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Abstract

Composting is an effective method of removing a large proportion of biodegradable
waste from landfill. The CO, produced by microbial activity demonstrates the rate of
decomposition, and was measured in green waste composting in windrows, a forced
aerated bay, an aerated test rig and related to the volatile solid content. The peak
respiration rates were 35gC02kg\/S"day'l in windrows, and 290gCO-kgVS'day” in
the test rig. Knowing the rate of microbial activity, allows the volume of air required

to supply sufficient oxygen to a composting matrix to be determined.

Recently introduced treatment regulations require 100% of the waste in a composting
system to be maintained above 60 or 70°C for minimum periods. Aeration
management methods were evaluated that maximise the rate of temperature increase
and distribute the heat generated by microbial activity. Managing re-circulated gases
between set CO; limits was demonstrated to an effective method of encouraging rapid
temperature increase. Whilst the lowest recirculation rate of 40m’hr’' per m® of
compost was required to ensure 100% of the compost matrix in the test rig was

greater than 60°C.

The research presented in this thesis demonstrates methods that will aid the design

and management of any composting system. especially those treating catering waste.
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Introduction

1 Introduction

1.1  Background

1.1.1 Global Warming

It is now generally accepted by the scientific community that global warming is
occurring, and that it is due to anthropogenic influences. A proportion of the heat
radiated by the sun in the form of visible and ultra violet radiation is absorbed by the
Earth’s surface, and a further proportion of this absorbed heat energy is emitted in the
form of infra red radiation. Some of the infra red radiation emitted from the Earth’s
surface is retained in the atmosphere by green house gases like, water vapour, carbon
dioxide (CO,), methane and nitrous dioxide. The greater the concentration of these
greenhouse gases in the atmosphere, the more of the radiation emitted from the

Earth’s surface is retained, leading to an overall increase in temperature.

There has been an observed temperature increase of 0.6°C over the last 100 years, and
the Intergovernmental Panel on Climate Change now argues that most of the observed
warming in the last 50 years is likely to have been due to the increase in greenhouse
gas concentrations (IPCC, 2001). There is great debate regarding the effect and
extent of global warming on weather systems. ocean currents, sea levels and in turn
the effects of these world wide factors on localised climate, and how these will impact
upon human populations. There is insufficient data to accurately predict the impact of
these changes at the present time. But it is clear that the increasing global population
and industrialisation of developing countries, especially in East Asia, will lead to total
green house gas emissions increasing (Shi, 2003). If this trend is to be stabilised or
reversed the reliance on fossil fuels has to addressed, as do other human activities that
produce green house gases, including deforestation, agriculture and waste

management.

COz is the largest individual contributor to the greenhouse effect, and is thought to be
responsible for 60% of the total increase in Global Warming Potential (GWP) over
the period 1765 to 1999. Since the Industrial Revolution concentrations have

increased from 280 parts per million by volume (ppmv) to 367ppmv in 1999. This is
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Introduction

higher than at any other time in the last 400,000 years. CO, emitted into the
atmosphere today will influence its atmospheric concentration in the years to come,
since the time taken for atmospheric CO; to adjust to changes in sources or sinks is in
the order of 50-200 years. To stabilise concentrations at present day levels would

require a 60% reduction of global CO, emissions (RCEP, 2000).

The source of the observed increase in CO, concentration is thought to be primarily
due to the burning of fossil fuels, coal, oil and gas. Though other human activities
like deforestation, intensive agricultural and cement production have also contributed.
It is calculated that the developed world, which includes the UK, parts of Europe and
America have not greatly increased their CO, emissions over the last 25 years, though
the mass of CO, produced per person can be significantly different. America was the
greatest producer of CO; in 2003 with a total production of 1580 million tonnes,
which equalled more than 5 tonnes per person. China were the second highest
producer with a total of 1131 million tonnes, but with a per person average of only
0.86 tonnes (Marland et al, 2006). France has consistently reduced their annual CO,
emissions from fossil fuels since 1973, which has been achieved through a nuclear

power generating programme rather than a reduction in energy use.

Methane is the second most important greenhouse gas after CO, and is estimated to
have been responsible for a fifth of the enhanced greenhouse effect over the past 200
years. Although methane is nowhere near as prevalent or long-lasting as carbon
dioxide, it is a far more powerful greenhouse gas with more than 20 times the heat-
trapping effect (GISS, 2005). Methane is released by humans through deforestation,
intensive agriculture. rice cultivation, and industrial sources. Natural decay of organic
matter also produces methane. Since the 1990s the rate of increase has accelerated,
largely due to increasing emissions from fossil fuel use in Asia, in particular coal
burning in China. The British Antarctic Survey found that in the past 800.000 vears
the concentration of methane had never been greater than 750 parts per billion (ppb).
but it has now increased to 1,780 ppb (Wolff et al, 2006). Reductions in major
sources of methane from human activities include improved piping of natural gas and
the capture of methane from landfill sites to generate electricity. Global emissions of
methane are thought to total 600 million tonnes, and emissions from landfills are

calculated to total 40 million tonnes, approximately 7% of the total (CCWM, 2006).
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As it is suggested that the global emissions of methane need to be reduced by 15 to
20% to stabilise the atmospheric concentration increase, then reducing the emissions

from landfills could play a significant role.

1.1.2 Waste Management

Both CO, and methane are produced by microbial decomposition of biodegradable
waste in landfills, where anaerobic conditions prevail. Decomposition by microbial
activity in anaerobic conditions produces both of these greenhouse gases. Bond et al
(2006) demonstrated mean measures for methane and CO, at 4 UK landfills of
between 35 and 61% volume / volume for methane, and between 24 and 39% for
CO,. But as methane has a GWP effect some 20 time greater than CO; its impact is
far greater. It can be argued that CO, emissions from the decomposition of
biodegradable waste under aerobic or anaerobic conditions is not a man made source
of this green house gas. As the CO; evolved from biodegradable waste was recently
fixed through photosynthesis from the atmosphere, it is in effect recycled atmospheric
CO;. Unlike that released from the burning of fossil fuels which was fixed from the
atmosphere hundreds of millions of years previously. Where as methane released
from landfill can be described as having a man made GWP effect as it is converting
atmospheric CO, fixed into biomass through the photosynthetic process, into a

compound which has a GWP effect more than 20 times greater.

The European Landfill Directive (European Commission, 1999) aims to reduce the
quantity of biodegradable waste disposed of in landfills and therefore reduce the
quantity of methane entering the atmosphere from this source. It has set out targets
requiring the quantity of biodegradable municipal waste (BMW) sent to landfill in
1995, to be reduced by 25% by 2006, 50% by 2009 and 65% by 2016. As the UK
sent more than 80% of its waste to landfill in 1995, it was granted a 4 year extension;

therefore the targets in the UK will now apply in 2010, 2013 and 2020, respectively.

In 1995 the UK municipal waste arising's were 29 million tonnes, 60% of this waste
has been determined to be biodegradable, giving a total biodegradable waste sent to
landfill of 17.4 million tonnes. Though, in Wales the Welsh Assembly Government

(WAAQ) has stated that 61% of municipal waste is biodegradable, in a national waste
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Introduction

The Landfill Directive has placed the burden on member states to ensure the BMW
diversion targets are met, and that failure to meet these targets will result in fines
being placed on those failing states. It has been suggested by WAG that they will fine
Local Authorities up to £200 for every tonne of BMW sent to landfill, above their

allowance values.

The UK landfill tax is a further driver, this makes recycling a more financially
attractive option than the historically low cost disposal route of landfill. The rate in
2006/7 is £21 per tonne for biodegradable waste, and with landfill costs in south west
Wales being in the region of £34 per tonne, the cost of sending biodegradable waste to
landfill is £55 per tonne. The landfill tax is planned to increase at the rate of £3 per
tonne per year until it reaches £35 per tonne, at which point there will be a review.
The artificially inflated cost of landfill has resulted in the disposal of biodegradable
waste to composting, at £21 to £29 per tonne for green waste and £40 to £55 per tonne
for catering waste (Letsrecycle.com, 2006) a less costly option. But the extra costs of
segregation and separate collection has not been factored into these costs and the
convenience and simplicity of a single waste receptacle is often a large consideration

for many waste producers.

Kitchen and garden waste comprises at least 50% of BMW stream. with the majority
of the remainder being made up of paper and cardboard (Emery et al. 2000).
Composting has proven to be an effective method of recycling organic waste into a
beneficial product, and because a large proportion of the waste stream that requires
diversion from landfill can be treated using this method, it is a key element of most

Local Authority waste management plans.

1.2 The Composting Process

Composting 1s a process where by micro-organisms breakdown organic material in
the presence of oxygen (0») into more stable organic compounds. heat. CO> and
water. A number of physical. chemical and environmental factors impact upon the
ratc of degradation during the composting process.  These are the microbial

population present, the physical and chemical characteristics of the waste being
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degraded and the environment within the waste matrix. There are a number of key
environmental parameters that affect the rate of decomposition; these are temperature,
O, and moisture availability. Changes in a single physical, chemical or environmental
parameter will often have an impact on one or more other parameters. Using a
different machine for shredding green waste on a windrow composting facility can
result in a smaller particle size. This will reduce O, availability and heat loss due to
reduced passive gas flow within the matrix, both of which are likely to have an

adverse impact upon the rate of microbial decomposition.

There are many methods and systems employed to compost organic waste on a
commercial scale, they vary widely in sophistication and technique, but all aim to

manage, to a greater or lesser extent, the environment within the compost matrix..

1.3 Commercial Composting

The vast majority of commercial composting has historically been undertaken in
turned windrows systems. This method of composting is simple to undertake and has
been shown to be successful in producing high quality product with relatively low
capital investment and operating costs. With the introduction of the Animal By
Products Regulations (ABPR) in 2003, any waste that contains or may have come into
contact with animal by products is required to be treated in an enclosed composting

system, and to meet a set of treatment parameters (WAG, 2003).

Windrow composting is self regulating in respect of O, availability and temperature.
and the rate of decomposition is often governed by these 2 parameters. The shape of
a windrow encourages a passive flow of air, driven by hotter air exiting the top of the
windrow. and resulting in air and therefore O, being drawn into the sides of the
windrow and heat being lost from the system. Unlike windrows, in-vessel svstems
not only increase the level of capital investment and operating costs associated with
the composting process. they also introduce the need to actively manage kev

parameters.

1-6
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The greater capital and operational costs associated with in-vessel composting can be
partially compensated for by increasing the rate of decomposition, through managing
key parameters within the reported optimums. This has the effect of decreasing the
time taken to recycle an organic waste into a product suitable for its designed end
market. It is also possible for the rate of decomposition when composting in-vessel to
be reduced, when compared to windrow composting, if these key parameters are not
managed within their optimum conditions. In-vessel composting also requires less
area to process a certain tonnage of organic waste when compared to windrow
composting, and commercially available in-vessel systems promote these advantages

over windrows as a reason for customers to invest in the extra infrastructure required.

The proportion of the BMW that is required to be diverted from landfill by
composting will demand that wastes included in the ABPR will have to be treated if
the targets are to be met. This introduces a further challenge of meeting the ABPR
treatment requirements. Which are technically demanding and require systems to
maintain 100% of the waste being treated, at above 60 or 70°C for specified periods
of time, dependent upon the particle size and category of waste being treated. The
capital investment required to procure these types of systems will be large and if they
do not perform to specification, especially in regards to the ABPR, considerable

further expense may be incurred.

The composting industry on an international level i1s working towards quality
standards for the products of composting. One of the long standing issues is to
develop a quantative method of demonstrating when a product is stable or mature.
The most wide spread methods of determining stability. is to measure the uptake of
0, or the production of CO; under standardised conditions, and can accurately
describe the status of the compost. If these tests are undertaken on a regular basis on
a batch of compost under going treatment in a system. they can demonstrate the rate

of decomposition that has occurred.

Effective management of the composting process in all systems, from simple green
waste turned windrows to in-vessel composting of more difficult wastes, or wastes
that are required to be treated in accordance with the ABPR, is essential if it is to

occur efficiently.
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The work presented in this thesis is the product of a research study into commercial
scale composting that was undertaken by the Cardiff School of Engineering. The
research occurred at Carmarthenshire Environmental Resources Trust Ltd’s Pilot
Composting Facility, located at Nantycaws Landfill Site, some 5 miles east of
Carmarthen in south west Wales, UK. The facility receives green waste from
Carmarthenshire County Council and windrow composts this waste in a 1500m?® open
sided building. This allowed the research conducted to examine full scale operations,
and therefore improve understanding of the operational issues faced by the

commercial composting community.

1.4 Aims

The aim of this thesis was to improve understanding of the composting process at a
commercial scale, and to produce data that would aid the design and operation of any
composting system, especially those that are required to meet the treatment

requirements of the ABPR.

The aim of the composting process is promote the microbial decomposition of organic
matter to convert an organic waste into a useful product. Therefore measuring the
rate of microbial activity will indicate the rate of decomposition. and if this can be
measured on a dynamic basis the impact of process options can be determined
instantly.  The use of measures of respiration to determine stability has been
demonstrated to be an accurate method of measuring microbial activity. But for these
methods to be effective they require the testing of small samples under standardised
conditions, and therefore do not describe the rate of activity in the system in which the
waste has undergone processing. One of the aims of the rescarch presented in this
thesis was to develop a method of measuring the rate of microbial activity occurring
in a composting matrix that could be applied on a commercial scale. This could then

be used to analyse the impact of process options.

The introduction of the ABPR in the UK has led to the requirement of enclosed
composting for certain organic waste types. Enclosing the waste introduces the need
to manage aeration. but before a forced acration system can be accurately designed

the volume of air required to be delivered will need to be known. The volume of air
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required by a composting matrix is dependent on the rate of microbial activity and the
parameter that is being controlled. Therefore a further aim was to produce data that
would demonstrate the volume of air required by a compost matrix in relation to the

rate of microbial activity, and therefore aid design

When the ABPR were introduced, existing in-vessel systems had not been designed to
meet the treatment requirement of 100% of the compost matrix greater than 60 or
70°C. For this reason another aim was to investigate and describe methods that would
maximise heat production and distribution within the composting matrix, as an aid to

those designing systems to meet these requirements.

1.5 Structure

A literature review was conducted to gain background knowledge and understanding
of current composting process management research, and the pertinent elements of

this review are presented in Section 2.

A method of measuring the dvnamic respiration rate, based on the CO, production
from microbial activity, was developed. This method was used to monitor the
dynamic respiration rate in 2 green waste windrows and 1 green waste windrow

amended with chicken litter. The results of this research are presented in Chapter 3.

With the aim of producing aeration management methods that could be used to
maximise heat production and distribution in the composting matrix, a forced aeration
distribution system was fitted to the base of a concrete bay with a volume of
approximately 90m*. which was then filled with green waste. A temperature probe
array was then inserted into the compost matrix to examine the effect of aeration
management and the direction of acration on maximum temperature and distribution

within the matrix. The methods and results from this work are presented in Chapter 4.
Following the work described in Chapters 2 and 3 a compost processing test rig with a

capacity of Im” of compost was designed.  This was undertaken to create and

enclosed system to allow the re-circulation of gases at different rates through the
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composting matrix. This was done to allow heat to be distributed from the compost
matrix core to the less well insulated periphery. Thermocouples were mounted on the
internal side walls of the test rig, as well as being inserted on probes into the compost
matrix. It was also designed to manage CO; concentrations in the re-circulating gases
within set levels by a computer controlled system, this also allowed the microbial
respiration rate to be calculated The design of and fabrication of this test rig, along

with the results of the commissioning trials are described in Chapter 5.

A number of composting trials were undertaken in the test rig to examine process
management options that would maintain 100% of the compost matrix above the
minimum temperature requirements of the ABPR. The trials utilised green waste and
employed different gas re-circulation rates to examine temperature increase rates and
distribution under different aeration regimes. The methods and results from these

trials are demonstrated in Chapter 6.

Key conclusions from each Chapter are described, as well as recommendations for

their application in Chapter 7. This chapter also includes recommendations for

further work, based on the results found.
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Literature Review

2 Literature Review

2.1 Background

Composting is a process where by micro-organisms breakdown organic material in
the presence of oxygen (O;) into more stable organic compounds, heat, carbon
dioxide (CO;) and water. A number of physical, chemical and environmental factors
impact upon the rate of degradation during the composting process. These factors are
described in this chapter, as is their reported impact on the composting process. The

impact of legislation on the treatment of organic waste in the UK is also highlighted.

There are many methods and systems employed to compost organic waste on a
commercial scale, they vary widely in sophistication and technique, but all aim to
manage the characteristics of the waste and the environment within the waste matrix.
The most widely employed methods and technologies are described, as are the major
emissions from the composting process and methods devised to measure the quality of

the composted product.

The rate at which organic waste degrades during the process will impact upon the
design and implementation of infrastructure and operations at any facility. This rate
cannot be determined by simply measuring one factor. but can be accurately described
by relating the uptake of reactants or the evolution of products to the waste being
treated. Methods that use these techniques are capable of demonstrating the sum effect
of physical, chemical and environmental parameters on the rate of decomposition in

any composting matrix.

2.2 Factors Effecting the Composting Process

2.2.1 Micro-organisms

Very little is known about the micro organisms that determine the rate of composting,
affect the quality of the product and produce most of the physical and chemical
changes in the waste. The study of microbial communities in the composting matrix

is hindered by its heterogeneous nature and rapidly changing environmental, physical

2-1
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managed at 28°C, bacteria dominated the early stages, fungal populations began to
develop late in the incubation period and actinomycetes populations were very
limited. At 50°C bacteria dominated for several days, and rapidly diminished as fungi
and actinomycetes populations increased. At 65°C the bacteria and fungal population
diminished rapidly to be replaced by actinomycetes, and at 75°C certain spore
forming bacteria were the only surviving organisms. Their work also indicated that
no decomposition of cellulose occurred in the manure managed at 75°C, and over the
first 9 days the greatest cellulose loss was in the 65°C sample, but the sample
maintained at 50°C had the greatest level of cellulose loss in samples taken on day 19,

33 and 47 respectively.

Strom (1985) studied the effect of bacterial species diversity in thermophilic solid
waste composting in bench scale reactors managed at temperatures of 49°C, 50°C,
55°C, 60°C and 65°C. He found that 10 genus of bacillus dominated all samples
except for the sample managed at 49°C. It was also found that species diversity
decreased markedly above 60°C, but diversity was similar in the trials managed at
49°C, 50°C and 55°C. He concludes that although species diversity was greatest at

60°C it was not usually correlated with biological productivity in any direct way.

Research has been undertaken by Velikonja Bolta et al (2003) to increase the rate of
composting by adding inoculants of specific micro-organisms to organic waste. This
led to more rapid heat up during the initial stage and after turning when compared to
non-inoculated compost in the active phase. Viable microbial biomass was also
measured and during the initial phase, directly after inoculation, this was 6 times
greater in the inoculated compost when compared to the non-inoculated. Tests
undertaken on day 18 showed that viable microbial biomass were very similar in the

test and the control samples.

The research indicates that the microbial communities involved in the composting
process are very diverse over spatial and temporal parameters. It also suggests that
there is a succession of organisms degrading the different elements of an organic
waste over time. This is indicated by the succession and size of fungal populations
degrading the pine needles beneath Scots pine (Pinus sylvestris) as shown in Figure

2.3.



(s

6 %1l;%

28 (A

%1%1%
=>
. $

4
2@
"((CA



Literature Review

particles. For there to be sufficient O, in this environment it has to diffuse from the
air in the pore spaces. The rate of diffusion has been shown by Van Ginkel et al
(2002) and is proportional to the total volume of air space within the composting
matrix. The level of O that is required to be maintained in this pore space to ensure
that the composting process is not limited is addressed in the research outlined in the

following paragraphs.

Experiments undertaken by Klauss and Papadimitriou (2002) using 14 litre capacity,
thermo-regulated and aerated vessels show an unclear set of results. One set of trials
were carried out with the vessels managed at 65°C and exhaust O; concentration
managed at 4-6%, 6-9%, 7-12%, 11-14% and 15-16%. These trials resulted in a loss
of volatile solids of 1%, 1%, 11%, 6% and 12% respectively. The trials undertaken at
7-12% O; concentration showed a volatile solids loss of 11%, similar to the volatile
solid loss of 12% found in the trial managed at 15-16% oxygen. The trial managed at
11-14% resulted in a volatile solid reduction of just 6%, around half the loss found in
trials managed with similar oxygen concentrations. O, consumption for the same set
of trials show a different trend, the trial managed at 15-16%, uptake peaked above 8
milligrams of O, per gram of volatile solids per hour (mg0O,gVS™'h™) and averaged
between 4 and Smg0,gVS™ h™' for the majority of the trial. Those vessels managed at
6-9%, 7-12% and 11-14% averaged an uptake rate of 2-3 mgO.gVS'h™' for the
majority of the trial. The trials managed at 7-12% and 15-16%, have a similar loss in
volatile solid content of 11% and 12% respectively, but for the same trials oxygen

uptake rate in the 7-12% trial was around one half of that found in the 15-16% trial.

Similar experiments using bench scale reactors were undertaken by Beck-Friis et al
(2003) managing O, levels at 1%, 2.5% and 16%. Higher levels of composting rate
were experienced in the reactor managed at 16% when compared to those at 1% and

2.5%.

The need to supply sufficient oxygen to a system to promote composting has also
been studied by Suler and Finstein (1977). They measured the effect of different
concentrations of O> maintained in a 12 litre force aerated composting vessel on the
total amount of CO, produced over a 96 hour period. In this instance the mass of CO,

produced was a measure of the rate of composting in the system, as it is a direct
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Work undertaken to determine the forced aerated management requirements for
composting systems has shown that managing oxygen concentration in the range of
5% -15% leads to temperature levels that inhibit microbial degradation (Finstein et al,
1983 and Psarianos et al, 1983). Kutzner (2000) concluded that using forced aeration
to manage temperature in the composting matrix at 60°C also provides sufficient air

to maintain O, concentrations in the optimum range.

The research demonstrates that composting rate is not significantly reduced when O,
levels are maintained above 10% in the composting matrix, but when the temperature
increases above 60°C; temperature becomes the limiting factor rather than O,. It also
demonstrates that even in a relatively small green waste windrow, 4 meters wide and
1.6 meters high, the composting rate in the core area was depressed due to reduced O,

availability.

2.2.3 Temperature

MacGregor et al (1981) defined the temperature in a composting mass as a function of
the accumulation of microbial metabolically generated heat energy and
simultaneously the temperature is a determinant of metabolic activity. They ran a set
of experiments that controlled the temperature in 3 identical piles (A, B and C) of
composting sewage and wood chip mix. Each pile had a forced aeration system that
was controlled by thermocouples placed in the piles; in pile A the fan was managed to
maintain temperature at 45°C, pile B at 55°C and pile C at 65°C. They hypothesised
that the rate of moisture loss indicated the rate of decomposition, as they are linked
via heat output and vaporisation. On this basis they concluded that as the greatest rate
of drying occurred in the pile managed at 45°C, therefore the greatest rate of

decomposition had occurred in this pile.

Similar definitions are used in a review undertaken by Finstein et al (1983), who
stated that temperature is universally a determinant of metabolic activity, one
manifestation of such activity is heat generation. In composting systems heat
generation leads to a dynamic positive and negative feedback where by rising
temperatures promote higher rates of activity until a certain level is reached, at which

point rising temperatures inhibit the rate of activity. The review indicated that the
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temperature at which the feedback mechanism changed from positive to negative was
60°C.

Suler and Finstein (1977) ran a series of trials in bench scale reactors to determine the
effect of temperature and O, content on the rate of decomposition of food waste by
measuring the cumulative generation of CO, over 96 hours. They found that in trials
where O, was maintained at 10% and 18%, CO; generation was at a maximum when

temperature 56°C and only slightly less at 60°C.

Jeris and Regan (1973) used 2 different types of bench scale vessels to investigate the
effect of temperature on CO, production. One method involved 3 separate
horizontally rotating drums that were maintained at the target temperature with a
heating element and O, was maintained above 10% in the exhaust gases. The other
method used 500ml flasks that were contained within a temperature controlled
environment, a Burrell shaker was used to agitate the flasks for 2 minutes every 2
hours. Gas samples were taken from the flasks every 3-4 hours and then completely
aerated. They found that composting municipal waste with a high content of paper
(60%-70%) gave a peak CO; production of 0.35 milli moles per day per gram of
volatile matter, when the temperature was managed between 40°C and 50°C. When
composting mixed refuse they found a peak CO, production rate of 4.5 milli mole per
day per gram of volatile matter at a temperature of 60°C. The measured peak rate was
more than 10 times that observed when composting mainly paper waste and it

occurred some 10-20°C hotter.

Cathcart et al (1986) investigated the optimum temperature for composting crab waste
in forced aerated, 200 litre insulated plastic composting vessels. These vessels were
filled with shredded or un-shredded crab waste, along with chopped straw and a pH
controller of ferrous Sulphate was added. The waste was then managed at a number
of different maximum temperatures. They found that the maximum rate of CO;

production occurred at 56°C for shredded and 63°C for the un-shredded crab waste.

Earlier work demonstrated that the temperature of the composting matrix also had an
effect on the rate of degradation of different elements of a straw and horse manure

mixture. The research by Waksman et al (1939) demonstrated that different
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Waksman et al (1939) do not indicate if air was added to the compost in the
containers during the trial. If air was not added it was likely that the manure and
straw mix did not have sufficient oxygen, therefore the results may indicate
decomposition of the measured compounds in a partially or fully anaerobic

environment.

In conclusion it has been demonstrated by a number of experimental studies that the
optimum temperature for maximum degradation is between 55°C and 60°C. It has
also been demonstrated that different components of the composting waste
decompose at a greater rate at different temperatures. So the optimum temperature for
maximum degradation rate will depend on the constituents of the waste being
composted. It is likely that the optimum temperature will change over time as

different components are degraded.

2.2.4 Moisture Content

Microbial decomposition of organic waste, occurs in thin liquid films on the surface
of particles, therefore moisture is an important parameter in the composting matrix.
Moisture levels can become limiting when they reduce to less than 20%, and the
optimum moisture content is widely reported to be between 40% and 70% and is
dependent on the characteristics of the feedstock (Jeris and Regan, 1973, Suler and
Finstein, 1977 and Cathcart et al 1986). Hamoda et al (1998) examined the effect of
moisture content on loss of Total Organic Carbon (TOC) in 0.5kg samples of
shredded MSW with managed aeration. The experiments were undertaken at room
temperature (20°C) and with 3 different moisture contents, 45%, 60% and 75%. Their
results show that the greatest loss of TOC, measured on days 6, 12 and 15 occurred in
the sample at 60% moisture content, with a total loss on day 15 of 12.5%. The sample
with a moisture content of 70%, experienced the second highest measured loss on
days 6 and 12, but on day 15 it was equal to the sample with 40% moisture at 8% total
loss of TOC.

Cathcart et al (1986) compared the rate of decomposition by measuring CO,
production in samples of shredded and un-shredded crab scrap with different moisture

levels. The optimum moisture content in the shredded crab waste was 55% and in the
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The moisture content of the feedstock can impact on operations at composting
facilities. If the moisture content of waste received is low, water will need to be
added and if too wet it may be necessary to mix in a dryer material. Eklind and
Kirchmann (2000) investigated the use of different bulking agents to improve
structure, aeration, reduce overall moisture content and increase carbon content when
composting organic household waste. They found that certain fractions of the
household organic waste stream, mainly vegetables, had moisture contents of up to
90%. They mixed this waste with different materials, straw, leaves, hardwood chips,
softwood chips, paper and peat. These mixtures were then composted, plus a control
with no additions in 125 litre composting vessels. They found that the control had the
greatest loss of dry matter, but this sample was determined to be partly anaerobic in
the first month due to the presence of high volatile fatty acid concentrations. This
effect is also demonstrated by work undertaken by Suler and Finstein (1977) who
found that composting rate was very similar at moisture levels of 50% and 60% when
the samples were maintained at oxygen concentrations of 2%, 10% and 18%.
Composting rates with samples maintained at a moisture content of 70% were
significantly less than those at 50% and 60%. Samples maintained at a moisture
content of 70% showed greater composting rates with the maintenance of increased

oxygen concentrations.

In composting systems where forced aeration is implemented to maintain temperature
within a desired range, Robinzon et al (1999) determined that the major route of heat
loss from the system was through water evaporation. In this type of system rapid
composting leads to a high demand for cooling to maintain temperatures. A high
cooling rate leads to large losses of moisture from the matrix. This rapid loss of water
can lead to moisture levels that are below that required to maintain microbial
decomposition (Sesay et al, 1998). This scenario was experienced by MacGregor et al
(1981) when managing temperature in windrows using a forced aeration system that
was switched on and off depending on windrow temperature. They employed three
separate windrows constructed using the same feed stock, one was managed at 45°C,
one at 55°C and one at 65°C. In the windrow maintained at 45°C moisture decreased
from 76% at the start, to 22% 15 days later. In the windrows maintained at 55°C and

65°C, moisture only decreased to 40% by day 18.

[§]
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The effect of moisture content on the permeability of composts was investigated by
Das and Keener (1997). They found that large increases in pressure were required to
drive air at a certain velocity through a bed of compost when moisture content
approached 60%. Barrington et al (2002) found that the proportion of FAS in the
waste material dropped from 0.76 at a moisture content of 60% to 0.57 at a moisture
content of 75%, in a mix of pig manure and chopped hay. They then measured the
pressure required to maintain an airflow rate of 0.9m® hr'' through the waste in a
vessel 0.95 meters high with a diameter of 0.4 meters. The waste with a moisture
content of 52% required a pressure of 56.7kPa to maintain the airflow rate, the same

waste with a moisture content of 67% required a pressure of 134.2kPa.

The research in this section demonstrated that there is very little microbial activity
when moisture content falls below 20%. High moisture content also has a negative
impact upon microbial degradation rate by decreasing FAS as it leads to reduced
oxygen transport within the composting matrix. Moisture content needs to be
considered in the design and use of forced aeration systems. The higher the moisture
content of an organic waste the more pressure is required to drive a certain air flow
rate. Forced aeration systems can rapidly reduce the moisture content of an organic

waste to a point at which microbial degradation is reduced.

2.2.5 Nutrient Availability

Organic waste is made up of three major constituents, water, organic and inorganic
compounds. Moisture will usually make up around 65% of the waste, of the
remaining 35% around 60% will be volatile solids and the rest will be inorganic
compounds that microbes are unable to degrade (Hewings et al, 2003). Using this
scenario 100 tonnes of green waste received will typically be made up of 65 tonnes of
water, 21 tonnes of volatile solids and 14 tonnes of inorganic solids. As the micro-
organisms only act upon the volatile solids content, even if all the volatile solids could
be degraded the mass of waste would only be reduced by 20%, assuming there was no
moisture loss. Reported mass loss during the composting process was around 50%;

therefore the majority of mass loss was due to moisture removal.
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Nutrients in organic waste fulfil two basic microbial needs, those of providing the
basic elements for synthesising new microbial biomass and as an energy source for
microbial activity. The heterogeneous nature of organic waste being delivered to
centralised composting facilities will contain sufficient quantities of macro nutrients
like carbon, sulphur, calcium, magnesium, potassium and phosphorous to ensure
microbial activity and population size are not restricted, the one exception to this is

nitrogen (Krogmann and Korner, 2000).

The ratio between the carbon and nitrogen content of a waste mixture is considered to
be a significant parameter of composting suitability (Kutzner, 2000). It is widely
reported that the optimum initial carbon to nitrogen ratio to ensure the process is not
restricted is around 30:1 (Hamoda et al, 1998. Cathcart et al, 1986. Schuchardt,
2000). The importance of the carbon to nitrogen ratio is due to the microbes
undertaking the composting process requiring carbon for energy and nitrogen for the
production of new microbial biomass, which results in population size increases.
Increases in population size provide a greater number of individual organisms to
degrade the organic waste. Lower ratios of carbon to nitrogen usually result in
ammonia volatilisation, causing odour issues at facilities and reducing the final
nitrogen content of the compost. Nitrogen is a valuable element if the product is
being applied as a fertiliser (Bertoldi, 1995). Methods used to determine the carbon to
nitrogen ratio of organic wastes cannot illuminate the availability of those elements to
microbial degradation. This is especially true for carbon as it is often in larger woody
pieces that have a very small mass to surface area ratio, which ensures that carbon is

not available to microbial action.

As highlighted in section 2.2.1, the organic compounds available in the waste,
influences the structure of the microbial community (Waksman et al, 1939). In the
initial stages organisms that are more able to utilise the more readily degradable
compounds like carbohydrates, lipids and proteins, are present. Once these simpler
compounds have been degraded, organisms that have the capacity to degrade more

complex organic compounds like lingo-cellulose and chitin become more prevalent.

There are only 2 practical methods available to increase the availability of nutrients in

the composting waste. The first is to add a nitrogen source to an organic waste that

9
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has a higher than optimum carbon to nitrogen ratio. This is only financially expedient
if a local source is available at no cost, but it is usually the case that lower rates of
decomposition are acceptable in the winter months as waste entering the site is far less
than that experienced in the summer months. The other method is to shred the
incoming waste to a smaller particle size, which is more costly. Smaller particle sizes
produce a larger surface area for the same amount of waste and as microbes function
on the surface of particles, an increase in degradation rate can occur (Nakasaki et al,
1986). Unfortunately smaller particle sizes reduce the FAS within the composting
mass (Agnew and Leonard, 2003). This leads to reduced oxygen availability, which

has a negative impact upon the rate of degradation.

2.2.6 Physical Characteristics

The physical characteristics of an organic waste can be broadly defined as its bulk
density, moisture content, particle size distribution and porosity. These parameters
are related to each other as changes in one will normally lead to changes in at least
one of the others. They have a direct influence on several key elements of compost
processing such as, oxygen transport through the composting matrix, total surface
area, moisture availability, aeration requirements and space required to treat a certain

tonnage (Agnew and Leonard, 2003 and Keener et al, 1997).

The importance of oxygen in the composting process is highlighted in section 2.2.2,
the physical characteristics of a waste affects the amount of oxygen that is required,
along with how effective oxygen is transported throughout the waste matrix. The
mechanism of oxygen transport in windrows is through passive airflow, as hotter air
leaves through the upper surfaces of the windrow, cooler air is drawn into the sides of
the windrow. Robinzon et al (2000) measured water evaporation from three different
windrows, one not turned, one turned six times per week and one turned every 5 days.
Moisture content in all three windrows was 50% at the start, the turned windrows
were maintained at approximately 40% and the windrow that was not turned had no
moisture additions over the 50 day process. They then calculated losses of water
through evaporation, which was 13,988 kg for the windrow turned daily, 11,567 kg
for the windrow turned every S days and 6,131 kg for the un-turned windrow. This

demonstrates increased rates of evaporation with increased turning frequency; they
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Moisture content in the composting waste is a further key parameter, and was
addressed in section 2.1.4. In brief the optimum moisture content for composting
organic waste is between 40% and 70% and the particle size can have an effect on the

optimum moisture content.

2.2.6.1 Impact of Physical Characteristics on System Design

The introduction of composting treatment regulations in the UK has led to the
requirement of certain organic wastes being treated in enclosed systems. Composting
in most enclosed systems requires the implementation of forced aeration to maintain
O, content and temperature in the desired range. The physical characteristics of the
organic waste will have to be known before an enclosed composting system can be
designed as it affects several key design features. An enclosed composting system
will be designed with a specific volume capacity but the density of the organic waste
will have a large impact upon the tonnage that this volume can process. With
reported bulk densities for shredded waste being between 3»70kg/m3 (Hewings et al,
2002) and 750kg/m3 (Compost Association, 2004), a 200m> vessel would have a
maximum capacity of between 74 tonnes and 150 tonnes. If the upper figure was
used in the design criteria and the waste delivered to site was at the lower figure after

shredding, the system capacity would be less than one half of the designed capacity.

With the advent of new regulations the design of a forced aeration system could have
a greater effect on plant viability as incorrect design may lead to the system not
meeting the legislative treatment requirements and therefore would not be suitable for
its designed purpose. There are a number of crucial elements for forced aeration
system design to address, these are, providing sufficient air to manage O, and
temperature in the desired range and to ensure there is sufficient pressure to drive the

required volume of air through the composting matrix.

It has been demonstrated that the volume of air required to cool a composting matrix
is significantly greater than the amount required to maintain optimum O,
concentrations (Finstein et al, 1983). Notton (2005) suggests a significantly greater

air supply rate of around 710~ m® s m™ of waste to cool compost with a density of
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In conclusion the physical characteristics of an organic waste have a large impact
upon oxygen transport, aeration requirements and facility design, therefore knowing

the characteristics of the organic waste stream being treated is essential.

2.3 Legislation Impacting on the Treatment of Organic Waste

The Animal by Products Regulations (ABPR) 2003 (Statutory Instrument 2003/1482,
2003), splits animal waste into 3 categories; Category 1 includes diseased and suspect
carcases, specified high risk material and catering waste from international transport.
These wastes may not be composted. Category 2 contains material like condemned
meat that is not suitable for human consumption and may only be composted after
rendering (133°C, 3 bar pressure). Category 3 includes catering waste from
households and restaurants, former foodstuffs and some slaughterhouse waste (blood,
feathers etc). EU regulations state that category 3 material must be treated in an
enclosed system at over 70°C for 1 hour with a maximum particle size of 12mm
(European Commission, 2002). Individual EU member states may introduce their
own standards (that meet the same pathogen kill) for facilities that compost only

catering waste.

The European Landfill Directive (European Commission, 1999) requires the amount
of biodegradable wastes going to landfill to be drastically reduced over the coming
decade, as highlighted in the introductory chapter. This requirement has driven an
increase in composting being employed as a method to bring about the recycling of

biodegradable waste through out the European Union.

There are many methods and systems employed to compost organic waste, these
range from the simple turned windrow system to large, highly managed in-vessel
systems. The use of the turned windrow system has been proven world wide as an
effective method of producing a quality product from a range of organic wastes, but
the introduction of regulations in the UK regarding the composting of organic waste
that contains meat or may have come into contact with meat requires the use of

enclosed systems.



Literature Review

In Wales regulations have been introduced to govern sites composting only catering
waste (Statutory Instrument No.2003/2756 W.267, 2003). These regulations cover all
aspects of site management but the most prescriptive elements address processing and
are highlighted in Figure 2.12. There are 2 types of catering waste that will require
separate treatment regimes, “meat excluded catering waste” and “non meat excluded
catering waste”. There is unlikely to be much difference between these 2 types, but
meat excluded catering waste must have an audit system in place to ensure that

householders are not putting meat in their catering waste segregated bin.

AUDIT |

l

{ RECEPTION ]

INSPECTION

A 4 Y

( ENCLOSED ) ( ENCLOSED ) 4 ENCLOSED )
> 60°C > 70°C > 80% > 60°C
<400mm
<400mm < 60mm > 48 hrs
3 TURNS
\_ > 48 hrs Y, \_ > lhr ) \_ )

v
> 18 DAY
STORAGE

Figure 2.12  Processing requirements for sites composting meat excluded catering
waste.

The treatment regime is based on the findings of a Department for the Environment
Food and Rural Affairs (DEFRA) risk assessment on the composting of animal by
products. The risk assessment contains an allowance for 2-3% of meat in catering

waste that is being composted (Gale, 2002).

Catering waste that is designated as “non-meat excluded” does not require an audit to

ensure the waste i1s meat excluded, but does require a higher level of treatment.
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Catering waste that is classified as “non-meat excluded” will have to be primarily
processed in the same way as “meat excluded” catering waste but instead of the 18-
day storage requirement the waste will need to be mixed and treated again to the same
parameters as the initial treatment. The only difference in the secondary treatment is
that the waste does not have to be totally enclosed. It is important to note that an
enclosed windrow system used for phase 1 treatment is expected to not have waste at
different stages of treatment within in the same enclosure. Simply put, each batch

must be separately enclosed.

For a facility to gain a licence they must provide information to the State Veterinary
Service (SVS) that demonstrates the system is capable of meeting the regulations.
Once they are satisfied that the system is capable of being managed in line with the
requirements a time limited approval is given. This is done to allow the facility to
receive and treat wastes covered by these regulations. During this period the facility
will have to demonstrate that the temperature/time targets can be met and that the
treated material passes microbial tests. The tests are designed to ensure that the
system is capable of achieving appropriate levels of pathogen destruction. They
qualify this statement by saying “The European Commission is seeking a scientific
opinion on whether these organisms are appropriate marker organisms for such plants

and will review this requirement if necessary” (DEFRA, 2004).

If the facility is treating catering waste, only Salmonella is required to be tested.
Whereas treating category 3 wastes requires testing for Salmonella and
Enterobacteriaceae. When a prescribed tonnage or number of batches has passed
these tests without failure the facility will be awarded a 2 year licence. The licence
will require a level of microbial testing to be undertaken during this period and will be

dependant on the amount of waste or the number of batches treated.

There are many other regulations regarding site management, site operations, record
keeping and monitoring equipment calibration. These include the requirement for
waste to be received into a fully enclosed building, a one way flow of waste through
the site to ensure material cannot by-pass the process, physical separation between

processed and un processed waste and a documented pest control programme.
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It has been noted by the author that on some facilities licensed to treat these types of
waste the regulations have not been implemented in the way that they have been
written. Two sites are known to be allowed to receive waste externally before it is
enclosed. It has been noted that at least 2 others receive the waste in a reception
building, where shredding takes place. The shredded waste is then transported
externally to open vessels. These vessels are enclosed, by means of a sliding roof,
after they have been filled. In other cases the vessels are filled and emptied from the
same end, which does not constitute a one way flow of material through the system.
This element of the regulations was included to reduce the risk of by-pass, which
exists in the area in which vessels are being loaded and un-loaded, as treated and un-

treated waste can be in the same area at the same time.

A further issue has been noted by the author whilst visiting sites is that in many cases
the temperature probes are being placed in areas of the compost that are not close to,
or at the periphery. Guidance published by DEFRA (2004) states that “As
temperature will be lowest at the periphery, probes in the walls would be adequate”.
The placing of temperature probes in single treatment vessels is crucial, as simplistic
systems can reach the minimum temperature in a large proportion of the waste. But
reaching the target temperature in all parts of an aerated vessel is a substantial

technological challenge.

2.4 Commercial Composting

2.4.1 Introduction

There are many methodologies employed to compost organic waste on a commercial
scale. Every facility has slight differences in machinery, methods and management to
compost organic waste but the main methodologies have been demonstrated and

organised into a hierarchy of types by Gruneklee (1998), as shown in Figure 2.13.
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Figure 2.13. Hierarchy of composting systems (Griineklee, 1998).
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Larger windrows have become common place in the UK composting industry, with
heights up to 5 meters high (Cabanas-Vargas and Stentiford, 2003). This has been
due to operators attempting to treat more organic waste within a specified area.
Expanding windrow size leads to odour problems and increased processing times, due
to passive airflow being proportionally reduced. Larger windrows result in greater
compression of lower layers of waste and increased distance from the core to the
periphery. This increases the likelihood of anaerobic conditions developing in the

larger core zone.

2.4.3 In-Vessel Composting Systems

The advent of regulations requiring catering waste to be composted in enclosed
systems has led to the need for most composting facilities to invest in enclosed

composting technologies.

As shown in Figure 2.13 there are a variety of in-vessel technologies types. The
Composting Association divide all in vessel composting systems into 6 types

(Composting Association, 2004):

o Containers,

e Tunnels,

e Agitated bays,

e Rotating drums,
e Silos or Towers,

¢ Enclosed halls.

Containers are generally mobile batch type vessel based on roll-on-off skip type
technology, with a capacity of between 10 and 20 tonnes, with a forced air system
utilising a perforated floor, an example is shown in Figure 2.17. One of the main
advantages of containerised composting is the relative ease with which the system can

be expanded by adding further units.
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