2007) also reported on 

emissions from food waste treatment by incineration and landfill. Extracting the 
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benefits assumed for incineration, the total emissions were 637 kgCO2eq/t food 

waste. For landfill, they assumed higher than normal capture of landfill gas, quoting  

figures of 409 and 408 kgCO2eq/t food waste for landfilling without electricity 

generation and with electricity generation respectively. 

 

The waste operator Greenfinch, with the University of Southampton carried out 

emission calculations (Greenfinch 2008) on anaerobic digestion using food waste 

as the only feedstock. An average production of 164L and 157L of biogas was 

produced by mesophilic and thermophilic anaerobic digestion respectively. 

Optimum biogas generation was recorded at 271L and 274L for mesophilic and 

thermophilic processes respectively. Using 0.667g/L and 1.84g/L as densities for 

methane and carbon dioxide respectively (NIST 2007), the average and optimum 

mesophilic emissions of carbon dioxide equivalent are calculated at 301 kg/tonne 

food waste and 498 kg/tonne food waste. For the thermophilic process, the mean 

and optimum values are 288 kg/tonne food waste and 503 kg/tonne food waste 

respectively.  

 

Diggelman and Ham (2003) calculated the emissions resulting from the treatment 

of food waste by centralised composting (430 kgCO2eq/t food waste), anaerobic 

digestion as part of the sewage treatment system (380 kgCO2eq/t food waste), 

incineration without energy recovery (600 kgCO2eq/t food waste) and landfill (790 

kgCO2eq/t food waste).  

The environmental impact study of food waste disposers (FWD) commissioned by 

Herefordshire Council and Worcestershire County Council in 2007 claimed (Evans 

2007) that the use of food waste disposers plus composting results in a net global 

warming potential benefit of –14 kgCO2eq/t food waste allowing for fertiliser offset 

and carbon sequestration. The use of food waste disposers plus anaerobic 

digestion in water treatment works, whereby the biogas is used as an energy 

source and the solids are spread on land, results in a net benefit greater than -168 

kgCO2eq/t food waste.  It has not been possible to extract the greenhouse gas 

emissions savings included in this report, but their figures are compared in the 

study with the impact of landfill at 743 kgCO2eq/t food waste.  
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5.3 Benchmarking in carbon footprint calculations 

In this study, the concept of the use of benchmarking is used to permit calculation 

of carbon dioxide savings when comparing different processes.  A benchmark is 

defined as the most technologically advanced response to a particular process or 

activity which achieves minimum consumption of resources and, hence, minimum 

level of emissions. The benchmark reflects either the best value being achieved at 

present somewhere in the world, or the theoretically technically feasible values.  

The concept of benchmarking, which is applied in this section to food waste 

treatment was developed from data on secondary metal recovery as described in 

section 5.4. 

There is no concrete evidence on the ultimate degree of biodegradation that 

biodegradable waste can undergo when treated under ideal conditions. 

Composting and anaerobic digestion, according to the data presented, seem to 

convert between 30 and 45% of the initial mass of food waste to carbon dioxide, 

incineration converts about  60% on average and current practices on landfill lead 

to conversions of more than 70%.  The conversions observed in incineration can 

be explained by the forced combustion of all biodegradable carbon to carbon 

dioxide, while the high emissions from landfill are due to the contribution of 

methane emissions. Full recovery of methane is assumed in some landfill 

management scenarios, such that the landfill gas is either flared or used for 

electricity generation. Under these assumptions the level of greenhouse emissions 

is comparable to that of composting or anaerobic digestion. Developments in 

anaerobic digestion technology are moving towards the maximum yield of biogas, 

which in turn results in a higher degree of biodegradation.   

The carbon footprint of different treatment options must reflect the best technology 

available or foreseeable ie the benchmark. The chosen values of which are given 

in Table 5.4 for composting, anaerobic digestion, incineration and landfill. The 

value chosen for composting (maximum observed) accounts for the maximum 

biodegradation achieved, which correlates with the stabilisation of the compost 

product. Likewise, for anaerobic digestion, the value chosen is the average of 
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optimum mesophilic and thermophilic degradation for which the yield of biogas is at 

a maximum. For incineration the minimum reported value is chosen because this 

must reflect best practice. The value (average of two highest values) for landfilling 

is chosen to reflect current practices in order to permit estimation of carbon dioxide 

emission savings when food waste is diverted from landfill (Table 5.4) 

 

 
Table 5.4 Benchmark emissions of different treatment options compared to current landfill 

practices. 

The values presented in Table 5.4 do not include, (i) any benefits derived from the 

process product, namely compost as replacement for fertiliser, biogas as a 

renewable energy source and electricity where the incineration includes energy 

recovery, and (ii) the greenhouse gas emissions as a result of collection and 

transport of food waste. Table 5.5 shows the savings in carbon dioxide emissions 

that could be achieved, using the benchmark value, by diverting food waste to 

landfill alternatives.  The data are given for treating 100,000 tonnes of food waste 

by each process: composting, anaerobic digestion and incineration, establishing 

the level of savings in greenhouse emissions when compared to landfill practices.  

 

 
Table 5.5 Savings in CO2eq by diverting food waste to landfill alternatives 
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The amount of food waste produced in the UK per year is around 7Mt. Table 5.6 

presents the estimated savings that can be achieved by diverting the total amount 

of food waste generated in the UK to composting, AD or incineration. These 

savings are based on the emissions of the process only, and do not include 

benefits given by replacement of virgin resources or the impact generated by the 

manufacturing or decommissioning of equipment used in these operations. 

 

 
Table 5.6 Estimated CO2eq emission savings from landfill diversion of 7Mt of food waste by 

process 

 

A sensitivity analysis (Table 5.7) shows for composting, that even if the efficiency 

of a given process deviates by 75% from the benchmark, greenhouse gas 

emission savings would still be predicted.  This is in contrast to the deviations of 

50% and 25% respectively that would make anaerobic digestion and incineration, 

equal to or surpass landfill disposal emissions.  

 

 

 
Table 5.7 Sensitivity analysis for the treatment of 100,000tonnes of food waste by 

composting, anaerobic digestion and incineration vs landfill disposal 
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5.4 Benchmarking and Carbon footprinting of primary and 
secondary metal production: the case of copper 

The concept of benchmarking was developed from research carried out as part of 

this work on a methodology to determine the carbon dioxide savings arising from 

the secondary metal recovery. This section deals in detail with the concept of 

benchmarking of carbon footprints in secondary metal production that has also 

been applied in the previous section to the treatment of biodegradable waste. 

For the purpose of demonstrating the concept of benchmarking, copper metal 

production has been chosen to illustrate the methodology applied in the 

benchmarking and carbon footprinting study on the savings achieved in secondary 

metal production. Following a description of the methodology applied to copper, a 

summary of energy and emissions benchmarking and potential savings of the 

metals for the secondary recovery of aluminium, ferrous metals, lead, nickel, tin 

and zinc is given. 

The environmental benefits of recycling can be expressed in many ways, including 

savings in energy and use of virgin materials.  There appears, however, to have 

been very little attempt to express these benefits in terms of carbon footprint and 

particularly in savings in carbon dioxide equivalent emissions which would have 

implications in terms of both the environment, and carbon emission savings. The 

overall aim of this study is therefore to provide verifiable data on the influence of 

recycling on carbon emissions.   

 

5.4.1 Methodology 

 

The methodology used involved: 

 

(i) A detailed survey of the primary literature to extract the data available on 

energy consumption and associated carbon emissions.   
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(ii) The use of energy data and associated carbon emissions, extracted to 

highlight differences between primary and secondary production of copper. 

The assumptions made in all information provided are identified and the 

units used in the calculations are expressed as MegaJoules per kilogram of 

product for energy and tonnes of CO2 per tonne of product.   

(iii) Both primary and secondary production best estimates of benchmark 

energy consumptions and carbon footprints are used in the comparisons as 

examples of what can be achieved. 

(iv) A summary table comparing the energy consumption and carbon footprint of 

primary and secondary production of aluminium, copper, ferrous metals, 

lead and zinc, is compiled for 100,000 tonne production of metal.  The life 

cycle boundaries are set to compare the production of (a) primary material 

from raw material delivered to the primary production plant to final product, 

and (b) secondary materials delivered to the recycling plant to final product. 

This choice of life cycle boundaries avoids the complications associated with 

differences in mining and beneficiation of ores and the collection and 

transport of scrap to a recycling process. 

(v) Sensitivity analyses are carried out on the data obtained using the 

benchmark values in the summary table to show how these data can be 

handled to deal with variations in input such as the details of the energy 

sources used, the energy/fuel mix for different countries, and the energy 

efficiency of specific recovery plants. 

 

5.4.2  Primary and Secondary Copper Production 

 

According to the US Geological Survey (2008) world copper production in 2007 

was 15.6Mt.  The percentage of copper recovered from scrap as a percentage of 

total copper produced has been reported to vary with geographical location within 

the range 19-45% (Jolly 2007).  

 

The major route in primary copper production is the pyrometallurgical route from 

copper sulfide ores that have been concentrated usually by flotation to give the 
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concentrate used in the pyrometallurgical process.  A very small percentage of 

primary copper is recovered from copper ores hydrometallurgically. In the 

pyrometallurgical process the concentrates are roasted to produce from sulfide 

ores, copper matte which contains between 30-50% copper (Lipowsky & Arpaci 

2007).  The matte is reduced to copper metal in a converter process, and the final 

product is generally purified by dissolving the copper metal obtained in sulfuric acid 

and recovering high purity copper from this solution by electrowinning. The 

hydrometallurgical route involves leaching of the copper oxide ore with sulfuric acid 

to produce a solution from which copper metal can be recovered on the cathodes 

of an electro-winning process.   

 

A schematic of these routes is presented in Figure 5.2. 

 

 
Figure 5.2 Schematic of Copper Production 

 

5.4.3  Energy requirement, carbon footprint and benchmark tables for 

copper 

 

There are literature reports suggesting that the energy requirement for secondary 

copper production is between 35 and 85% (Jolly 2007, Gaballah & Kanari 2001), of 

that required for primary production- the higher value is that reported by the 

Institute of Scrap Recycling Industries, and this value has been considered to 

calculate the energy requirement for secondary production of copper applied to 
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energy measured for primary production giving an estimated 7.3 MJ/kg (Norgate et 

al 2007).  
 

The data for energy required for primary copper production via pyrometallurgical 

and hydrometallurgical routes are given in Figure 5.3 which also shows the point in 

the energy requirement diagram at which scrap copper would enter the 

pyrometallurgical process.  These are the data on which comparisons between 

primary and secondary production have to be based.  The data quoted on the 

extreme left of the figure are for energy calculations based on different ore grades 

and by different authors.   

 

 
Figure 5.3 Energy Requirement for Copper Production 

 

The values quoted in Figure 5.3 and obtained from the following literature sources 

include: (i)  33 MJ/kg Cu for the pyrometallurgical route and 64 MJ/kg Cu for the 

hydrometallurgical route (Norgate et al 2007); (ii)  41.8, 57.3 and 47.0 MJ/kg Cu for 

the pyrometallurgical route, and of 15 MJ/kg Cu for the smelting stage in the 

pyrometallurgical route (Ayres et al 2002); (iii) an average of 19.1 MJ/kg Cu for 

Europe (Lipowski et al 2007); and (iv) 10.6 MJ/kg Cu, 2.8 MJ/kg Cu, 3.5 MJ/kg Cu, 
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16.9 MJ/kg Cu for the pyrometallurgical route and 24 MJ/kg Cu for the 

hydrometallurgical route (Kuckshinrichs et al 2007)). 

 

The carbon footprint data for copper production in Figure 5.4 have been extracted 

largely from Kuckshinrichs et al (2007).  From these data, the carbon footprint is 

calculated for secondary production given by the refining stages (fire refining and 

electro-refining) only, which gives a total of 0.44 tCO2/t. The value of 3.2 tCO2/t Cu 

is however provided by Norgate et al (2007). 

 

 
Figure 5.4 Carbon footprint for copper production 

 

A set of benchmark energy requirements for the production of copper is estimated 

from the literature data and represent the most technologically advanced or 

technically feasible processes for metal winning.  The benchmark values for the 

production of copper by (a) pyrometallurgy from ore concentrate, (b) by 

hydrometallurgy from oxide ores, and (c) by secondary production from scrap, are 

in Table 5.8. 

 

Table 5.8 also contains the calculated values for the carbon footprint for these 

three processes based on the energy requirements.  For the purposes of 

comparison of the data for copper with those of other metals and materials, the 

data in Table 5.8 are expressed in Table 5.9 in terms of the production of 100,000t 
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of copper. From the carbon footprint data from copper production in Table 5.9, it 

can be estimated that the carbon dioxide savings resulting from the secondary 

production of the metal are about 80 ktCO2/100,000t Cu in comparison with 

primary pyrometallurgical production and about 110 ktCO2/100,000t Cu in 

comparison with primary hydrometallurgical production. 

 

 
Table 5.8 Benchmark energy requirements for copper production 

 

 
Table 5.9 Energy requirement and carbon footprint for the production of 100,000t of copper 

metal 

 
Benchmarking estimates of energy consumption and carbon footprints have also 

been made for primary and secondary production of ferrous metals, aluminium, 

lead, zinc, tin and nickel, and the data, along with carbon dioxide savings for the 

production of 100,000t of secondary metal are in Table 5.10. Full details of the 

work on carbon dioxide savings in secondary metal recovery is contained in a 

document published by The Bureau of International Recycling (www.bir.org). 

 

 
Table 5.10 Estimated savings of CO2eq emissions by secondary production of 100,000t of 

metal assuming benchmark values of operation. 
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If the amount of secondary metal production in 2007 is used, as an example, it is 

possible to estimate the worldwide potential savings that could have been achieved 

in that year by secondary metal production.  These data are in Table 5.11. 

 

 
Table 5.11 Total estimated CO2eq savings applied to secondary production using benchmark 

values 

 

5.4.4 Sensitivity analysis 

 

The benchmark figures extracted from the primary literature represent data for 

situations that are said to be achievable.  To account for any variations arising from 

differences in processes, however, sensitivity analyses can be carried out on any 

of the input data in order to show how differences in process parameters would be 

reflected in the overall energy saving and carbon footprint results. 

 

The data in Table 5.12 show how variations would arise in energy requirement 

data if a given process deviated from the benchmark data process.  Variations are 

calculated for deviations of -10, -5, +5, +10, +15, +20, +30, +40, +50, and +100%.  

For aluminium, copper and lead, even if a given process deviates by 100% from 

the benchmark, an energy saving would still be predicted, however for ferrous and 

zinc deviations of less than 100% would result in the prediction of an energy 

balance in favour of primary production (Table 5.12). 
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Table 5.12 Sensitivity analysis for secondary energy requirement data vs. primary 

benchmark data (expressed in TJ/kg) 

 

 

The data in Table 5.13 show how variations would arise in carbon footprint data if a 

given process deviated from the benchmark data process.  The sensitivity analysis 

is calculated across the same range and for all of the metals studied deviations by 

plus 100% from the benchmark still lead to the prediction of carbon dioxide savings 

from the secondary process. 

 

 

 
Table 5.13 Sensitivity analysis for secondary carbon footprint data vs primary benchmark 

data (expressed in ktCO2/t) 
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5.4.5 Variation of energy and emissions by country  

 

One obvious potential variation in energy use between countries or regions 

depends upon the nature of the energy source, ranging from efficient hydroelectric 

production of electricity to the use of low grade coals.  Table 5.14 shows the 

emission factors for different carbon-based fuels averaged for Europe-14 (Herold 

2003) .   

 

The data in Table 5.14 are averaged for each fuel over 14 European countries 

(Austria, Belgium, Denmark, Finland, France, Germany, Greece, Ireland, Italy, 

Netherlands, Portugal, Spain, Sweden and UK).  The fuel emissions factors can 

also vary with the source of extraction and, for example, although the average 

factor for bituminous coal in Europe 14 is 94.8 kgCO2/GJ, the average in the UK is 

83.3 kgCO2/GJ, and for Canada is 80.3 kgCO2/GJ (Environment Canada 2004).  

 

Many primary and secondary production processes for metals rely on electricity as 

a source of energy, and the data show the benchmark CO2 emissions in the 

generation of electricity from different energy sources (Table 5.15) (Van de Vate 

1997).  A US Department of Energy report (EIA 2007) provides information on the 

electricity emission factors worldwide, averaged by region, between 1999 and 

2002, in Table 5.16. 

 
* bitumen based fuel from Venezuela 

Table 5.14 CO2 emission factors in kg/GJ, average for Europe-14 
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Table 5.15 Benchmark CO2 emissions in generation of electricity from different energy 

sources 

 

 
Table 5.16 Electricity emission factor by region 

 

The data provided in this section show that there are large variations in carbon 

footprints arising from the differences in the sources of energy available between 

regions, and that is why it is necessary to consider these effects in sensitivity 

analysis calculations on variations from the standard benchmark data.   

 

In the case of copper, the estimated primary production in 2007 was 15.6 million 

tonnes, and Table 5.17 shows the mine production for copper, for the largest 

producing countries (U.S. Geological Survey 2008). 
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Table 5.17 Largest copper mine producers and production in 2007 

 

 

The production of 100,000 tonnes of primary copper following the pyrometallurgical 

route can be compared for different countries on the basis of electricity emission 

factors.  To do this, it is assumed that all countries initially have the same specific 

energy requirement (the benchmark data chosen: 16.9 MJ/kg Cu for 

pyrometallurgical production from ore and 6.3 MJ/kg Cu for secondary production 

from scrap, presented in Table 5.8). Assuming that the energy requirement can be 

based on electricity emission factors, Table 5.18 shows the emissions of CO2 per 

100,000 tonnes of primary copper production compared with the benchmark value 

of 125. 

 

The data for production of 100,000 tonnes of secondary copper are given for a 

selection of countries along with the benchmark figure in Table 5.19.   
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Table 5.18 CO2 emissions per 100,000 tonnes of primary copper production in selected 

countries -depending on their electricity emission factor-(EIA 2007)  

 

 
Table 5.19 CO2 emissions per 100,000 tonnes of secondary copper production in selected 

countries -depending on their electricity emission factor-(EIA 2007)  
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5.5 Conclusions 

The concept of carbon footprinting has been used to measure the sustainability of 

food waste treatment processes, namely composting, anaerobic digestion and 

incineration.  In making these comparisons, a benchmarking methodology was 

developed and applied to all treatment options.  In benchmarking, an estimated 

optimum emissions value, the benchmark, is estimated for each treatment process, 

based on the best technology or practice available or foreseeable. With the 

assignment of benchmark values, representing the best achievable scenario, it is 

possible to contrast and measure emission savings against landfill practice. The 

comparison has been performed using 100,000t of treated food waste as the unit 

and is for the processes themselves with no allowance being made for fossil fuel 

replacement or fertiliser savings arising from any of the processes. The results for 

the processes suggest that in-vessel composting is the process with the highest 

carbon dioxide equivalent emission savings, 33.6 ktCO2eq for the treatment of 

100,000t of food waste The corresponding values taking typical landfill disposal 

emissions as baseline for anaerobic digestion and incineration are 26.6 and 16.6 

ktCO2eq/100,000t food waste respectively compared to the landfill baseline (76.6 

ktCO2eq/100,000t food waste). 

 

Benchmark values chosen for composting, anaerobic digestion and incineration 

have been subjected to sensitivity analysis against the baseline. The results reveal 

that a 75% deviation for composting data would still yield emission savings, while 

the highest deviations from the benchmark data processes that yield benefit are 

50% and 25% for anaerobic digestion and incineration respectively. 

 

The concept of benchmarking used in the comparison of carbon dioxide savings in 

the treatment of food waste  as an indicator of theoretical savings of carbon dioxide 

equivalent emissions that can be achieved by different treatment options was 

developed in this work for estimation of the carbon dioxide savings achieved in 

secondary metal recovery.  The development of benchmarking data for copper 

production are described and data for carbon dioxide savings for a selection of 

metals presented. 
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6.1 Introduction 

The environmental impact of landfill sites depends upon a number of factors 

including: the content of the landfill, the integrity of the containment boundaries 

of the landfill and the proximity of groundwater levels. 

 

Landfill sites that contain different quantities of biodegradable waste, and 

particularly food waste, are subject to biological processes that can result in the 

emission of greenhouse gases, CO2 and CH4, and the acidification of leachates 

through the formation of acetic acid that increases the solubility of metals and 

other components of the landfill and increases their potential transport to 

groundwaters. 

 

There are software tools available to regulators and operators of landfill sites in 

order to assess the risk of pollution due to landfill activities either present or 

future. LandSim, for instance, assesses probabilistically the risk of groundwater 

receptors in order to influence landfill design based on hydrogeological data, 

lining system and leachate chemistry. It has been designed to be used by 

experienced users who must have working knowledge in engineering, 

hydrogeology and risk assessment. These tools were not designed for the 

direct use of an Environmental Officer in assessing the pollution risks of the 

landfill sites under his control. 

  

The work described in this chapter is concerned with the potential impacts of 

landfill leachate and in particular with the development of a management tool to 

permit assessment of pollution in leachates and of groundwater receptors. This 

work was initiated by the Thames Region of the Environment Agency and Mott 

McDonald Ltd through a request to develop a management tool to enable 

analytical data on leachate and groundwater samples at landfill sites to be 

subjected to statistical analysis as an aid to deciding when regulatory 

intervention was necessary 
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6.1.1 Landfill regulator: The Environment Agency 

 

The Environment Act 1995 (EA 1995) established the creation of the 

Environment Agency  and the Scottish Environmental Protection Agency 

(SEPA). 

The EA 1995 sets out the principal aim of the Environment Agency,… “(subject 

to and in accordance with the provisions of this Act or any other enactment and 

taking into account any likely costs) in discharging its functions so to protect or 

enhance the environment, taken as a whole, as to make the contribution 

towards attaining the objective of achieving sustainable development” . The 

Environment Agency is the leading public body for protecting and improving the 

environment in England and Wales.  With the formation of the EA, the National 

Rivers Authority and the London Waste Regulation Authority were abolished  

and all their functions were transferred to the Environment Agency.   

 

 

Figure 6.1 Environment Agency Regions in the UK. 

 

The Environment Agency is divided into 8 regions namely Southern, Thames, 

South West, Midlands, Anglian, Wales, North West and North East (Figure 6.1). 

In addition to Regional Offices, the Environment Agency has 22 Area offices 



  148

from which the day-to-day running of the area is carried out. The Head Office of 

the Environment Agency where national policies are set is split between Bristol 

and London and in addition the Agency has the assistance of 22 National 

Services, including the National Laboratory Service.  

 

6.1.2 Monitoring of landfill sites 

 

Landfill operations are regulated by the Environment Agency and any  operator 

of a landfill site that accepts waste must have a Pollution Prevention and 

Control permit (PPC permit).  A landfill is classified according to the type of 

waste that it can receive, namely: 

 

1. Hazardous waste 

2. Non-hazardous waste and, 

3. Inert waste 

 

The link between the landfill operator and the regulator is the Environmental 

Officer (EO) who will supervise the operations of several landfills, depending on 

size of the sites and permitting requirements including the quantities of waste 

accepted per annum, the monitoring requirements, the monitoring frequency, 

the consent limits set (where applicable), the maintenance of the site and 

details of improvements required and reporting requirements all of which are 

included in the permit.  Because of changing circumstances arising from factors 

such as the adoption of more stringent legislation to the development of better 

technologies of landfill management available, the Environment Agency may 

issue a Permit Variation. The Permit Variation usually involves  additional 

requirements placed on the operator and generally involves the opening of new 

monitoring points for pollution control and new consent trigger limits. The 

Permit requires the operator to send reports to the EA containing information 

such as   monitoring data, the breaching of consent levels, and the details of 

any  improvements made or accomplished, etc. Occasionally, the Environment 

Agency carries out its own independent analyses to corroborate the results 

provided by the operator.  
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In order to provide an effective protection of the environment without placing an 

excessive burden on the operator, the EO needs to have at his disposal 

relevant and reliable data to assist him in determining whether there is any 

evidence of breaching of consent levels or of  reduction in the quality of the site 

management that could lead to unnecessary pollution. 

 

6.1.3 Scoring of landfill sites 

 

The EA has developed a system for assessment of the operation of a landfill 

site that involves the allocation of relative scores to the site. The most common 

scoring systems are based on visual inspections and database libraries that are 

used in conjunction with mapping details that provide information on the 

geology of the site;  the presence of aquifers, streams, rivers, lakes at or 

adjacent to the site; the location of nitrate-vulnerable zones; the location and 

nature of industrial sites (including , power stations, and all other premises 

operating under a PPC permit, a waste management licence or an 

environmental permit) and the proximity of other landfill sites. With this 

information, the EO assesses the vulnerability of the site including recognising 

any additional polluting sources that may affect the chemistry of the leachates 

and groundwaters being analysed. 

 

The report entitled “Techniques for the Interpretation of Landfill Monitoring 

Data” (Ellis et al 2005) commissioned by the Agency is used by Environmental 

Officers, Landfill Operators and Waste Management Consultants as an aid to 

defining the nature of monitoring reports and data interpretation. The guidance 

expands upon the requirements for statistical analysis and management of 

landfill monitoring data set out in the Agency “Guidance on Monitoring of 

Landfill Leachate, Groundwater and Surface Water”, the aims (Dumble & 

Ruxton 2001) of which are stated to provide: 

 

• Technical guidance on  compliance with the Landfill Regulations 

•  A methodology for determining monitoring schedules 
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• Guidance on compliance with the EC Dangerous Substances Directive, 

the EC Groundwater Directive and the EU IPPC Directive  

• Guidance that places landfill monitoring within the context of a common 

strategy to address water protection in a given catchment area in line 

with the EU Water Framework Directive 

. 

Emissions to groundwater, however, are not the only aspects of landfill 

operations that are scored. The Compliance Classification Scheme (CCS) is an 

internal document published by the Agency (Environment Agency 2006) which 

serves as a guide to Environmental Officers in filling in  Compliance 

Assessment Report (CAR) forms, in which the landfill operation is scored in a 

number of issues, namely: 

 

• Permited activities 

• Infrastructure 

• General management including staff competence and procedures 

• Incident management including site security 

• Emissions to air, land/groundwater, surface water, sewer and waste 

• Amenity 

• Monitoring records, maintenance and reporting 

• Resource efficiency 

 

A site inspection enables an EO to score a landfill site on most issues including  

infrastructure, security and amenity but prior to the work described in this 

chapter, the EO had to rely on raw  monitoring data to assess the possibility of  

leachate pollution or groundwater contamination. 

 

The exact content of a landfill leachate as determined from borehole analysis is 

not constant but varies with the history of the water flow through the landfill; 

with the exact content of the landfill through which the leachate flows; with the 

extent of rainfall at the surface of the landfill prior to sampling; and with the 

extent of microbial activity in the landfill.  The difficulty faced by the 

Environment Agency, in terms of regulation, therefore, was concerned with the 

validity of reacting to a high analyte value from a given borehole or set of 
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boreholes in the absence of statistical evidence that the measurement was 

consistent and not due to a short term peak arising from a specific set of non-

standard conditions. The purpose of the work described in this Chapter was the 

development of a management tool to assist the Environment Agency, a tool 

that can provide statistically significant analytical information on borehole 

analyses that eliminates the risk of reacting to single measurements. 

 

6.2 Introduction to Statistical Assessment of Borehole 
Data 

 

The work described here is concerned with the development of a statistical 

programme designed to assess the reliability of the data collected in 

groundwater boreholes and to predict future trends so that action can be taken 

before unnecessary damage to the environment takes place. The programme 

developed is software for statistical data assessment (HEDAS) that provides a 

management tool that enables Environmental Officers to use monitoring data to 

provide a more comprehensive and fairer scoring of a site in terms of 

compliance and to provide a scientific basis on which to issue permit and 

variation notice conditions. HEDAS is designed to highlight  significant and 

sustained upward trends in pollution by providing a means of determining thef 

background and threshold values using statistical parameters. HEDAS is also 

designed to be interpreted in terms of the Waste Framework Directive 

(Groundwater Quality) Directions 2005, Annex II Part A and Annex IV Part A. 

 

For the purposes of describing the development of HEDAS, the simplified 

flowchart in Figure 6.2 is used to guide the reader through the description of the 

programme. 

 

The development of the HEDAS system described in this work aims to  provide 

a quality audit for analytical measurements made both at specific boreholes 

and at all of the boreholes at a given site.  The software for the system, 

HEDAS.xls, is an Excel file with incorporated macros (Visual Basic Programs 

integrated into Excel) that carry out instructions to provide the statistical 



  152

analyses required for the audit based on the HEDAS flowchart  illustrated in 

Figure 6.3  

The following sections of this chapter provide detailed information on the 

rationale and mechanism of the operating sections of the HEDAS programme 

shown in the flowchart. 

 

 

Figure 6.2 Simplified flowchart of HEDAS operation 

 

 

 

Figure 6.3 HEDAS Flowchart 
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6.2.1 Input data to HEDAS 

 

This section, as highlighted in the first part of Figure 6.2 (repeated below), 

describes the input data into HEDAS under the headings, source of data, 

boreholes analysed, and types of borehole.  

 

 

6.2.1.1  Source of Data   

 

The input data into HEDAS.xls are those contained in the Environment 

Agency´s database of monitored landfills, and, in particular, for the purpose of 

this work, those from boreholes in the West Area of the Thames Region.  The 

Thames Region of the Environment Agency hold monitoring data on all 

licensed landfill sites within the area in Scimon2 (SCI2), which is a Microsoft 

Access Database.   Landfill operators are obligated to send monitoring data as 

frequently as their PPC permit specifies for inclusion in the database. There is, 

however, no standardised format for submitting the data which can be either as 

hardcopy sent by post or by electronic mail.  The monitoring data provide the 

input into specifically designed Excel workbooks that can be uploaded into the 

SCI2.   

 

Once the data are uploaded into SCI2 they are in a format suitable for data 

input into HEDAS. The data required by HEDAS can be obtained from SCI2 by 

selecting the information in the following SCI2 data fields: 

 

 1. Site Name    5. Analyte 

 2. Borehole    6. Numeric value 

 3. Type of borehole   7. Units (of numeric value) 

 4. Date (of sampling)  8. Sampler 
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The aim of the Groundwater Directive is to protect groundwater from pollution 

by controlling the discharge of certain substances into groundwater. The 

Directive was implemented by the Groundwater Regulations 1998. The 

substances falling under the scope of the regulations are divided in two 

categories: 

 

List I: pesticides, sheep dip, solvents, hydrocarbons, mercury, cadmium and 

cyanide -  They may be disposed of to land but must not reach groundwater. 

List I substances mostly show concentrations below the detection limits, and 

are therefore of limited statistical significance.  

 

List II: contains less dangerous substances than List I that are allowed to be 

discharged to groundwater but under a permit with consent limits. The List II 

substances include heavy metals, ammonia, phosphorus and its compounds 

etc. 

 

In this work, the analytes initially chosen to be tested by HEDAS were List II 

substances which were monitored most frequently at borehole sites, and these 

were: 

 1. Alkalinity as CaCO3 (1000) 12. Calcium 
 2. Ammonia as N (5)  13. Potassium (120) 
 3. BOD    14. Sodium (1500) 
 4. COD    15. Magnesium (500) 
 5. Conductivity (4μS/cm)  16. Manganese (0.5) 
 6. NO3-Nitrate (50)   17. Chromium (0.5) 
 7. pH value (8.5 pH units)  18. Copper (1) 
 8. Sulphates (2500)   19. Lead (0.5) 
 9. TOC (10)    20. Nickel (0.5) 

10. TON    21. Zinc (1) 
11. Iron (2) 

 
*Groundwater threshold limits, where applicable, in brackets, expressed in mg/L unless 

otherwise stated.  

 

6.2.1.2 Boreholes analysed 

Modern landfill sites are engineered with stringent protective requirements. 

Older landfills, however, often used the “dilute and disperse” principle with the 

wastes deposited. The leachate generated by these landfills percolates freely 
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through the layers of soil, leading to potential pollution.  During this work, the 

main regulatory emphasis has been directed to assessing groundwater 

boreholes, on the assumption that sudden changes in groundwater composition 

would not be expected unless they had been affected by external factors such 

as pollution incidents.   

 

Groundwater boreholes are usually drilled at the perimeter of a landfill site and 

upstream and downstream of the site. The depth of the boreholes depends 

solely on the depth of the rock formation that contains the groundwater.  

 

Surface and groundwaters of modern landfills are subjected to monitoring 

before they accept waste to establish background levels of the parameters that 

are to be regulated. Older landfills, on the other hand, have not been monitored 

to establish background levels. One of the purposes of the statistical treatment 

of the data carried out in this research was to determine statistically significant 

theoretical background levels for those landfills for which pre-operational data 

are not available..   

 

In contrast to groundwater borehole samples, it is likely that leachate borehole 

samples will contain higher levels of List I and List II substances. Landfill 

leachate liquors are not subjected to the same type of legislation as 

groundwater samples. Data from leachate boreholes however have been used 

in this work as part of the testing process.  

 

Due to the processing ability of HEDAS, there is no distinction between 

leachate and groundwater samples in terms of output results. The assumptions 

of comparability of groundwater boreholes in the interpretation of results give 

more validity to groundwater results than to leachate data. The chemical 

characteristics of a groundwater body are assumed to change very little over 

time, making it possible therefore to draw conclusions as to the cause and 

severity of changes observed. In leachate boreholes, changes may be due to 

different stages or degree of degradation, and therefore, the results obtained 

may be useful to understand the chemistry in landfill conditions but are limited 

in terms of regulation of the landfill operation. 
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The containment of the leachate of a waste cell is of greater concern than its 

chemistry. At present, the only parameters that are regulated by way of permits 

and permit variations are: the borehole liquid level expressed in metres above 

the Ordinance Datum and, the borehole standing depth of liquid expressed in 

metres. This control is done to avoid detrimental polluting conditions due to 

excessive rainfall, flooding, etc. 

 

Although rivers and other surface waters are also sampled at or near landfill 

sites they have not been included in the analysis. 

 

6.2.1.3 Types of borehole 

The type of borehole is characterised by the location from which it is extracted 

and the method of sample extraction. They are:  

 

Surface waters 

• Ex std H2O: Surface water sampling point, outside the perimeter of a 

licensed area  

• In std H2O: Surface water within a licensed area, usually a pond or 

spring 

• River: Samples taken from a local river or stream, which are likely to be 

affected by the landfill operations. Usually they would be sampled 

upstream and downstream of the landfill site. 

 

Groundwater 

• G/GW Multi: Multi refers to boreholes with multiple chambers that allow 

for multiple sampling for gas (G) and groundwater (GW). A three 

chamber borehole can collect one gas sample and two groundwater 

samples or vice versa. Every single chamber counts as an independent 

borehole as it is collecting from different depths. 

• Ground H2O: Samples from the groundwater sampling borehole 

• Gas/Groundwater: Combined gas and groundwater borehole. This type 

of borehole can have one or two chambers but if it has two chambers, 

both count as the same borehole. This type of borehole is drilled outside 

the perimeter of the licensed area. 
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Leachate 

• Gas/Leachate: The same as gas/groundwater except that this type of 

borehole is drilled within the waste cell. 

• Leachate Bore: Leachate borehole. 

• Leachate Sump:  Samples from this borehole are from the deepest part 

of the waste cell. 

• Leachate Tank: These are samples from storage sumps. 

 

A sample of the data that can be extracted from SCI2 (EA monitoring results 

database) is in Table 6.1 showing the types of information contained in each 

row of the spreadsheet. For the purposes of the present research, the data 

used for input into HEDAS were restricted to those containing a maximum of 

65,536 rows i.e. the maximum number of rows available in Excel by default. 

 

 
Note: SPT=Sampling Point  

Table 6.1 Sample of data extracted from SCI2 
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6.2.2   Validity of data 

The validity of the “input data” was checked to eliminate any duplicates and 

identify outlier values, as shown in Figure 6.2, repeated below . 

 
 

6.2.2.1 Removal of Duplicates 

 

It was known that the SCI2 database could contain duplicate sets of data 

because of inconsistencies in the data entry procedures. The presence of 

duplicates could have detrimental effects in the calculation of statistical 

parameters, especially when the values being duplicated are the highest of the 

data set. Furthermore, when the duplicate was suspected of being an outlier, 

the presence of the duplicate would prevent the identification of the outlier. The 

identification of outliers is dealt with later.    

 

The presence of duplicates in SCI2 is more common in gas data than in water 

data, because the gas data entry procedure accepts peak and steady 

measurements for methane and carbon dioxide, but does not distinguish 

between peak and steady measurements, considering them both as the same 

type of parameter. Peak values are not usually reported, but when they are, 

they are often the same value as the steady one. Most water data duplicates 

stem from human error in input. At present, current procedures and data quality 

control make the presence of duplicates unlikely. However, in order to avoid 

erroneous deviations due to duplicates, HEDAS runs an automatic “search and 

delete” procedure to rid the data of duplicates, by detecting two (or more) 

identical rows, and delete as appropriate. 
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6.2.2.2 Identification and Rejection of Outliers 

 

In any analytical dataset an outlier is a single value that is so different from the 

other values in the set to raise doubt about its authenticity.  The presence of 

outliers in a distribution can distort significantly the statistical parameters that 

represent a set of values. Any distortion in the standard deviation would 

inevitably affect the scoring calculated for a given borehole and parameter. 

Consequently, it is necessary to devise an objective and reasonable criterion to 

decide what constitutes an outlier value. 

 

Dixon´s Q (Q test) is the simplest test for this purpose, and a variation of this 

test was developed in this work.   

 

Dixon’s Q test is based on a relationship between the range of values of a 

dataset and the range of a suspect value and its nearest (Qexp),  and the 

comparison with a theoretical critical value (Qcrit) -which can be found in tables 

(Table 6.2)-, as follows: 

 

For detection of upper outliers 

n n-1

n 1

X -XQexp=
X -X

 Eq. 6.1 

     

For detection of lower outliers 

2 1

n 1

X -XQexp=
X -X

               Eq. 6.2 

 

where 

  X1 is the lowest value of the dataset 

  X2 is the second lowest value of the dataset 

  Xn is the highest value of the dataset, and 

  Xn-1 is the second highest value of the dataset 

 

If Qexp>Qcrit then the suspect value can be rejected. 
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The test can be applied only once. If an outlier has been detected and 

discarded, the test cannot be reapplied to the remaining values   The 

theoretical values assigned to Qcrit depend on the number of measurements 

and the confidence level required. Qcrit increases with the confidence level set 

and is inversely dependent on the number of measurements. As the number of 

measurements increases, the power (reliability) of the distribution increases, 

resulting in the ability to maintain a confidence level with a lower value of Qcrit. 

 

Since the value of Qcrit is high for a small number of measurements the test 

will be more lenient in retaining suspected outlier values. In Figure 6.3, for 

example, the numerical value of points X1  and X2  are the same.  The value X1 

would not be regarded as an outlier, and be rejected for a data set with less 

than ‘b’ measurements but X2 identified as an outlier would be rejected 

because it is in dataset with larger than ‘b’ measurements.     These comments 

are reflected in the data for Qcrit in Table 6.2 (Rorabacher 1991), for between 3 

to 10 measurements. 

 

 

 

  

Figure 6.4 Comparison of the theoretical Qcrit given by Rorabacher (1991) versus the 
Qcrit fixed for the purpose of this work. 
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Variation of the Q Test with SCI2 data 

 

The Dixon Q Test is designed to be used with a series of replicate observations 

while the data contained in the SCI2 database are not genuine replicates 

because sampled groundwater may have undergone changes with time, due to 

changing environmental conditions. 

 

The confidence level offered by the test will not, therefore, have the same 

validity as a dataset consisting only of replicates.  To overcome this difficulty the 

value of Qcrit was set at the fixed value 0.74 (fixed Qcrit) in this work, and 

applied to all datasets regardless of the number of measurements. The fixed 

Qcrit value chosen corresponds to a set of 6 “replicate samples” with a 

confidence level of 99%, (Table 6.2). This choice will ensure that the leniency in 

rejecting single values will counteract added variability of groundwater sampling 

data (Figure 6.4)  

 

This modified Q Test  deals extremely well, for example, with data that have 

been entered into SCI2 in the wrong units (e.g. mg/l instead of μg/l or 

viceversa). Certain water quality parameters (mostly conductivity, iron, lead, 

nickel and zinc) are reported in different units than those accepted by SCI2, 

and in some instances will have the wrong numerical value. 

 

 

Table 6.2 Critical values for 3 to 10 measurements at different confidence level 
(Rorabacher 1991) 

In distinguishing between outlier data and those that are obtained when a 

genuine pollution incident occurs, account is taken of the background analytical 

data determined for these set of measurements obtained over long periods.    
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HEDAS, therefore has a procedure which detects the presence of outliers using 

the fixed Q test in conjunction with the information on background levels. 

 

6.2.3 The output of HEDAS 

 

The output of HEDAS.xls, listed in the figure below (Figure 6.2 repeated) is a 

statistical analysis of the monitoring results obtained for all groundwater 

boreholes for all the parameters listed in Section 6.2.1.  

 

 
 

The statistical results given by HEDAS are calculated for every analyte from 

each borehole for datasets that contain 6 or more measurements. The 

statistical results are: 

• Mean Value. 

• Standard deviation  

• Best Applicable Experimental Standard Deviation (BAESD) 

• Skew  

• Scoring/Rating 

 

Other information displayed in the HEDAS output includes: 

• Detection of outliers  

• Time chart displaying the evolution with time of the concentration of a 

given analyte in any borehole (Criteria: number of measurements >6) 

• Chart displaying the mean values of a selected analyte for a selected 

type of borehole. 

• Table of ratings for every borehole and analyte 
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Figure 6.5 shows an example of the type of information that the user can call up 

from the HEDAS output.  The information shown in Figure 6.5 is for 

groundwater ammonia analysis at a single borehole site, and includes: 

statistical analysis of the borehole data, a time chart for the analyte for the 

borehole, and a histogram of the mean values for the borehole site in 

comparison with other similar boreholes at the site. 

 

The statistical analysis of borehole data illustrated in Figure 6.5 and given 

below in Table 6.3 contains all relevant site, borehole, time, and analytical data 

including the mean value and standard deviation, derived and used in this work 

from the analysis of Beenham Landfill site (The analysis was limited to the 

operable boreholes at the time namely GW1-GW7 and GW9-GW13).  

 

 

Table 6.3 Statistical data calculated as presented by HEDAS 

 

Values given for skew, Best Applicable Experimental Standard Deviation 

(BAESD) and rating are described in detail in the next section, Section 5.3.    

 

Time charts provide an immediate visual diagnosis of the behaviour of a 

analyte on a given borehole, It is helpful to identify any significant upwards 

trend and to have an overall impression about the variability of a parameter.  

The time chart data in Figure 6.5 and in Figure 6.6 show changes in the values 

of ammonia as N determined at the borehole site over a time period from 1996 

to 2007.   
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Figure 6.5 User interface with HEDAS. 
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The chart highlights the values obtained by the Environment Agency 

(represented by a triangle in the chart shown in Figure 6.6) as a result of their 

own monitoring. This is useful to contrast the results provided by the operator 

against those sampled by the Agency. 

 

When a specific parameter is chosen for assessment, the data for a single 

borehole can be compared with the data for similar boreholes at the same site.  

The histogram data illustrated in Figure 6.5 and given below in Figure 6.7 

shows a comparison of the data for borehole GW10 with those for eleven 

others on the site. 

 

 

 

Figure 6.6 HEDAS Time chart showing in different size and shape the monitoring result 
of the regulator. 

 

Figure 6.7 HEDAS mean values chart 
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6.3 Handling of Statistical Parameters in HEDAS 

 

All of the input data described in Section 6.2.1 above, are handled in the 

HEDAS programme to achieve the outputs described in Section 6.2.2.  In order 

to handle the data and link the input parameters with the desired outputs it was 

necessary to develop new statistical concepts and treatments within the 

programme. The HEDAS programme provides a novel method of handling the 

types of data obtained from borehole and other water samples that are subject 

to variations with conditions, both natural and polluting. The key statistical 

assessment in HEDAS is based on a novel concept – the Best Applicable 

Experimental Standard Deviation – which was developed to overcome the 

natural variability in the analyte concentration in the samples.   Once 

determined, the values of the Best Applicable Experimental Standard Deviation 

(BAESD) are used in the calculation of the scoring/rating parameters to be 

used for regulatory purposes. 

 

6.3.1 The best applicable experimental standard deviation 

 

The concentration of a particular analyte in a given sample is a fixed parameter 

but it is not known. Analysis of replicate samples would not necessarily yield 

the same result because there is an error associated with all quantifying events, 

including accuracy of equipment, sampling and analytical procedures, sample 

matrix and operator skills. It is widely accepted, however, that calculation of a 

mean value along with standard deviation provides a reasonable approximation 

to the true value with a particular probability of the true value being within a 

certain range. For a given dataset, individual values will have greater probability 

when they are closer to the mean value of the distribution (normal or 

Gaussian).  For a given set of values a range of [mean value minus standard 

deviation] to [mean value plus standard deviation] should statistically include 

68% of all of the values. If the range is increased to twice the standard 

deviation, 95% of values would fall into this range, while the number of values 

would be 99% if the range is further increased to three times the standard 
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deviation (Figure 6.8). This concept is useful in establishing confidence levels 

on the outcome of future analyses. 

 

 

Figure 6.8 Representative probability chart of a Gaussian distribution 

 

The standard deviation is defined as the square root of the mean value of the 

squared differences between the arithmetic mean of the dataset and its 

individual values, The formula for calculation of the standard deviation in 

HEDAS is the “nonbiased”  (n-1) formula as follows:  

 

   Eq. 6.3 

 

In summary, the standard deviation is a parameter which quantifies numerically 

the spread of values in a given dataset. As can be seen in Figure 6.9 the lower 

the standard deviation, the narrower the range in which most values can be 

found.  

 

Groundwater samples at a given site, although extracted from a similar matrix, 

can be affected by different degrees of interference arising from differences in 

site and time history. For this reason it is necessary to devise a method to 

distinguish between natural variations and polluting events. In the HEDAS 
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programme this is achieved by calculating the Best Applicable Experimental 

Standard Deviation.  

 

 

Figure 6.9 Comparison of Gaussian distributions depending on standard deviation 

 

The BAESD value for each analyte is obtained from analysis of data on 

boreholes at a given site obtained over the monitoring period. In the data used 

for the development of HEDAS the monitoring periods necessary to obtain the 

minimum of six samples required ranged from about 18 months to a few years.  

Again in the development of the HEDAS programmes although there was a 

requirement for a minimum of six measurements, the maximum number of 

values available was always used, on the basis that the larger the number of 

measurements, the better the quality of statistical analysis.   For each analyte in 

each borehole, the data for that analyte over time were collated and mean and 

standard deviation values calculated. For example, in a situation where there 

are ten boreholes, mean values and standard deviations for a given analyte are 

calculated for each of the ten boreholes.  Figure 6.9, for example, shows the 

standard deviation calculated for the data on ammonia analysis for ten 

boreholes.  The next step in the determination of BAESD is to calculate from 

the values of the standard deviations for a given analyte and set of boreholes a 

threshold of acceptance of the data to be expressed as the Best Applicable 

Experimental Standard Deviation. In Figure 6.9 for example, the standard 

deviation in GW2 at 0.25 is the lowest value but clearly does not represent the 
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analytical errors over all ten boreholes.  Likewise, the standard deviation for 

GW3 at 4.6, although representing a wide variation in the data for ammonia for 

this borehole, is too high to represent the analytical error for all ten boreholes. 

 

The BAESD is determined by calculating a percentile (the nth percentile, Figure 

6.9) of the range of standard deviations that would account for common errors 

between different samples and exclude those values that are likely to have 

occurred as a result of an unusual environmental event.  In other words, the nth 

percentile of all standard deviations calculated for a given parameter in all 

boreholes that are comparable will represent the variability attributed to 

analytical error and accidentally differing sampling procedures, but not the 

higher values arising from unusual environmental events. The optimum choice 

of percentile to provide the best statistical assessment is important. If the 

percentile is too high the distinction between comparable boreholes would be 

diminished, and if the percentile is too low, the distinction between boreholes 

would become only a comparison of all other boreholes  against only the most 

stable. 

 

In the development of HEDAS, and based on experimental data from selected 

datasets taken from a representative site with appropriate number of 

measurements and number of boreholes, a standard value of percentile was 

applied - the 15th percentile (n=15).  Although other values of the percentile can 

be used in HEDAS, operation of the programme over a six-year period has 

shown that use of the 15th percentile is appropriate.  In Figure 6.9 the 15% 

percentile is illustrated by the dashed line (value = 0.48). 

 

The higher the standard deviation value of a dataset above the 15th percentile 

threshold, the higher the probability that the changes observed in the given 

dataset are as a result of man-made events or unexpected natural events 

(contributing to an unusual environmental event).  For example in Figure 5.10, 

the standard deviation values for GW3 and GW10 indicate that further 

consideration is required to determine whether the raw data for ammonia for 

these boreholes give rise to a high standard deviation because of the presence 

of extreme outliers or an unusual environmental event.  In order to complete the 
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assessment, the data have to be checked for outliers as described in Section 

5.2.2.2. Once outliers have been removed, the value of the 15th percentile 

BAESD has to be recalculated and the data re-assessed. 

 

.  

Figure 6.10 Histogram of standard deviations obtained for ammonia in a given site, 
showing as example a threshold defined by the nth percentile 

 

A direct comparison of the standard deviation of a dataset and the standard 

deviation which represents the estimated analytical error of all datasets (the 

BAESD) determines quantitatively the reliability of the dataset being scrutinised 

and the level of change experienced in comparison with the most reliable 

datasets for a given analyte and site.  

 

In the determination of outliers and single odd values in a given dataset, 

account is taken of any asymmetry in the distribution of statistical results about 

a mean using the concept of skew.   The skew of the distribution is included 

among the statistical results displayed by HEDAS. The skew reflects the 

asymmetry of a distribution around its mean and is expressed as follows:  

 

 

                          Eq. 6.4 
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where  n is number of values in the dataset 

Xi represents individual values of the dataset 

X  is the mean value of the distribution and 

s is the standard deviation 

 

If the skew is positive there will be more values below the mean than above. If 

the skew is negative the opposite is true, and symmetry around the mean 

would produce a skew=0. Values contributing to the skew of a distribution are 

further away from the mean in comparison with the values on the other side of 

the mean. Therefore, high skew may be symptomatic of the presence of 

outliers. For example, Figure 6.11 illustrates the chart of 4 different sets of data 

with 20 measurements for each set. In all cases, except for the 10th 

measurement the data values superimposed on one another. The only 

difference between the 4 datasets is the 10th measurement (identified in Figure 

6.11 by the blue, pink, green, and red datapoints). The corresponding skew 

values for each dataset are also quoted in Figure 6.11 and show the noticeable 

differences observed as a result of the variation in the data values caused by 

the10th measurement. 

 

 

Figure 6.11. Skew comparison 

 

The values obtained from monitoring boreholes with time are likely to differ, and 

these differences would not always be attributed to systematic or random error, 
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because there will be genuine changes of concentration due to natural or man-

made events. Changes are not only expected with time but also across a given 

site with sample history. The concept of skew is therefore one of the tools used 

in handling the data to ensure the validity of the BAESD value calculated – a 

high value of skew associated with a high standard deviation will be indicative 

of either a single outlier values or of an unusual environmental event that 

occurs over a defined period of time within the monitoring period. 

 

6.3.2 Rating 

 

The standard deviation reflects the scattering of the values around a mean 

value, for a given analyte and borehole. By dividing the standard deviation (SDi) 

of a given analyte and borehole by the BAESD calculated for the analyte over 

the entire site, a value  (SC)  is obtained which represents the level of 

scattering of the data for any borehole against what is considered the optimum 

variability for the analyte and the site: 

 

                                 iSDSC
BAESD

=   Eq. 6.5 

 

The values of SC obtained are converted to ratings for a given analyte and 

borehole, as follows: 

 

If  2SC ≤  then Rating = 0 

If 2 4SC< ≤ then Rating = 1 

If 4 6SC< ≤ then Rating = 2 

If 6 8SC< ≤ then Rating = 3 

If 8 10SC< ≤ then Rating = 4 

If 10SC >  then Rating = 5 

 

The rating provides a simple scoring value for the variability of the data for a 

given analyte irrespective of the actual mean value of that analyte in the 

borehole sample.   A rating of 0 represents a borehole in which the parameter 

being scored has displayed a standard deviation comparable to the BAESD, in 
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other words where the variability is as good as can be expected. A rating of 5, 

on the other hand, represents a borehole in which the parameter being scored 

displays a significant variability of results in comparison to the BAESD. The 

ratings are the values that have to be used by the regulators in determining 

which boreholes and analytes need to be assessed first for unusual 

environmental events.  

 

HEDAS produces a table showing the ratings calculated for every borehole and 

analyte, Table 6.4, from which overall site ratings (analyte score and borehole 

score) can be calculated for each analyte and borehole on the site.  The overall 

analyte score for a given analyte is represented by the horizontal sum of the 

ratings as shown in Table 6.5 while the overall borehole score is the vertical 

sum of the ratings. If the same set of analytes is used in HEDAS for different 

sites then the overall site score (the sum of the horizontal and vertical ratings) 

can be used to compare the data from different sites.  

 

 

 

Table 6.4 Example of Table of ratings 

 

 

 

Table 6.5 Example of Table of ratings with overall scores for each analyte and 
borehole 
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6.4 HEDAS Test: Groundwater assessment. 

 

The data used in the development and testing of HEDAS were obtained from 

the records of the Environment Agency from the West Area of the Thames 

Riegion. These data are described in this section. 

 

6.4.1 Introduction to the West Area, Thames Region 

 

The Thames Region covers the catchment area of the river Thames (Figure 

6.12). The Thames runs for a distance of 205 miles from the Cotswolds to its 

estuary in Essex. The area has an approximate population of 14 million. There 

are 3 Area offices in the region: Wallingford in the West Area, Frimley, in the 

South Area and Hatfield in the North Area. The regional office is in Reading.  

The West Area serves approximately 700,000 households and business 

premises, with an approximate population of 1.7 million people. 

 

Figure 6.12 Map of the Thames Region West Area, showing main urban nuclei, river 
stretches and landfill sites (Environment Agency 2005) 

The landfills in the West Area accepted 1.36 million tonnes of waste in 2006/07 

(Table 5.6) of which 0.27 million tonnes were considered biodegradable, 

according to EA records for the West Area. 
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Note: In addition to kitchen, canteen and other biodegradable waste labelled as such, the 
biodegradable fraction of mixed municipal waste has been obtained by calculating 66% 
of the total tonnage (Environment Agency 2005) 

Table 6.6 Breakdown of quantities of waste deposited in landfills of the West Area, 
Thames Region Environment, including the biodegradable fraction in 2006/07 

 

6.4.2 Landfill analysis 

 

Beenham Landfill Site was chosen to test the suitability of HEDAS as a tool to 

assess the reliability and variability of measurements at boreholes scattered in 
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strategic areas at the site, and monitoring data gathered over the period 

typically from 1996 to 2007 were used.  

6.4.2.1 Background to Beenham Landfill site 

Beenham is a landfill site that is no longer operational and most of it has been 

restored to grazing land. Figure 6.13 shows the map of Beenham identifying the 

boundaries of the site, the different phases of filling and the location of 

groundwater boreholes. 

 

 

Figure 6.13 Map of Beenham showing the different phases of the landfill and the position 
of groundwater sampling points (GW) and surface waters (SW). 

 

The geology of the area where Beenham Landfill is sited is formed by London 

Clay formation, although near surface there are 4-10 metres of sand and river 

gravel deposits. There is a minor aquifer of high sensitivity under the area. The 

site was originally a gravel pit with the void left used for landfilling.  

There were four phases of landfilling at Beenham: 
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• Phase 1 accepted until 1978 commercial and industrial wastes on a 

“dilute and disperse” basis, that is, without engineered protection. 

 

• Phase 2 (1978-1983) was divided in two stages - Stage 1 accepting the 

same type of waste as Phase 1 with no engineered containment, and 

Stage 2, which in addition to commercial and industrial waste, accepted 

domestic waste. but in this stage clay liners were used as containment.  

 

• Phase 3 had the same engineered protection as Phase 2 Stage 2, and 

was also divided in two stages.  Stage 1 (1983-1990) accepted the same 

type of waste as Phase 2 Stage 2, and Stage 2 (1990 to 1995)  did not 

accept domestic waste. The clay liners used in Phases 2 and 3 were not 

produced to a specification and therefore the level of protection given is 

uncertain. 

 

• Phase 4 operated between 1994 and 2001. and included  engineered 

containment consisting of a clay liner, a polyethylene liner and a 

leachate collection system. One third of the materials disposed of in this 

Phase were industrial and commercial wastes with some special wastes, 

while the remainder was filled with inert materials only. 

 

Phases 3 and 4 (at the time of writing) are still subject to post-operational 

monitoring, as part of the requirements of the Waste Management Licence 

permit, applicable to both phases.  

 

Data from 12 groundwater boreholes (GW1-GW7 and GW9-GW13) distributed 

along the boundaries of the waste phases were used in testing HEDAS. There 

were insufficient data from GW8 to carry out statistical analyses (less than 6 

values in the dataset), therefore the data from this borehole were excluded. 

 

As the map (Figure 6.13) shows boreholes GW1 and GW11 are located in the 

South-West corner boundary of the site, which is adjacent to farmland; GW2 is 

on the western boundary of Phase 4; GW3 and GW4 are located in the north-

eastern  boundary of Phase 4, the latter, close to GW12, which is in the eastern 
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corner of phase 4; GW5 is in the corner of Phase 1, 2 and 4, in the middle of 

the site; GW7 is located in the eastern side of Phase 3, outside the boundaries 

of the site; in the southern corner of Phase 3 are GW6 and GW13, within the 

perimeter of the site, and GW9, outside the perimeter; and GW10 is in the 

southern corner of Phase 2. 

 

Figure 6.14 shows groundwater levels expressed in metres above Ordinance 

Datum (mAOD). If the water table is the same over the site, the water level 

determines the gradient of the aquifer, which in this case would be West to 

East. 

 

Beenham Groundwater Level
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Figure 6.14 Water level (mAOD) of groundwater boreholes 

 

Waste Management Paper 26B, provides regulatory threshold limits (Table 6.7) 

for groundwater quality. 

 

6.4.2.2 Groundwater Analysis  

For the purposes of regulation, the analytical data for a set of  boreholes at a 

given site must (a) be below these groundwater threshold limits, overall, as 

given by the mean and standard deviation values for single boreholes found in 

HEDAS, and (b) not breach the threshold values over significant periods of time 

in comparison with the total monitoring period of the site, which will be indicated 

by the HEDAS variability calculation.  Since the Environment Agency have 
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introduced the concept of threshold limits for specific boreholes (based on 

pollution risk), HEDAS can be used to simplify the apparent complexity of 

dealing with multiple threshold limits applied to different boreholes in a given 

site. At present, results are compared to limits shown in  Table 6.7.  

 

 

Table 6.7 Threshold limits for groundwater quality (WMP26B) 

 

The first step in the analysis of a site is to scrutinise the table of ratings 

calculated by HEDAS. Groundwater boreholes need special attention, as the 

concentration of any parameter should not be above specified threshold levels 

or have significant variations. High variability in groundwater samples indicates 

a high probability of pollution of the water source. The number of analytes at a 

given site varies depending primarily on the monitoring requirements imposed 

by the regulator  and on the availability of sufficient data to carry out statistical 

analysis.   

 

Table 6.8 shows the table of ratings of all groundwater boreholes for all 

analytes in the Beenham Landfill Site, and includes the overall borehole and 

analyte scores. Sorting the boreholes by descending score value (Table 6.9) 

allows a direct estimate of data quality of the borehole sites and indicates, by 
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the highest scores those boreholes that need to be considered in detail by the 

regulators. 

  

 

Table 6.8 Table of ratings corresponding to groundwater boreholes in Beenham Landfill 

 

 

Table 6.9 Combined rating of groundwater boreholes in score order 

 

The data in Table 6.9 suggest that GW5 is the most unpredictable and variable 

borehole in terms of analyte concentrations. This, to a certain degree, is 

expected because GW5 is located at the corner of three different phases 

(Figure 6.13), two of which do not have engineered containment.  

 

Sorting the analyte scores by value, (Table 6.10), shows that manganese is the 

analyte with the highest variability followed by ammonia as N, iron, alkalinity as 

CaCO3, COD and BOD. 
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Table 6.10 Combined rating sorted by analyte 

 

 

With the priority order suggested by HEDAS ratings, the next step is to identify 

suspect values for those analytes and boreholes with higher ratings by 

identifying outliers as described in section 5.2.2.2  The analytes which have the 

highest score in Table 6.10 are manganese, ammonia as N, iron, alkalinity as 

CaCO3, COD and  BOD, and the outliers present in the data sets of these 

analytes are identified and shown  in Figure 6.15 - Figure 6.32.   

 

Over 25% of datasets studied contained an outlier and ninety five percent of 

datasets with an outlier had a skew higher than 4. Table 6.11 is a list of 

boreholes and analytes highlighted by HEDAS for which outliers were found.  It 

also shows the skew change observed in the datasets after the outliers have 

been removed. Table 6.12 and Table 6.13 show, in descending order, the 

ratings for the main analytes before and after eliminating outliers respectively. 
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Table 6.11 Outliers found sorted by analyte, indicating the skew change before and after 
removing the outliers.  

 

 

 

Table 6.12 Ratings before removal of outliers 

 

Table 6.13 Ratings after removal of outliers 

 



  183

 

Figure 6.15 Time chart of groundwater borehole GW4 for manganese 

 

 

Figure 6.16 Time chart of groundwater borehole GW9 for ammonia as N 

 

Figure 6.17 Time chart of groundwater borehole GW6 for 
ammonia as N 

 

Figure 6.18 Time chart of groundwater borehole GW12 for 
iron 
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Figure 6.19 Time chart of groundwater borehole GW13 for iron 

 

 

Figure 6.20 Time chart of groundwater borehole GW7 for iron 

 

 

Figure 6.21 Time chart of groundwater borehole GW1 for 
iron 

 

Figure 6.22 Time chart of groundwater borehole GW4 for 
iron 
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Figure 6.23 Time chart of groundwater borehole GW2 for iron 

 

 

 

Figure 6.24 Time chart of groundwater borehole GW9 for iron 

 

 

Figure 6.25 Time chart of groundwater borehole GW12 for 
alkalinity as CaCO3 

 

 

Figure 6.26 Time chart of groundwater borehole GW7 for 
alkalinity as CaCO3 
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Figure 6.27 Time chart of groundwater borehole GW9 for alkalinity as 
CaCO3 

 

Figure 6.28 Time chart of groundwater borehole GW11 for alkalinity as 
CaCO3 

 

Figure 6.29 Time chart of groundwater borehole GW11 for 
COD 

 

Figure 6.30 Time chart of groundwater borehole GW3 for 
COD 
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Figure 6.31 Time chart of groundwater borehole GW4 for COD 

 

Figure 6.32 Time chart of groundwater borehole GW4 for BOD 
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In the development of the HEDAS programme, the effect of removing outliers 

that might lead to erroneous interpretation of the data was checked.  Outliers 

which normally arise from major errors in analytical procedures rather than 

changes in analyte concentration reduce the quality of the data. Outliers are 

generally single distinct values which are totally different from values obtained 

in analysing a sample and are distinguished from changes in the concentration 

of an analyte which normally would be repeated over a range of values over 

time. The data in Table 6.12 and Table 6.13 present, in descending order, the 

ratings for the 6 main analytes determined at Beenham before and after the 

removal of outliers, showing the improved statistical quality of the dataset as a 

result of discarding those outliers reported by HEDAS.  

The data show that the borehole scores for GW4, GW7 and GW11, in 

particular, initially displayed distorted results (Table 6.12) because of the 

presence of outliers that make the data on them appear worse than they really 

were. 

Following the removal of single outliers to improve the overall quality of the 

dataset, the data are re-assessed in the HEDAS programme to produce more 

accurate values of mean and standard deviations of analyte concentrations for 

each borehole prior to re-assessment of the BAESD values and the ratings 

(The change in BAESD before and after removal of outliers is also an indication 

of the effects of spurious values on the data set. Table 6.14). The data shown 

in the histograms from Figure 6.33 to Figure 6.38 show the average 

concentrations for each analyte for each borehole before and after the removal 

of outliers. 

 

 

Table 6.14 BAESD comparison before (BAESD 1) and after removal (BAESD 2) of outliers 
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The statistical results of the second HEDAS iteration are in Table 6.15 for the 

analytes manganese, ammonia as N, iron, COD, alkalinity as CaCO3 and 

BOD(ATU). 

 

Figure 6.39 to Figure 6.67 show time charts of individual boreholes for the 

different analytes, chosen for their high rating shown in Table 6.15 or for 

breaching threshold values in Table 6.7.  

 

 

Table 6.15 Number of measurements and statistical data for analytes highlighted 
by HEDAS for all groundwater boreholes 
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Figure 6.33 Average values of manganese concentration after the 
removal of outliers 

 

Figure 6.34 Average values of ammonia as N concentration after the 
removal of outliers 

 

Figure 6.35 Average values of iron concentration after the 
removal of outliers 

 

Figure 6.36 Average concentration values of alkalinity as 
CaCO3 after the removal of outliers 
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Figure 6.37 Average values of BOD measurements after the removal of 
outliers 

 

 

Figure 6.38 Average values of COD measurements after the removal of 
outliers 

 

Figure 6.39 Time chart of groundwater borehole GW10 for 
manganese 

 

 

Figure 6.40 Time chart of groundwater borehole GW5 for 
manganese 
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Figure 6.41 Time chart of groundwater borehole GW1 for manganese 

 

 

 

Figure 6.42 Time chart of groundwater borehole GW2 for manganese 

 

Figure 6.43 Time chart of groundwater borehole GW11 for 
manganese 

 

 

Figure 6.44 Time chart of groundwater borehole GW3 for 
manganese 
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Figure 6.45 Time chart of groundwater borehole GW6 for manganese 

 

 

Figure 6.46 Time chart of groundwater borehole GW10 for ammonia  

 

Figure 6.47 Time chart of groundwater borehole GW10 for ammonia  

 

 

Figure 6.48 Time chart of groundwater borehole GW3 for ammonia  
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Figure 6.49 Time chart of groundwater borehole GW1 for ammonia  

 

 

Figure 6.50 Time chart of groundwater borehole GW10 for iron   

 

Figure 6.51 Time chart of groundwater borehole GW5 for iron  

 

 

Figure 6.52 Time chart of groundwater borehole GW3 for iron  
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Figure 6.53 Time chart of groundwater borehole GW6 for iron 

 

 

Figure 6.54 Time chart of groundwater borehole GW1 for iron  

 

Figure 6.55 Time chart of groundwater borehole GW1 for iron 

 

 

Figure 6.56 Time chart of groundwater borehole GW5 for 
alkalinity as CaCO3 
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Figure 6.57 Time chart of groundwater borehole GW10 for alkalinity as 
CaCO3 

 

 

Figure 6.58 Time chart of groundwater borehole GW3 for alkalinity as 
CaCO3  

 

Figure 6.59 Time chart of groundwater borehole GW6 for 
alkalinity as CaCO3 

 

 

Figure 6.60 Time chart of groundwater borehole GW5 for BOD 
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Figure 6.61 Time chart of groundwater borehole GW1 for BOD 

 

 

Figure 6.62 Time chart of groundwater borehole GW10 for BOD 

 

Figure 6.63 Time chart of groundwater borehole GW3 for 
BOD 

 

Figure 6.64 Time chart of groundwater borehole GW13 for 
BOD 
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Figure 6.65 Time chart of groundwater borehole GW1 for COD 

 

 

Figure 6.66 Time chart of groundwater borehole GW3 for COD 

 

Figure 6.67 Time chart of groundwater borehole GW4 for 
COD 
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The main purpose of the time charts is to identify trends in concentration 

measurements. The data for BOD measurements for GW13 (Figure 6.64), for 

example, show that there was a significant increase in BOD levels for this 

borehole, after about May 2002. 

 

The discussion of selected results shown in Figure 6.39 - Figure 6.67 is 

considered by analyte as follows: 

 

Manganese 

The boreholes analysed for manganese are those showing the highest scoring 

according to HEDAS ([3 or above] in Table 6.15).  Manganese is the analyte 

with the highest overall index of variability with consistent breaches of the 

Groundwater Threshold Limit for manganese (0.5mg/l) across the site (Figure 

6.33). Specific observations for individual boreholes are: 

 

• Boreholes GW1, GW10, GW2, GW3, GW5 and GW6 show significantly 

higher concentrations than the Groundwater Threshold Limit, 

particularly, GW5 and GW10, with established trends over the GTL, 

which show an average concentration five times the Groundwater 

Threshold Limit.  

• The manganese concentration in borehole GW11, although initially high 

has stabilised well below the GTL value since 2003 (Figure 6.43).  

• The manganese concentrations in GW3 (Figure 6.44) and GW6 (Figure 

6.45) have shown an increasing trend over the last two years, 

suggesting a recent source of pollution.  

 

Ammonia 

Figure 6.34 shows that for ammonia, the average  concentrations in GW5 and 

GW10 are above the GTL of 5mg/L.  Boreholes with a HEDAS rating of 3 or 

higher are 

 

• GW5 (Figure 6.46) has shown levels both higher and lower than the GTL 

over the monitoring period. 
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• GW10 (Figure 6.47) consistently had values above the GTL throughout 

the monitoring period.  

• GW3 (Figure 6.48) athough it has an average concentration of 2mg/L 

there is a recent trend to increasing values that may suggest a possible 

breach in the integrity of the containment applied in phase 4.  

• GW1 (Figure 6.49) shows an established trend well below the GTL since 

2002, but due to the variability in data from earlier years of monitoring, 

the rating is high. 

 

Iron 

 Figure 6.35 shows that there are the significant differences in the averages of 

iron concentration calculated for groundwater boreholes. GW10, GW5, GW1, 

GW3 and GW6 (Table 6.15). 

 

• The data for GW5 and GW10 show many breaches of The GTL  

(2mg/L), with the averages being respectively 10 and 20 

higher.respectively. Time charts for GW10 (Figure 6.50) and GW5 

(Figure 6.51) show erratic trends.  

• GW3 (Figure 6.52) and GW6(Figure 6.53) show trends of increasing iron 

concentration above the GTL during the last few years.  

• The variability of borehole GW1 (Figure 6.54), is attributable, to a single 

value which was not considered to be an outlier because of elevated 

amounts of iron registered in the early stages of monitoring.  

 

Alkalinity as CaCO3 

The typical values for alkalinity as CaCO3 calculated in Beenham Landfill site 

ranges between 200-300mg/L (Figure 6.36), well below the GTL for alkalinity as 

CaCO3 (10,000mg/L).  

• GW5 is the only borehole showing high variability for alkalinity (Table 

6.15). 

•  Boreholes GW5 (Figure 6.56) and GW10 (Figure 6.57) show 

distinctively higher values for alkalinity  than the rest of boreholes.  
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BOD(ATU) 

The typical range of BOD values for groundwater boreholes in Beenham,  as 

shown in Figure 6.37, is between 2 and 4 mgO2/l. 

 

• GW5 is the only borehole with a high rating, and it  also has a 

significantly higher average BOD than other boreholes (Table 6.15). The 

decreasing BOD values (Figure 6.60)  towards the end of the monitoring 

period (2002) would be consistent with lower microbial activity in the 

waste.  

• The data for GW3 (Figure 6.63), GW6, GW9, GW11, GW12 and GW13 

(Figure 6.64), however, showed increasing trends of oxygen demand, 

starting with low levels and shifting upwards at half way the monitoring 

period.  

 

Chemical Oxygan Demand (COD) 

Typical values of COD found in the groundwater boreholes are  below 20 

mgO2/L (Figure 6.38). 

 

• GW1 and GW3 (Table 6.15) have the highest HEDAS ratings.  

• There has been significant decrease in COD in GW1 in recent 

measurements to give a value below 20 mgO2/l, (Figure 6.65). 

 

Summary of the groundwater analysis 

HEDAS analysis of Beenham Landfill Site for groundwater boreholes is 

summarised as follows: 

 

• The data used to carry out this analysis need to be filtered in order to 

discard outliers. Outliers make the datasets look more variable than they 

really are, disguising among the genuinely variable boreholes and 

adding difficulty in the assessment of the data.  

 

• Using overall scores by adding individual ratings, both by borehole and 

determinand, HEDAS has identified the following determinands as those 

with the highest variability overall, namely manganese, ammonia as N, 
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iron, alkalinity as CaCO3, BOD and COD. HEDAS has also identified, 

after ridding of outliers, the boreholes with highest variability, namely, 

GW5, GW10, GW3, GW1 and GW6. 

 

• The GTL for manganese (0.5mg/L) have been breached consistently 

across the site. 

 

• In all parameters, except BOD, GW5 and GW10 show highest levels, 

breaching the GTL for ammonia and iron as well as manganese.  

 

• GW3 show increasing trends in all parameters, breaching the GTL for 

ammonia and iron in the latest stage of monitoring. GW6 follows, with 

lower degree, the same pattern than GW3, except for ammonia. 

 

• The persistent variability observed in GW1 is attributable to early stages 

of monitoring. For the last years of monitoring, GW1 has performed well 

below established limits. 

• BOD levels for GW9, GW11, GW12 and GW13 (typically the most 

unaffected boreholes) join GW3 and GW6, showing increasing trends of 

microbial oxygen demand, starting with low levels and shifting upwards 

at half way the monitoring period. 

 

• It has been observed in some boreholes, such as GW11 for manganese 

and GW1 for ammonia as N, that early periods of monitoring show 

elevated concentrations while the second half of monitoring is well 

established well below the GTL.  

 

6.4.3 Summary of HEDAS development 

 

The development of HEDAS using groundwater borehole data from the 

Beenham Landfill Site led to the following conclusions: 
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1. The data required to carry out HEDAS analysis need to be filtered in 

order to discard outliers, that is single analytical measurements that 

are clearly spurious in the context of measurements made over a 

substantial period of time. Outliers make the datasets look more 

variable than they really are, and can disguise genuine variability in the 

assessment of the data.  

 

2. The concept of BAESD has been developed to cope with the fact that 

at any site data for a number of boreholes have to be combined in 

order to determine an acceptable overall standard deviation.   

 

3. A scattering coefficient (SC) which is obtained by dividing the standard 

deviation for a set of analyte measurements at a single borehole by the 

BAESD for that analyte for the site.   

4. The values of the scattering coefficient can be converted to variability 

ratings that provide a measure of the variability in data for a borehole 

and analyte irrespective of the mean concentration of the analyte.   

 

5. The ratings are assigned values from 0 to 5 where a value of ‘0’ 

represents the lowest variability achieved at that site for the analyte, 

and ‘5’ represents an unacceptable variability in the data, and the need 

to determine the cause of the variability for regulatory purposes.. 

 
6. The value of the ratings can be combined to give an overall variability 

rating for any single anaylte or single borehole.  Again the higher the 

value of the overall rating, the greater the need to determine, for 

regulatory purposes, the cause of that variation. 

 
7. In situations where an identical set of analytes is determined at a 

number of sites, an overall site rating which is the sum of all of the 

individual analyte ratings and all of the individual borehole ratings can 

be used to compare the variability between sites. 
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8. The results of the HEDAS assessment of the data from the Beenham 

Landfill Site have been assessed in terms of the high ratings for both 

boreholes and analytes.   

 

6.5 Application of HEDAS at Other Sites 

 

The HEDAS statistical groundwater management methodology is now in 

constant use throughout the West area of The Thames Region of the 

Environment Agency  to assess the quality of groundwater and landfill leachate 

borehole samples.  It is now routinely used to assess data from a large number 

of landfill sites. 

 

In addition to use in detecting potential polluting events at a given site or part of 

a site, the HEDAS ratings have, for example, in addition to evaluation of  single 

site data, been used in comparisons between multiple sites in relation to single  

analytes.  As an example the data in Table 6.16 show the overall HEDAS 

scores for the (a) Alkerton Landfill Site, (b) Barlows Plantation, (c) Beenham 

Landfill Site and (d) Slape Hill Landfill Site  for the analytes alkalinity as CaCO3, 

ammonia as N, COD, conductivity and iron from a selection of representative 

boreholes. In this example, the overall alkalinity as CaCO3 score for the  sites 

are 14, 5, 14 and 10 respectively. In order to provide a fair comparison, 

however, the number of boreholes must be the same at each site or normalised 

to the same number of boreholes. The Akerton  Beenham and Barlows sites 

have data for 12 boreholes and are directly comparable but the data for Slape 

Hill are only for six boreholes and have to be normalised to give the overall 

normalised scores 14, 5, 14 and 20, as shown in Table 6.17 for all the analytes 

selected.  

 

The site scores for comparison can be improved by selecting a group of 

analytes rather than a single analyte  For the sites in this example this gives the 

scores of 106, 49, 76 and 60 shown in Table 6.17.  
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Table 6.16 HEDAS overall score of a selected group of analytes for (from top to 
bottom) a)Alkerton Landfill Site, b) Barlows Plantation, c) Beenham, and d)Slape Hill 

 

The application is a useful means of comparing the different degrees of 

variability observed in different landfill sites which share, or are differentiated by, 

factors such as, for example, geology strata, type of waste landfilled and type of 

leachate containment provided that site scores are normalised to a fixed 

number of boreholes and analytes. This can also be achieved by dividing the 

overall analyte scores by the number of boreholes to give a unitary analyte 

score, i.e. the average contribution to the overall analyte score per borehole as 

given in Table 6.18.  
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Table 6.17 Normalised overall score of a selection of analytes and sites 

 

 

Table 6.18 Unitary normalisation of the overall score of a selection of analytes and 
sites 

 

6.6 Conclusions 

 

A management tool, HEDAS, has been developed to permit assessment of 

pollution in leachates and of groundwater receptors as an aid to deciding when 

regulatory intervention was necessary. 

 

HEDAS was developed and optimised using historical and current analytical 

data available from the Thames Region of the Environment Agency.  The tool is 

now in constant use throughout West Area of the Thames Region at all of its 

landfill sites and has been extended to the assessment of variability in the 

analysis of gaseous emissions as well as emissions to both groundwaters and 

landfill leachates.   

 

HEDAS is a programme that handles data from different borehole sites such 

that the effects of spurious single data measurements can be removed to 

produce a dataset that can be assessed for variability.  The results allow for the 

identification of background and threshold values of analyte concentrations, 
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and identify any sustained trends, upwards or downwards, in the data with time.  

The results can be interpreted in line with the Waste Framework Directive 

(Groundwater Quality) Directions 2005, Annex II Part A and Annex IV Part A, 

for regulatory purposes. 

 

In order to deal with the difficulties involved in handling data from a series of 

boreholes at a given site, the novel concept of Best Applicable Experimental 

Standard Deviation (BAESD) has been developed and has been applied 

successfully to the identification of situations where (i) statistical treatment of 

the analytical data suggest that either the threshold limits have been exceeded 

over long or short periods, or (ii) the variability of the data for an analyte is 

unacceptable. 

 

The benefits of HEDAS can be summarised as follows: 

 

• The BAESD methodology pioneered in this study correlates linearly with 

the variability of a dataset. High variability, in the absence of outliers, is 

attributable to genuine changes of concentration (or consistent 

malpractice). Hence, the rating assigned to a borehole and analyte is a 

suitable indicator to control step changes in concentration or other 

anomalies. 

 

• The results obtained by HEDAS allow for quantitative assessment of the 

quality of the groundwater (mean value), and the standard deviation 

indicates the reliability of the measurements. The skew offers additional 

insight into the distribution of measurements around their mean value, 

giving an indication of the presence of outliers, and the rating will score 

the borehole against best performing boreholes in the site. The time and 

the mean values charts assist with the interpretation of results. 

• HEDAS simplifies significantly the analytical task involved in the 

assessment of a landfill. 

 

The capabilities of HEDAS can be further developed. For instance, gas data 

have been successfully processed with HEDAS, providing the same statistical 
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output as that provided for water samples. The conclusions that could be 

extracted from gas analyses would not be so significant as they would only 

measure methane and carbon dioxide. Gas monitoring, however, is carried out 

more frequently than water monitoring and thus provides larger and therefore 

more reliable data sets.   High peaks of methane and carbon dioxide, reflected 

in time-charts and high skew, are often symptomatic of failing recovery 

systems. In addition, HEDAS could calculate trigger levels (warning trigger and 

action trigger) based on existing data and compliance levels. The assessment 

of gas data using HEDAS is at the stage of development but preliminary results 

are promising. 

 

In regard to leachate, at present, the only parameters that are regulated by way 

of permits and permit variations are: the borehole liquid level expressed in 

metres above the Ordinance Datum and, the borehole standing depth of liquid 

expressed in metres, for which HEDAS provides the platform to carry out the 

validation of the data. 
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Chapter 7:  
Conclusions and 
Future Research 

 

7.1 Summary and conclusions 
 

This section provides a summary and conclusions of the work carried out in this 

research, indicating the contribution to knowledge stemming from it.  

This research has been focused on conservation of resources and the reuse and 

recycle of biodegradable wastes, particularly food wastes, addressing the 

development of  (i) a sustainable technology for the treatment of food wastes to 

obtain a high quality compost product in a closed-loop situation within a single 

premises. (ii) a methodology to assess the effects of landfill leachate on 

groundwaters resulting from deleterious  landfill practices and  management, and  

(iii) the concept of benchmarking in the development of a  programme to assess 

the environmental impacts and carbon footprints of food waste treatment options 

and of other secondary recovery processes. 

In order to understand the background in which the treatment of food waste 

operates, chapter 2 describes the legislative framework that regulates the 

treatment of, and recovery from biodegradable waste: particularly, the Landfill 

Directive 1999 which restricts the disposal of biodegradable waste to landfill, and 

the Animal By-Products Regulations (ABPR) 2005, which set out operative 

requirements for the treatment of food wastes containing, or that have been in 

contact with, animal by-products. The government roadmap to fulfill its 

environmental targets (Waste Strategy 2000 and Waste Strategy 2007) are also 

presented because they are aimed at diverting biodegradable waste to alternatives 

to landfill in which there is a recovery of value from the process. With the Waste 

Strategy in mind, Chapter 3 provides an overview of aspects related to collection of 

food waste, including the disposal of food waste to drain via a macerator, and a 
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description of the processes taking place in landfill and the other alternative 

processes: composting, anaerobic digestion and advanced thermal treatments.  

Chapter 3 also contains the details of the physical and chemical characterization of 

food waste from two catering establishments.  These food wastes were used in the 

studies of the development of the in-vessel composting system for the treatment of 

food wastes described in Chapter 4. The chemical and physical analyses of 

catering food waste, in general, show that they do not have the correct composition 

or consistent particle size appropriate for use as a composting feedstock. These 

problems along with the requirement for food waste, specifically, to achieve high 

temperatures in the composting process for long enough to destroy any pathogens 

present, have been overcome in this work. An economically viable system for 

converting catering food waste into high quality compost has been developed. The 

scientific and technical requirements of composting, with food waste as the only or 

main feedstock, are in the technology developed in this work fully compliant with 

the EU regulations giving a marketable compost product. The conversion of food 

waste to a high grade compost has been achieved in this work by a combination of 

macerating and dewatering to homogenize the feedstock and reduce the water 

content, with the addition of a carbon rich bulking agent to achieve the correct C:N 

ratio and absorb any excess water in a closed in-vessel composter, in which the 

temperature regime meets the requirements of ABPR. The composting process 

developed in a catering establishment was completed after 34 weeks without 

external heating giving a product that has been treated at sufficient high 

temperatures to ensure pathogenic depletion to give a high quality product 

measured against the BSI PAS 100 Standard.  The catering establishment used for 

the trials was chosen because it had a continuous demand for fertilizer for flower 

and vegetable potting and for use on farmland on the premises. The product 

compost showed excellent results in trials of the use of the material as a weed-free 

potting compost achieving better plant mass growth (BSI PAS 100) than alternative 

composts.    

It was necessary to introduce, in this work, the concept of benchmarking in the 

development of a programme to determine the carbon dioxide savings arising from 
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secondary material recovery processes. Benchmarking is described in Chapter 5 

and has been used to compare the sustainability of alternative treatment options to 

that of landfill for food waste expressed as an amount of CO2 equivalent emissions 

per unit of input food waste or feedstock for composting, anaerobic digestion and 

incineration against those of  current landfill practices. Benchmark values, that is, 

those values that indicate the emissions of the process using best technology or 

representing foreseeable attainment, have been assigned to each process.  These 

values are then contrasted with the carbon footprint of landfilling, enabling the 

carbon dioxide equivalent emission savings resulting landfill diversion by any of the 

alternative routes to be estimated. The results show that composting is the 

treatment with largest savings (33.6 ktCO2/100,000t food waste), followed by 

anaerobic digestion (26.6 ktCO2/100,000t food waste) and incineration (16.6 

ktCO2/100,000t food waste). Because of the variables involved in the 

benchmarking and CO2 emission calculations, sensitivity analyses were carried out 

to assess the effects of variables on the validity of the data. The sensitivity 

analyses showed that, considering landfill disposal as baseline, for composting, a 

75% error in data used would still lead to carbon dioxide emission savings in 

contrast to anaerobic digestion and incineration for which only 50% and 25% 

deviations respectively in the assumptions would predict CO2 savings. 

The concept of benchmarking applied to food waste treatment options in this work 

was initially developed as part of the work to determine the carbon dioxide 

emission savings that could be attained in secondary metal production in contrast 

to primary production from ores. This work is summarised in Chapter 5 to illustrate 

the thinking behind the development of benchmarking.  

The work described in Chapter 6 arose from a regulatory need to obtain statistically 

significant analytical data from groundwater samples taken at landfill sites in order 

to avoid the danger of regulatory action being taken on single abnormally high 

analyte concentrations. The programme and management tool developed 

(HEDAS) was developed and optimised using historical and current analytical data 

available from the Thames Region of the Environment Agency.  The tool is now in 

constant use throughout West Area of the Thames Region at all of its landfill sites 
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and has been extended to the assessment of variability in the analysis of gaseous 

emissions as well as emissions to both groundwaters and landfill leachates.  

HEDAS is a programme that handles data from different borehole sites such that 

the effects of spurious single data measurements can be removed to produce a 

dataset that can be assessed for variability. The methodology leads to a significant 

simplification of the analytical tasks involved in the assessment of a landfill.  The 

results allow for the identification of background and threshold values of analyte 

concentrations, and identify any sustained trends, upwards or downwards, in the 

data with time.  The results can be interpreted in line with the Waste Framework 

Directive (Groundwater Quality) Directions 2005, Annex II Part A and Annex IV 

Part A, for regulatory purposes. In order to deal with the difficulties involved in 

handling data from a series of boreholes at a given site, the novel concept of Best 

Applicable Experimental Standard Deviation (BAESD) has been developed and 

has successfully been applied to the identification of situations where (i) statistical 

treatment of the analytical data suggest that either the threshold limits have been 

exceeded over long or short periods, or (ii) the variability of the data for an analyte 

is unacceptable.  

The benefits of HEDAS can be summarised as follows: 

• The BAESD methodology pioneered in this study correlates linearly with the 

variability of a dataset. High variability, in the absence of outliers, can then 

be attributable to genuine changes of concentration (or consistent 

malpractice).  

• Each borehole and analyte at a given site is assigned a rating based on 

BAESD and the measured standard deviation of the data set for that 

borehole and analyte. The ratings effectively measure the analytical data 

against the most stable boreholes at the site and provide viable indicators of 

step changes in concentration or other anomalies. 
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7.2 Contribution to knowledge 
 

The contribution to knowledge resulting from the work described in this thesis can 

be summarised as follows:  

• The development of a technology to overcome the challenges associated 

with the conversion of food waste to compost.  The in-vessel composting 

process developed resulted in a high quality compost that met BSI  PAS 100 

standard.  The key factors in the methodology are the rapid transfer of food 

waste from the kitchen to composter, and the efficient maceration and 

dewatering of the feedstock, optimisation of the C:N ratio, and the 

achievement of temperatures high enough to destroy pathogens.  

• A novel concept of benchmarking developed in this work to determine 

carbon dioxide savings in secondary metal recovery has been applied to 

carbon footprinting of alternative processes to landfill of foodwaste to permit 

a comparison of alternative treatments of food waste.   

• The development and successful application of a computer software for the 

statistical analysis of landfill monitoring data to predict borehole behaviour, 

establish the reliability of the data and ultimately determine the extent of 

groundwater contamination.  In the course of the development of the 

software, a novel concept was used to determine the best applicable 

experimental standard deviation (BAESD) to be used in the assessment of 

variability shown in comparable datasets. For the purposes of assessment 

of individual borehole and analyte data, the BAESD is used with the 

measured standard deviations for individual boreholes and analytes to give 

an estimate (rating of the quality of the data) for the individual borehole and 

analyte.  These ratings effectively measure the analytical data against the 

most stable boreholes at the site and provide viable indicators of step 

changes in concentration or other anomalies.  HEDAS is now in constant 

use in the Thames region of the Environment Agency and its application has 

been extended from groundwater and leachate analysis to landfill gas 

emissions.  
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7.3 Future directions 
 

In the present work in-vessel composting technology has been developed to 

convert food waste to high quality compost as a means of diverting them from 

landfill disposal.  Although it is possible to carry out research on improvements in 

the technology developed, there may be better alternatives to the recovery of value 

from food by considering completely new processes to convert the food waste to 

commercially useful chemicals or fuels.  This aspect of the treatment of food waste 

is currently being carried out at Imperial College on both food wastes themselves 

as a feedstock and the compost product as a feedstock.   

The methods developed in the course of the work described in this thesis on tools 

designed for (a) the assessment and regulation of groundwater contamination by 

landfill leachate, and (b) the calculation of carbon footprints to permit comparison 

of carbon dioxide savings in different situations and with different technologies 

show the value of the development of effective programmes to be used as 

management aids in environmental management control.  It is anticipated that 

there will be many other situations where proper data handling and recognition of 

the variables involved will result in the development of techniques to optimize 

technical and management control of the environment.   
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