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PHYSICAL CHEMICAL PROCESSES AND ENVIRONMENTAL IMPATS
ASSOCIATED WITH HOME COMPOSTING
by Stephen Peter McKinley

This thesis reports on experimental and modelling wonkethout in order to make
guantitative estimates on the environmental impacts wihoomposting. The focus of
the work was climate relevant gaseous emissions, andb@eg and utilising a
methodology for quantifying them. Experiments using 220L opeiotoedd home
compost bins, alongside purpose built 200L composting reasiibrgirflow control
were performed. A variety of composting conditions wested, using different
compositions of garden and kitchen wastes. The experimenesmonitored for
headspace gas composition, includingO®, NHs, N.O, CH, and volatile organic
compounds, as well as temperature, humidity, moistutlesalids losses and pH.

From the CQemission rates calculated from the reactor expetsnémeoretical
analysis and modelling and airflow pathway tests on hamgost bins, it was
concluded that molecular diffusion, rather than bulkvective flow, is the dominant
gas transfer mechanism from home compost bins. Theeemnedetected emissions of
N>O but emissions of NHup to 16 g/T feed. Only a few cases of (thission were
detected, typically in the first 2-3 days following adesldition, with the highest single
concentration measured at 86 ppm within the headspace.

The total anthropogenic greenhouse gas emissions from t@mposting were
estimated as between 3 and 12 KgED,, with almost 90% coming from the lifecycle
of the compost bin. This compares with between 20 and 56s&/T,, from
centralised facilities, at least more than double fdralhome composting. Total
anthropogenic C®equivalent emissions from home composting in the WR008
were estimated to be in the region of 7 thousand tonngg.CO
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1. Introduction

Waste disposal in the UK is a major contributor to t#lease of the greenhouse gases;
carbon dioxide and methane, as well as other enviromthehtirmful emissions.
About 3% of UK greenhouse gas emissions come from metbéessed in landfills
due to the presence of biodegradable municipal waste (BMW)EThLandfill
Directive (CEC 1999) has established mandatory targetedgrshased reduction of
biodegradable municipal waste (BMW) going to landfill:

By 2010to 75% of that produced in 1995

By 2013to 50% of that produced in 1995

By 2020to 35% of that produced in 1995
The waste hierarchy provides the order of preference déarélatment of waste, giving
not only environmental benefits but also financial savingsfusing fewer natural
resources and reducing the costs of waste treatmentspubdi. England has made
significant progress towards these targets, since thee stategy in 2000 (DEFRA
2007). Recycling and composting of waste has nearly quadruples 96-97,
achieving 27% in 2005-06. Less waste is being landfilled, with fa8%etween 2000-
01 and 2004-05. Waste growth is also being reduced with municgsa¢\growing
much less quickly than the economy at 0.5% per yeas.prbgress has been driven by
significant changes in policy. The landfill tax estataand the introduction of the
Landfill Allowance Trading Scheme (LATS) has creatkdrp incentives to divert
waste from landfill. Additional funding for local auttittes, including through the
private finance initiative, has led to a major increiadeerbside recycling facilities and
new waste treatment facilities (DEFRA 2007). In thetevégerarchy, the composting
of waste is the "3 highest option, following prevention and re-use (DEFRA 200f)s
composting and home composting have a central role@iGtvernment’s strategy for
delivering the target reduction in household waste dispodahdfill. Home
composting provides a low cost option for Local Authesitwith no collection or
treatment costs and has been the target of a mdliompound recycling campaign
launched by the Waste Resources Action Programme (WRASthrically diversion
of biodegradable waste via home composting has not countedttla@cal Authority
recycling targets due to the difficulties in measuringut, this situation is likely to
change within the next few years (Eunomia ReseardtCamsulting 2002; The

Composting Association 2004).
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For these reasons, 73% of Local Authorities were ira@in the distribution of
compost bins in 2004 and it is becoming an increasingly signifiwaste disposal route
for biodegradable household waste in the UK, with approxima&¥ of households
participating in some form in 2004 (DEFRA 2005). Typical hooskHdiversion rates

of between 100-400 kg/household/yr have been reported (PunshiN2afsell et al.
2001; Smith et al. 2001; Bexley Coucil et al. 2004), which equatlesttveen 0.15-0.65
million tonnes of waste composted at home per yetlreitUK. As participation rates in
home composting grow, so too does the need for a betterstenaidéing of the emissions
from home composting and the composition and qualithe@tbompost produced.
Ideally, composting is the aerobic microbial degradatioorgénic substrates to
produce carbon dioxide, water, heat and a final productdiséable and can be safely
and beneficially applied to land (Haug 1993). Outputs frormdividual process
depend on the specific microbial activity taking place,ciwhs linked to the type and
guantity of feedstock, management regime, temperatura@dtichs, oxygen

availability and pH levels of the compost in ways natently understood in detail
(Beck-Friis et al. 2001). Depending on these parameterqasimg can also lead to
emissions of gases such as/CN,O, NHz and volatile organic compounds (VOCSs)
(Hellman et al. 1997). Although the emissions of thesesgasebin may be quite low,
when considered collectively, they may make a subatamntribution to total C®

emissions, and hence to global warming.

This project was part of the SUE waste consortium progra funded by the EPSRC.
Specifically it comes under the heading of Project 3: Appate scales and
technologies for bioprocessing of organic urban wasteslésvas to answer an
identified gap in the literature regarding the environmentphict of home composting
and how it compares with large scale centralised conmgodthe primary outcomes

from the project were to:
* ldentify and compare the available techniques for measunteame analysis of

the emissions from home composting in order to find thstraccurate and
reliable methodology.
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Assess the potential for environmentally harmful emmssioom home

composting.

Add to the body of knowledge within composting sciencerdigg the
relationship between key factors, including temperature, €ssion, pH,

moisture content and feed properties.

Compare the environmental impacts of unmonitored and pogsiblyy
managed home composting with well monitored and controéetralised
composting and its associated transport and processingi@msisin order to
recommend which disposal route local authorities shemlghasize.
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2. Literature review

2.1.The composting process

Composting is an aerobic process where organic mateti@nsformed through
decomposition into a soil-like material called comptist a process that occurs
naturally in the environment but as a controlled proce&saposting can be an
invaluable waste management tool, causing a volume andtwedyction in the raw
materials and producing a potentially valuable end productpiiddct is rendered
more stable and made suitable for application to gardehpraductive land as a soill
improver. When carried out under ideal conditions the ouotyuts to the atmosphere
from composting are carbon dioxide and water. Whenahe plant matter is disposed
of through landfill however, its degradation is far fraeal, with significant potential
for harm to the environment, as the main source of metéanssions and a contributor
to leachate (Richard et al. 1990; Beck-Friis et al. 2001; \&aadl 2005).

The overall material balance for composting can be seEigure 1; in basic equation

form this approximates to:

C,H,O,N, [@H,0+b0, ~ C,H,O,N,, [&H,0 +dH,0+eH,0+CO,

Organic matter + oxyger> compost + water + carbon dioxide
Equation 1
The transformations that take place occur through a raingecesses initially
involving bacteria, fungi, moulds, protozoa, actinomysetad other saprophytic
organisms feeding upon decaying organic matter, while in teedtages of
decomposition, macroscopic organisms such as mitegpeaids, centipedes, beetles
and earthworms further break down and enrich the conmgostaterials (see Figure 2).
The composting process is difficult to analyse or maddetail as many of the
parameters involved are interrelated so cannot bed=mesi in isolation. The microbial
reactions involved in biodegradation are exothermic and peochadsture. The
reactions themselves, however, are affected by bottethgerature and the moisture
content of the compost. The temperature, moisture obraed degree of contamination
(by non-organic materials, heavy metals and chemicd&jtahe growth rates and
hence concentrations of micro-organisms in the commpstiaterial, which again
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affects the rate of degradation (Haug 1980; Fletcher 20@0; Trautmann et al. 2002).

In the following sections, the key parameters involveithéncomposting process have
been considered individually.

CO; Heat small amounts of
CHa, NHs, N2O, CO, VOCs
and other gasses

W ater

Organic matter (including
carbon, nitrogen, protein)

Organic matter

. (including
Minerals carbon, nitrogen,
humus),
minerals, water
Water

microorganisms

Microorganisms

Raw materials (feedstock) Finished product

Figure 1: Inputs and outputs of the composting proce:

Tertiary Consumers
centipedes, predatory mites, roye
beetles, fomicid ants, carabid

beetles

Secondary Consumers

springtails, some types of mites, feathe
winged beetles, nematodes, protozoa

rotifera, soil flatworms

Primary Consumers
bacteria, fungi, actinomycetes, nematodes, some type
of mites, snails, slugs, earthworms, millipedes,

whiteworms

Organic Residues
leaves, grass clippings, other plant debris, food scraps,
faecal matter and animal bodies including those of soill

invertebrates

Figure 2: Food web at work within a compost pile(Trautmann et al. 2002
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The decomposition of organic materials, which esseytiadlkes up composting are
mainly carried out by microscopic organisms. The statepaoperties of any
composting system, therefore is heavily dependent onutmers, species and
environmental influences on the microscopic life pregditrobiological populations
involved are numerous, often reaching concentrations’ab103° per gram of
compost. Populations include mesophilic and thermophiliceba¢ctfungi and
actinomycetes. Temperature is the single most impidator in microbial
succession, 0 lists species of bacteria and fungi &bkt different temperatures and
stages of composting.

Under optimal conditions, a composting process passasgih four stages in terms of
microbial succession and associated physical and cheomnigagrties (Burman 1961,
Porteous 1977; Skitt 1979; Trautmann et al. 2002) (see Figure 3):

Mesophilic: Initially the compost is at ambient temperature andusilysslightly

acidic. Mesophilic microorganisms perform the initial daposition where soluble,
readily degradable compounds are rapidly broken down. Tdtethey produce causes
the compost temperature to rise rapidly. Simple orgariats are among the products of
this stage, causing the pH to drop

Thermophilic: Above about 4%C, the mesophilic microorganisms become less
competitive and are replaced by thermophilic microorgani®®asomposition occurs
most rapidly in this high temperature phase (4%J0which lasts from a few days to
several months. The high temperatures of this stageoglesany thermo-sensitive
human and plant pathogens. Above abod€atowever, most species of
microorganisms are killed, which limits the rate of deposition.

Cooling: During the thermophilic phase, microorganisms feed gh &nergy
compounds such as proteins, fats and complex carbohydates these are exhausted,
the temperature begins to decrease and mesophilic orgatosnnsate again.

Maturation : This phase takes far longer than the others, uswlyining several
months. It takes place at ambient temperature with piggoorganisms predominating
and macro fauna appearing, heat evolution and weightriessvall. Complex
secondary reactions of condensation and polymerisatienplace which give rise to

the final end product, humus and the stable and complexcramais.
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Figure 3: The temperature regime and pH variation during the typical stages of composting
Adapted from (Skitt 1979)

A further diversification of microbial species thahdake place during composting is
as a result of the oxygen concentration. Composting &eeobic process, as the active
microbial species require the presence of oxygen (séiers@c4.1). However, if the
oxygen concentration is significantly depleted (<5%I¢kiet al. 2004)) in even small
volumes of the compost material, then anaerobic spediebecome active. These
degrade waste materials using different reactions ancadrtd emissions of methane,
carbon monoxide, nitrous oxide, ammonia and volatile orgamgounds (see section
2.5) (Hellebrand 1997; Hellman et al. 1997; Beck-Friis e2@00; Smars et al. 2001;
Zeman et al. 2002; Sommer et al. 2004). For example, ffleeesht anaerobic and
aerobic reactions of glucose are shown in Table 1. G&moone of the primary
constituents of cellulose and hemicellulose; the metjarctural molecules used by
plants (Haug 1980).
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Table 1: Anaerobic and aerobic reactions of glucos (Crockett 2005

Possible anaerobic fermentations of glucose

Acetate GH1206 > 3CHCOO + 3H

Propionate, acetate,H CeH1206 2 CHsCH,COO 3CH,COO + 2H"
+CO” + Hy

Butyric, H, CeH1206 > CH;CH,CH,COOH + 2CQ +
2H,

Ethanol GH1206 2 2CH:CH,OH + 2CQ

Lactate GH1:06 & 2CHCH(OH)COO + 2H'

Methanol GH1206 + 2H,O > 4CHOH + 2CQ

Methane GH1206 2 3CH; + 3CQ

Basic aerobic reaction CsH1206 + 60, = 6CO, + 6H,0

2.2. Alternative forms of composting

Composting is carried out at different scales, by setaof techniques. The main
categories of composting and the sources of organic svasédlable for feeding them
are listed in Tables 2 and 3, respectively. Although albtiganic wastes listed in Table
3 could potentially be composted, there are limitations dinealth, safety and
environmental concerns, the physical and chemical requireroétite process being
used and impacts on the quality of the resulting compaste@tly these limitations are
only enforced with concern for health and environmensalds (see section 2.3.1), by
legislation on waste management licensing (Environm@&ntakction Act 1990),
licence-exemptions (Waste Management Licensing Regula8843 and composting
of animal by-products (Animal By-Products Order 1999 as amend@ibd)UK is in a
declining minority in the EU in its lack of statutory stiards for finished compost
products (The Waste and Resources Action Programme (WRXR). However,
compost producers can choose to comply with voluntarysingand market-specific
standards in order to help build customer confidence ipostproducts. In the UK,
the British Standards Institution's 'Publicly Available Gpeation for Composted
Materials' (PAS 100) sets out a minimum compost qualitgllmeswhich composters
use as appropriate to the product types and markets targeted.
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Table 2: The main categories of compostir

Composting

category

Compost material sources

Key points

Centralised

composting

Large scale commercial
composting fed from municipal
sources such as parks and

landscaping garden waste, civic

amenity site garden waste and amylimits on proximity to the public and

separately collected household

garden and kitchen wastes.

Legislature requires monitoring of the

environmental and public health

impacts. Transport intensive due to

large amount and sources of waste.
Varying levels of cost and equipment
intensity depending on particular syste

used. Can produce marketable produg

Community

composting

Medium scale volunteer based
composting fed from locally

generated sources of garden was

Low transport requirements due to clo
proximity to waste source. Possible
teocial benefits to community. Not as
strictly monitored as centralised
composting and typically lower
equipment efficiency due to smaller

scale.

Supermarket

composting

Medium scale composting to dea
with waste fruit, vegetable and
flowers produced by supermarket
such as Waitrose and Sainsbury’
in the GROW project.

Transportation requirements as produ
must be shipped to farms from the

ssupermarkets.

U7r

Farm

composting

Medium scale composting dealin
with wastes produced on farms
including agricultural wastes,
animal manure, food production

wastes.

y Close proximity to waste source.

Home

composting

Small scale composting fed with
fractions of household kitchen an
garden wastes suitable for

composting at that scale.

Proximity to waste source and very loy
dcosts with only the optional requireme
of a home composting bin. No
legislation or monitoring means poor
management by individuals may lead {

harmful emissions.

process and compost produced to control

m

—
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Table 3: Sources of organic wasi

The domestic | The local Authority The commercial
waste stream Waste Stream waste Stream
Kitchen wastes Municipal/park and | Golf course and general commercial garden
Garden wastes landscape garden wastes
wastes Food leftovers
Sewage sludge Food processing and market wastes
Manures
Agriculture e.g. straw
Abattoir and other animal by-product wastes
Manufacturing processes e.g. furniture

2.3.Home composting

It is apparent from Table 2 that home composting isdaastically smaller scale than
any other form of composting. Also, as it is unique tchgaarticipating household in
terms of input materials and process parameters, itysd#icult to monitor or
analyse. For these reasons, home composting (Snath2§803; Wheeler 2003) has not
been subject to the rigorous analysis or environmenfadtstudies larger scale
processes have been undergoing for decades (Haug 1980; Fensteih983;
Hellebrand 1997; Regenstein et al. 1999; Zeman et al. 2002} 8aeke2004; Hobson
et al. 2005; Linzner et al. 2005). As participation in honmapesting grows, it is
becoming increasingly important to account for the cutiuda@missions which, among
other things, can include powerful greenhouse gases suchlaEnmeammonia and
nitrous oxide. Estimates of participation in home compgsts well as actual and
potential rates of waste disposal through home compostiegliscussed in the
following sections. An important distinction shouldrbade at this point, regarding the
difference between actual waste disposal rates througk bomposting, and diversion
from landfill. The analysis here is focused on wastpakal rates, for the purposes of
experimental design and protocols, but these rates ¢demmnsidered equal to
diversion as not all the waste that is home complostauld otherwise have been
landfilled. It could instead have been disposed of througbusother routes including
civic amenity sites, garden waste collections, commuaatyposting schemes or

burning.
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2.3.1. Estimating quantities of waste disposed of through home composting

Over a third of household waste is biodegradable (see Figuse dduld theoretically
be composted at home. As mentioned previously (sectigni®ever not all of the
biodegradable components of this waste stream will baldeifor home composting.
Although no legislation currently applies to home comipgsio enforce any
restrictions on additions (unless livestock is kept uticerAnimal By-Products Order
(1999)), there are many sources available to the public advsngon what to add if
they do not learn by their own experience (See FigurEdlimates on the quantities of
waste disposed of through home composting should, therédéeethese restrictions

into account.

Sol and othe Other combustible

1%

Paper and boa

18% Kitchen waste 17%

Dense plastic 4
Plastic flm 3%

Textiles 3%
Garden waste 21%

Scrap metal/whit
goods 5%
i 0
Misc. non- Metal packaging 3%

combustibles 5%

Figure 4: Analysis of household waste compositio(Parfitt 2002)
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Figure 5: Publicly available composting leaflet(The Composting Association 2004; The Waste ar
Resources Action Programme 2006)

Materials can be unsuitable for two broad reasons:

1. Health, safety and the environment

Some organic materials such as those listed in TableyZaney the following health,
safety and environmental risks (Stentiford et al. 1983; Tramitnet al. 2002; Coggins
2004; Waste online 2004):

» likely to cause odours — Materials rich in nitrogen, saglgrass, food waste and
manures can lead to emissions ofddiHd VOC’s which have very strong,
unpleasant odours.

» attract pests such as rats and flies — Food wastes andesanlliattract pests if
there are sufficient quantities present

* may lead to the growth of bacteria, parasites, pathogehsiises that are
harmful to humans, animals or plants — animal products irficainyincluding
food wastes, manures and animal carcasses could camfuhbacteria etc. that
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could survive the composting process and be spread witm#lerfaterial. This
could lead to the contamination of grown food in garderarable land, nearby
water sources and the soil potentially putting animalspaagble at risk of
exposure. The same is true of plant materials carrygseades but there is an
added concern of perennial weeds and weed seeds being sphegydife added
to compost.

* may lead to the build up of environmentally harmful chetsigathe compost —
organic wastes can be contaminated with harmful chésrican fertilisers,
pesticides, traffic exhausts, household cleaning products astesv If these
materials are composted the mass and volume loss dbermgdcess can
increase the concentrations of the harmful chemiégain, this could lead to
the contamination of grown food in gardens or arable laed;by water sources

and the soil potentially putting animals and people at figkposure.

The magnitude of the risks above depend very much ontedhthe compost process
is managed and other factors such as the type and quarititiesh feed component,
the type of compost bin or heap, the bin location aade¢mperature the bin reaches
during composting. The key composting parameter than cagamsitpathogen related
problems is temperature. Different pathogens requirewatemperatures for different
periods of time to ensure their destruction. Section 2l8clisses the legislative
requirements of different processes to ensure thisudgisin occurs for particular feed
materials. Due to this complexity, and the difficultyredching and maintaining high
temperatures at the home composting scale, advice givée logajority of relevant
sources (different local authorities, master compastarses, leaflets, the Composting
Association, environmental groups etc.) is to exclude afimi@lly hazardous materials

from home composting.
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Table 4: Materials unsuitable for home composting(Stentiford et al. 1983; Trautmann et al. 2002

Coggins 2004;

Waste online 2004)

Materials with health, safety and environment riskscimé

composting

Dead animals
Human and carnivorous animal (cats and dogs) excrem
Meat cooked or uncooked

Any cooked food

Fish

Oils and fats

Dairy products

Diseased plants

Garden wastes contaminated with chemicals (from
fertilizers, weed Killers, paints on wood, etc.)
Pernicious weeds

Organic wastes contaminated with non-organic materia

such as pieces of metal, glass, plastics and dusts.

2. Balance of materials

ent

The composting process requires a balance of green and braterials (See section

2.4.2) in order to perform well in terms of odours erdittde time taken for

composting and the quality of the compost produced. Theraforenaterials present in

excess will lead to either:

» Effort required by the composter to find additional materiedm other sources

such as farms or their community to balance thosgdass

* Poor composting, possibly producing unwanted emissions (8gens2.5) and

low quality compost (See section 2.6)

* The material requiring disposal by other means (e.g. Holdgarden waste

collections, civic amenity sites, burning)

Paper and cardboard are materials that are typicaijasle in excess, meaning only a

very small proportion of them will be able to be suctdlgscomposted at home. Large
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woody materials such as thick branches, fence posteetrtmks are also excluded due
to the difficulty in composting such a large amount of oragerial and for their
requirement for shredding or chipping prior to composting ¢seéon 2.4.3). These
considerations add significant difficulty to the estimatad potential waste diversion as
it may not even be equal to the total amount of ti@aley compostable household

waste.

The factors discussed above mean that the largevsaate survey data available does
not provide sufficient detail to accurately estimate b@mmposting diversion. A few
small studies have been performed to monitor individualdtmald holds home
composting additions for this reason but the data musttéreted with care as
variations may occur in urban/rural areas and/or witleréint socio-demographic
characteristics. The data from one such study by Co@@@®!), using the definitions
of compostable and non-compostable wastes in Table Hecseen in Table 6. This
shows, firstly that the portion of non-compostablete@sin be significant; there
actually being more non-compostable than compostable gaaita in the inner urban
group. Secondly, it demonstrates the wide variability tha be found between
different groups. An in-depth review of the available dat@ompostable waste and
actual home composting diversion is carried out in thxé section.

Table 5: Definiti ons of compostable and on-compostable wast (Coggins 2004

Compostable Non-Compostable

soft-prunings, grass, _
woody prunings, branches

Garden autumn leaves, green _
_ fencing
foliage
peelings of fruit and gravy, fat, meat waste+

Kitch vegetables, eggshells, nut bones, fish bones, cheese,
itchen
shells, tea leaves and baggjnds, nuts and seeds, hair

cut flowers, plants + pet droppings
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Table 6: Proportion of compostable waste from a study in Luton in October 1¥(Coggins 2004

Waste category Inner Urban Outer Urban
Garden compostable 0.4kg (3.2% 2.3 kg (14.5%)
Garden non-compostable 0.5 (2.9) 0.1 (0.6)

Total Garden 0.9 (6.1) 2.4 (15.1)
kitchen compostable 3.0 (22.5) 2.3 (14.5)
kitchen non-compostable 0.2 (1.6) 0.7 (4.5)

Total kitchen 3.2(24.1) 3.0 (19.0)

Total putrescibles 4.1 (30.2) 5.4 (34.1)

2.3.2. Actual rates of waste disposal through home composting
The actual waste diverted by home composting from othecss of disposal is
difficult to monitor satisfactorily for a range of s&mns including:

* The intensive data collection and logistical issues reduo monitor individual
households.

» Significant variation in composition and quantities @fste across households
and seasonally due to different eating habits and seaduarades in garden
waste.

» Variation in levels of participation at individual houséds over time due to
social factors — enthusiasm for composting, need fiopost, forgetfulness.

* The variable nature of Municipal Solid Waste makes mongaeductions in

collection volumes due to home composting extremefjcdit.

For these reasons, waste disposal through home congpstiarrently excluded from
local authority figures for diversion from landfillh& collated findings of a literature
review of studies on compostable household waste and aveyagecomposting
additions are shown in Table 7. The timescales and aiite reported additions vary
widely so where necessary the figures were adjustedi¢ovgiues in kg/yr and
kg/week and grouped into either annual, winter, summer or unkn®mer and
summer were defined as 26 weeks long between Nov-Apr andddisespectively.

Total annual additions are reported with and withoutrth&ision of the Chartered
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Institute of Pubic Finance and Accountancy (CIPFA) siesias these include some
very unreliable local council estimates of their hdnadeé home composting waste
disposal rates. The large variation in home compostdgians and the limitations of
small scale studies is very apparent from the data,thétimaximum weekly addition
being anywhere from 2 to 20 times the minimum as in dse of annual (CIPFA) total

additions and the standard deviations varying between 20 t@w60% average values.

The overall average annual addition was found to be 296 Mgityout the CIPFA data,
and a much lower and less reliable 159 Kg/yr includingatallfadditions were found to
be larger in the summer period, presumably due to this pgcadiing the main
growing season, when more garden waste is produced. Tlwsshown in the garden
waste specific data, however, where the summer anémadditions are actually
almost the same. This is almost certainly the regtsmmall and non-representative
data sample however, as the total annual garden wast®asldwere much larger at
224 Kglyr. It also does not reflect that the weekly semaddition had a much larger
maximum weekly addition of 3.9 Kg compared to 2.6 Kg in winrkecomparison of
the total and summed individual composition and seasodd&i@ns, which should be
the same in theory, is shown in Table 8. As alreasisudsed the largest discrepancy
occurs with the garden waste data, which has a summedyveeielition of 1.6 Kg but
an actual annual value of 4.3 Kg. The other combined sumnaewinter additions
agree very closely with the annual values, but the sihmoamponents again vary quite
significantly from the overall totals, further illuatmg the limited accuracy of the
sampled data.
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Table 7: Typical compost additions averaged fror sources in the literature

Average Average Weekly
Standard
Timescale/ annual weekly addition o
deviation
Season addition addition range
Kg/week
kalyr kg/week Kg/week
Annual 296 5.7 2.6-7.9 1.8
Average
| Annual (CIPFA¥) 159 3.1 0.5-9.0 1.8
tota
Winter 240 4.6 3.6-5.3 0.9
compost
N Summer 357 6.9 5.1-8.3 1.6
additions
Unknown 259 5.0 2.3-8.1 1.9
Annual 118 2.3 1.6-3.9 0.8
Kitchen Summer 73 1.4 0.9-2.2 0.7
waste Winter 141 2.7 1.4-5 11
Unknown 96 1.8 - -
Annual 224 4.3 0.5-5.6 1.9
Garden Summer 85 1.6 0.1-3.9 2.0
waste Winter 86 1.6 0.4-2.6 1.0
Unknown 239 4.6 3.6-5.6 1.4
Annual 12 0.2 0.1-0.7 -
Summer 26 0.5 - 0.3
Paper
Winter 48 0.9 - -
Unknown 12 0.2 - -
Annual 25 0.5 0.2-0.8 0.4
Soil and
, Annual 25 0.5 - 1.4
other organi
Winter 27 0.5 - -
waste
Unknown 15 0.3 - -

*Including CIPFA statistics (Punshi 2000; Chartered Institfitteublic Finance and Accountancy.

Statistical Information Service. 2001; Mansell et al. 2@rith et al. 2001; Hogg et al. 2002; Parfitt
2002; Wheeler 2003; Williams et al. 2003; Bexley Coucil et 042Coggins 2004; Smith et al. 2004;
Wheeler et al. 2004; Rodger et al. 2005)
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Table 8: Compost additions from Table 7 summed from individual component waste streams an

over summer and winter

Summed Average
Summed weekly
. annual weekly
Timescale/ component .
component . addition
season N addition
addition (Table 7)
kg/week
kalyr Kg/week
Sum of Annual 379 7.3 5.7
average Winter 210 4.0 4.6
component Summer 302 5.8 6.9
waste streams Unknown 362 7.0 5.0
Average
Average
) Average weekly weekly
Timescale/ annual .
. addition addition
season addition
kg/week (Table 7)
kalyr
Kg/week
Total additions 299 5.7 5.7
Kitchen waste 107 2.1 2.3
Combined Garden waste 86 1.6 4.3
summer and Soil and other
_ N 26 0.5 0.5
winter additions organic waste
Paper 37 0.7 0.2
Sum of components 256 5 5.7

2.3.3. Participation rates in home composting

The number of households participating in home compokaisgbeen estimated using
data on the number of compost bins distributed by locabaities. This data is shown
in Figure 6 and Figure 7, where it can be seen that pattanpia rising (though at an
increasingly slower rate) and had reached 34% in 2000 withn2li&n bins
distributed by local authorities by 2004.
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Figure 6: Distribution of home composting bins by local authaities in England 1995/9-2003/04
(Parfitt 2003; DEFRA 2005)
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Figure 7: National participation in home composting 1996-2000 ¢®fitt
2003)
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Combining the typical waste disposal figures from se@i@2 with the number of bins
distributed gives a very rough estimate of current digargirough home composting.
This estimate does not take account of home composgtingtias taking place without
council distributed bins and also assumes that all thedstrgbuted since 1995 are still
in regular use. In order to estimate the diversior2@)8, it was assumed that bins
continued to be distributed at the same rate as 2003/2004 up to 200208y the
current total number of bins distributed 3.277 million bins. f@seilts using the
maximum, minimum and average household diversion esgriedm Section 2.3.1 are
shown in Table 9. Based on the average estimated hoddéll waste disposal rate,
the total national diversion in 2008 is estimated to be Oifiomtonnes. For
comparison, the figures for total household waste arismgsgland in 2006/07 were
25.8 million tonnes (DEFRA 2007). The WRAP home compostihgrse target for
the 2 year period from March 2004-2006 was to divert an addiiofanillion tonnes
of waste. WRAP estimated that by distributing more naadditional 1 million bins in
that period they gave the capacity to divert around 0.275 mtliones of waste over 2
years (Parfitt 2007).

Table 9: Estimates of total home comosting diversion

_ Estimate of waste diverted Estimate of total waste diverted
Magnitude of _ _ _

) through home composting nationally in 2008

estimate -
Kg/hh/yr Millions of tonnes

Average 296 0.97
Maximum 468 1.53
Minimum 135 0.44
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2.4.Key concepts and parameters: Background

A literature review has been performed on previous wadkenvironmental emissions
from composting, and home composting in particular. $édion is intended to
identify and investigate the key concepts that are reldeahe aims of the project, and
to provide essential background information for the methayodevelopment.

2.4.1. Oxygen and Aeration

Oxygen is essential for the metabolism and respirati@erobic microorganisms (see
section 2.1), and for oxidizing the various organic molecplesent in the waste
material (Epstein 1997). Oxygen in the air within the comprix is therefore
consumed and replaced with the gaseous products of the stimgparocess. Aeration
refers to the processes by which oxygen is replacdegindmpost matrix. In a compost
pile, this can occur through two long-term processes aadgshbort-term process:

Bulk convective airflow This is the mass movement of air through pore spaees (s

section 0), driven by an upwards buoyancy force presertbdhe density difference
between the warm, moist interior compost air andcthider, less moist ambient air.
The moisture content is important as water vapour ltassiderably lower molecular
weight than the oxygen and nitrogen gases it displadessadturation vapour pressure
increases exponentially with temperature so it has@easing effect at higher
temperatures. Any carbon dioxide produced has an opposité efats molecular
weight is greater than either oxygen or nitrogen gasaagH980; Epstein 1997).

Molecular diffusion This is the gradual diffusion of molecules of oxygerotgh

compost pore spaces driven by the concentration gradnthe low concentration
within the compost matrix, to the higher concentratiothe ambient air. Diffusion is
significantly slower than convection; so much so thatidd(1980) reports it is

insignificant except at very small compost volumes.

Turning This refers to mechanically mixing or disturbing a compistso as to break
up any clumps and compacted material. Turning causes aatminput of fresh air to
the compost, but this is rapidly exhausted. With regaesktation, the function of daily
or weekly turning must be to assure that adequate frepae (FAS: see section 0) is
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maintained (Haug 1980). If left unchecked, material compaatiey cause FAS to
decrease to the point where ventilation becomes inadedq@atiodic turning would
decrease the unit bulk weight of the mixture, insuringhigbest possible ventilation

rate for the particular particle sizes in the mixture.

2.4.2. Carbon to Nitrogen ratio, C:N

Carbon and nitrogen are the two most important elenemite composting material, as
the availability of one or the other is normally aiting factor, with regards to
microbial growth and hence composting activity. The awdlity of carbon and
nitrogen in materials depends on their form, and doesew®ssarily conform to dry
weight ratios. This is commonly an issue with high carlay “brown” materials, which
are often derived from wood and other lignified plant mallss as increased lignin
content reduces biodegradability. Particle size is an itapofactor, as small particles
degrade more quickly than large particles of the sameriadaten optimum range of
between 20-40mm has been reported (Trautmann et al. 2002)ld8ty is therefore
necessary to compost large woody materials. Nitrogen esuoc “green” materials,
such as grass can give nearly instant availabilitydhatexceed the assimilative
capacity of the microbial community causing losses as@ma gases and nitrates in
leachate (Friends of the Earth 1993; Trautmann et al. 2002).

Composting microbes derive energy from degrading carbopa@onads for growth and
nitrogen for synthesising protein. Microbes use 30 parts lghivef carbon to each
part of nitrogen, so material should have an availab¥er&tio similar to this. Higher
C:N ratios lead to progressively slower composting an@idagatios can lead to the
release of ammonia and high nitrogen levels in leachatranges recommended as
acceptable in the literature vary between 20:1 to 40:13Gith typically described as
optimal (Stentiford et al. 1983; Friends of the Earth 1998k&son 2003; Petiot et al.
2004).

The final C:N ratio of the finished compost is also intaot in terms of the quality and
benefits of the compost as a soil amendment. Stablerganic matter has a C:N ratio
of 12-15, which is the ideal range for finished compost. ghéi values the nitrogen

available to plants is reduced (Bary et al. 2002).
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2.4.3. Porosity, air space and particle size

The properties of the composting matrix in terms of poy@s air space are important
in a number of ways to the composting process and araeffdsbed by several other
factors. Since the microorganisms grow primarily on plergsurfaces (Agnew et al.
2003), the substrate availability is determined by the sudeez of the compost, which
is dependent on the particle size. The particle sseaifects the porosity, which
determines how much water and air is available to theomiganisms (see sections
2.4.1 and 2.4.4). The continuity of the airspaces influehoeseasily air and water can
flow through the material. The free air space alsauerftes the heat and mass transport
processes and therefore the microbial kinetics. The depeg of these properties on
particle size is the reason shredding of large bulkyenss$ such as branches is
necessary (see section 2.3.1). All the properties nreattiso far are inherently difficult
to measure directly; however another factor whiclelisted to them but more easily
measured is the bulk density.

The bulk density of compost is a measure of the masstdrial within a given
volume. It can be stated on a wet or a dry basis:

M
_ _
" Ve P e

Equation 2 Equation 3

The moisture content of the material should alwaystéeed along with the bulk
density to allow comparisons between materials. The deriisity influences the
physical properties such as strength, porosity and easenpiaction. Due to its effect
on porosity and air space it can be used as an approxidatator of these parameters.

2.4.4. Moisture content

Water is both produced by and required for microbial actiasyit is necessary to
support the metabolic processes of the microbes. Wedgides the medium for
chemical reactions, transports nutrients, and allbsrticroorganisms to move about
(Agnew et al. 2003). If the moisture content is too high,ftee air space and
mechanical strength is reduced, which will lead to greaepaction and lower the
porosity and aeration in the compost (see sections &xl.2.4.3). Moisture is lost
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through leachate run-off, microbial reaction and as watpour in the air. Water loss
also contributes to temperature losses and is influenced@gtimum moisture
content depends on the nature of the original matdnalseasonable ranges are given
as being between 40-65% with a preferred range of 50-60% (E{@S@&in Krogmann

et al. 2000; Beck-Friis et al. 2001; Agnew et al. 2003; Wardl 2085). The finished
product should ideally have a moisture content in thgeaf 40 to 60 % by mass.
Above 60%, the material may be clumpy and hard to spnedahd with a lower
organic matter per area applied. Below 40% the materialo@alusty (Bary et al.
2002).

2.4.5. Temperature

Temperature is a key indicator in composting, as not onygsnerated by the
microbial decomposition of the organic matter, but iis® @ determining factor of the
decomposition rate (Trautmann et al. 2002). As the termperancreases, the activity
of the bacteria increases and the reactions occuiaatex rate. The temperature is also
linked to microbial succession by a relationship involvingféieel substrates available
and the temperature preferences of different micropediss (see section 2.1 and
Appendix 1). Consequently if the temperature becomes tog¥&fiC), fewer bacteria
can survive so the decomposition rate falls. The temyerat any point during
composting depends on the balance of heat generation bgbmicaction to heat losses
through conduction, convection and radiation. This careba as a heat balance in
Equation 4 (Fletcher et al. 2000):

Qs = Qurin— %as outt Qreact= Qeond

Equation 4

Where Qs the sensible heat change in the composting mat®xia, is the heat
content of the inlet air, £ outiS the heat content of the exhaust gasege(3 the heat
generated by microbial reaction anghQis the heat loss by conduction. Radiation has
been considered negligible and ignored. The magnitudeeakimaining values is
interrelated with the other composting parameters.
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2.4.6. pH and volatile fatty acids

The pH of compost material is dependent on the pH o materials and the
products of decomposition produced by microbial action. Acalpattern of pH
variation under ideal conditions can be seen in Fiuidicroorganisms have an
optimum pH which they are most suited for, and at whielir {activity is most efficient.
The microorganisms involved in composting have been foundeferpa pH of above 7
as it has been found that microbiological activity gexts more slowly when the pH
falls below this (Beck-Friis et al. 2001). It is believedtth high pH indicates an active
composting process and that stability is indicated by afpH5 (Smidt et al. 2002,
Smidt et al. 2005; Ward et al. 2005). The finished pH of compostld ideally be in
the range of 5-8. Most plants prefer a pH of 6-7 and valdesvl&eor greater than 8

may injure them (Bary et al. 2002).

Fatty acids are products of anaerobic degradation. Thenaf@mn, breakdown and role
in composting have only been briefly investigated but theyealieved to be important
in controlling biological activity and thereby gaseous smiss (Beck-Friis et al. 2001).
This is presumably partly due to their influence on the pth@ftomposting
environment, but as they are phytotoxic they can cause pishecultivation (Eklind
et al. 2000).

2.5.Gaseous emissions

The specific gaseous emissions produced during composting dapémel ghysical
and chemical parameters of the materials and theiassbactive microbial species
(see section 2.1). The following sections discuss ttterfainvolved in, and the
importance of, the known gaseous emissions possibledoomposting of organic
household waste. When comparing different gases in teftheir impacts on climate
change, it is common practice to compare them by thelbon dioxide equivalent,
CO,E, a quantity that describes the amount of @@t would have the same global
warming potential (GWP), when measured over a specifiegstiale. GWP is a
measure of how much a given mass of a greenhouse gagnated to contribute to
global warming relative to the same mass obG&hich is given a GWP of 1. For
example, a gas with a global warming potential of 20 av&00 year period would
have 20 times the impact on global warming as the samss of carbon dioxide
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emission over the following hundred years (Intergovemtaid?anel on Climate
Change (IPCC) 2001).

2.5.1. Carbon dioxide, CO,

Carbon dioxide is the primary gaseous substance erdiii@t) composting and can be
regarded as a parameter for microbial activity wheredowssions indicate a low
activity (Hellman et al. 1997; Beck-Friis et al. 2001). I$ baen reported that about
30% of organic waste material can be decomposed ton@Rin 2 months of
composting and that the maximum emission rate occuhe athiange between the
mesophilic and thermophilic phases (see section 2.1) (BéiskeFal. 2000; Beck-Friis
et al. 2001). Hellman, Zelles et al. (1997) and Zeman, Depkah (2002) state that in
contrast to C@emitted by fossil fuel combustion, G@Qerived from plant matter
degradation does not contribute to the Enhanced Greenhtiese(&nd thus to global
warming) because it had been removed previously asPhotosynthesis from the
atmosphere i.e. it is part of the “normal” “naturalttey

2.5.2. Methane, CH4
Methane in the Earth’s atmosphere is an importamnjreuse gas with a global
warming potential of 25 over a 100 year period or 72 over a 2Qoge®d. The average
mole concentration of methane at the Earth’s sunfad®98 was 1.745 parts per billion
(Intergovernmental Panel on Climate Change (IPCC) 200&thane is the product of
the exclusive anaerobic processes of methanogenesa;mpedfby methanogens
(Hellman et al. 1997). Emissions of methane from conmpgp$acilities in Germany
were estimated to be 7.4@UCH,a”, which amounts to 0.31-0.44% of the total
methane emissions in Germany (Jackel et al. 2004). Zdbagoken et al. (2002),
however, state that C/N ratios of garden organics atrékely to support methanogens,
especially if aerobic conditions are well maintaingdadldition, many prior
experiments have shown that various compost mateaalsct as filter media for the
biofiltration of methane (Nikiema et al. 2005). The bgit@al degradation reaction of
methane is given by:

CH, +0O, - xCO, + yH,O + zbacteriabiomass

Equation 5
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Therefore both methane production and oxidation determeadt methane emission
to the atmosphere. The oxidation is performed by metbaisising bacteria (MB).
Phylogenetically MB belong to the Gammaproteobacteriglfiecoccacae) and
Alphaproteobacteriavethyl ocystaceae and generanethylocapse andMethylocella)
(Jackel et al. 2004). Previous studies, for example in fboide fields (strong sources
of methane), have shown that up to 90% of the @idduced is oxidised before it can
reach the atmosphere (Jackel et al. 2004). Under mesaginliitions, composted
material used as landfill cover material showed ehar@t-consuming potential, or
increased the methane oxidation potential of the ldmmdier soil. It has been found
that methane is produced in compost only under high tenopesatlackel et al. 2004).

2.5.3. Carbon monoxide

Hellebrand (1997) reported that carbon monoxide emissiegisa composting
experiment were about 0.04% of the initial carbon aatrwéthe green waste. Carbon
monoxide is twice as effective as a greenhouse gaslanadioxide (IPCC 1996).

2.5.4. Nitrous oxide, N,O

Nitrous oxide can either be a product of incomplete anmmo oxidation (nitrification)
or of incomplete denitrification (Beck-Friis et al. 20@&ck-Friis et al. 2001). Again,
like methane, nitrous oxide contributes to an enhancenfi¢imé greenhouse effect but
it is 270 times more effective than carbon dioxide (IPX®96). Several studies have
shown that about 0.5% of nitrogen losses during compostisgveral wastes,
including green wastes, occur through nitrous oxide in eggaseous form or in
condensate (Hellebrand 1997; Beck-Friis et al. 2000; Beckdtras 2001).

Ammonium oxidizing bacteria are strictly aerobic bactes@are inhibited when the
oxygen concentration is limiting and also when the &naure is over 4C (Beck-

Friis et al. 2000). Denitrification can occur during mesaplaihd thermophilic
conditions and the process is repressed b0t is under anaerobic conditions that
denitrifying bacteria use nitrous oxides as the terminalrelectcceptor. Hellman et al.
(1997) reported that during composting of household waste nitxides @missions
occurred during the first day when the temperature waxgjrésxd after 35 days when
the temperature had fallen. Zeman et al. (2002) repdrétdriost nitrous oxide

emissions occurred during the final cooling stage of comgpdBiack-Friis et al.
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(2000) report nitrous oxide emissions at relatively high oxygewentrations of 12%.
An explanation provided for this is that compost parsictey have an outer aerobic
layer and an anaerobic core. The available substratieleithe core are soluble. From
the core, the substrate diffuses into the outer aerayar Where it is oxidised by an
aerobic microbial population. Between the anaerobic amab# zones there is an area
with an oxygen gradient, which could permiONformation from both incomplete

nitrification and denitrification.

2.5.5. Ammonia

Ammonia has a minor individual contribution to the greerseoeffect (Hellebrand
1997) and is also a strong cause of odours during composticky-fitie, Smars et al.
(2001) reports that 24-33% of initial N lost over a compostxgeriment, was emitted
almost entirely as ammonia. Over 85% of this, howewvas found in the condensate,

with the remainder in gaseous form.

2.5.6. Volatile Organic Compounds (VOCs)

Organic compounds can be volatilized during composting and espnesjor odour
sources, groups include: fatty acids, ketones; aromatickother inorganic and organic
sulphur compounds (Epstein 1997). Species and concentrati@®»émissions
monitored from MSW and biosolids operations have beerdfeaive low and not to
represent a significant hazard to workers. The feedstaak important factor in their
emission and also whether the materials are in ab&eor aerobic conditions. For
instance, compacted wet leaves produce a much strongersamilésrmentation odour

than fresh dry leaves.
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2.6.Compost quality, composition and standards

The end stage composition of composts, prior to sprgath land, is important in
determining their benefits as a soil improver, but atsoptentially negative
environmental impacts and human, plant or animal heigkhk.For example, it is
believed that the 2001 UK foot-and-mouth outbreak, and #ssichl swine fever
outbreak in 2000, were caused by contaminated catering ZdSERA 2006). If
similarly contaminated materials were used as compofgew) the resulting compost
could also be contaminated. The factors contributingdditial composition are
primarily the feedstock materials and their propertbes,also the process parameters
over all composting stages, particularly the oxygen cdretgon, pH, temperature and

moisture content and their respective durations.

2.6.1. Legidative requirements

EU and subsequent national legislation exists to conteatdimposting of feedstocks
that may pose a risk to human and animal health. UndddikhAnimal By-Products
Order 1999 (as amended), it was illegal to allow livestwokild birds access to
catering waste which contained meat or products of aningahpor which came from
a premises handling meat or products of animal origin. Gdamsapplied whether or not
the catering waste had been treated. It thereforel canilbe used on land, effectively
banning its use in compost and biogas treatment plants. theleurrent Animal By-
Products Regulations 2005 (Statutory Instrument 2347/2005), whiah icémrforce on
28 September 2005, approved composting and biogas premises camibiegeo
handle certain low-risk animal by-products and cateringewakich contains meat or
which comes from a premises handling meat. In orderc&ive permission, these
facilities must demonstrate that the appropriate mddear@ composted to one of
several suitable standards, detailed in Table 10, witfotleeving additional barriers:

(a) Raw material must be meat-excluded catering waste

(b) Materials must go through a second composting stage,arsynof the
conditions detailed in Table 10. For this second stageiraiving does not need
to be housed and can be done open (but the time/tempexatuterning
requirements remain the same as for housed windrows)

(c) Storage for a minimum of 18 days (this need not la@ ienclosed system).
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Composting plants must either use barrier (b), or bathdrs (a) and (c). That is to say,
there must either be two composting stages, or for meditided catering waste only,

one composting stage followed by storage.

Table 10: Minimum time/temperatur e and max particle size requirement(DEFRA 2006

o Maximum
Minimum o . .
System Minimum time particle
temperature _
size
Composting
60°C 2 days 40cm
(closed reactor)
Biogas 57C 5 hours 5cm
Composting
_ 70°C 1 hour 6 cm
(closed reactor) or biogas
8 days
Composting 60°C (during which windrow must be  40cm
(housed windrow) turned at least 3 times at no less
than 2 day intervals)

If carried out purely as a method of waste disposal, tivene is little further legislation
on the composition or quality of composts. As a metHodaste disposal, composting
comes under the Waste Management Licensing RegulationsA@92ding to these
regulations, compost along with several other mateisaéxempted from waste
management licensing, subject to certain conditionsyadmedition, for example, is
that no more than 250 tonnes of waste per hectar@@adson the land in any 12-

month period.

2.6.2. Voluntary standards

If a compost product is intended to be used as a soil irapemd particularly if it is to
be sold as one, then its specific composition and quadity soil improver is important.
Although there are currently no legislative requireradat compost quality, there are a
number of standards or codes of practice a compost proclut@dhere to in order to
improve public confidence in their product. These standardghgpeaditions in which
composting should be carried out and the permissible ntnatien levels for a range of
potentially toxic elements, physical contaminants, weadshaman pathogens. Some
of the detailed specifications of three such standaedsianmarised in Appendix 3:
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» Composting association standard PKI®: BSI Publicly Available Specification
launched in November 2002 and revised in 2005. This standard isegetpui

obtain Composting Association certification.

 APEX: APEX was launched in summer 2002 by three of the UK’s biggaste
management firms: SITA, Cleanaway and Onyx.

» Eco-label Eco-label was launched in the early 1990s by the Europe&m tb
allow consumers to easily identify officially approvegtéen products”. It
specifies that soil improvers should derive from orgaratten content provided
by the processing of waste material, as long as ma@fi@inimal origin
comply with community legislation. Sewage sludge ispenitted.

2.7.Leachate and condensate
During composting, depending on the feedstock and the coimp@sbcess, leachate,
condensate and runoff are generated. Leachate can be definateathat percolates
through the compost and exits at the bottom while condeissatder that evaporates
from the compost and condenses on external surfacesisiothiding walls (Krogmann
et al. 2000). In most composting piles, water moves tbotim under the influence of
gravity and creates leachate if the moisture contetitsofompost exceeds its water
holding capacity. The maximum tolerable moisture conteobarser materials (wood
and bark: 74 to 90%) exceeds the moisture content of fes structured materials
(e.g. paper: 55 to 65%, food waste and grass clippings: 349 (Krogmann et al.
2000). Evaporation is the major energy release mechahising composting and in
many cases the main fate of moisture during compostingt@tn et al. 1983). The
mass transfer from biogenic waste to leachate catvioed into three categories
(Krogmann et al. 2000):

* Hydrolysis of biogenic waste and biological degradation

* Solubilisation of soluble salts

* Entrainment of particulate matter.
The transfer of chemicals to leachate from compogidgootentially cause leachate to
become harmful to soil and water sources depending aotieentrations involved.
Leachate can be of significant environmental conaetarge scale composting for this
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reason, but due to the small scale of individual home cetimgpactivities, and the
wide distance between them collectively, it is mwedslunlikely for home composting

leachate to be of environmental relevance.

2.8. Alternative approaches to investigating home composting
Experiments to investigate home composting could be undaerialseveral quite
different ways. There are, however, basically fagtinct approaches that can be taken,

which have been defined here as:

2.8.1. Monitoring of in-situ home composting activities:

Members of the public are asked to volunteer to have ¢bewpost activities
monitored. The researcher can then visit the particigdtouseholds to take
measurements and samples and the householder thentseivas utilised to take some

measurements.

2.8.2. Home composting activities managed by the researcher

Home composting activities could be imitated by the resesrby composting a typical
household’s compostable waste stream under whateverhwdisenditions were
chosen, such as the size and type of compost bin, s@stgosition, feed rate, etc. A
chosen number of compost bins could then be run simolisheat a selected location
and the researcher could take all measurements and saoaigsschedule. The waste
stream could come either by the researcher regulaligcting volunteering
households’ compostable waste to use at the experiniecaison or specified

compositions could be created from bulk sources of housebaigostable waste.

2.8.3. Laboratory-scale composting reactors managed to simulate home composting

A frequently used technique in composting research is tabsedltory scale reactors
(Beck-Friis et al. 2001; Petiot et al. 2004). Although theeeexamples of very large
reactors, over 1frbeing built for research purposes, (Schwab et al. 1994;
VanderGheynst et al. 1997), the more common case corsidere is for smaller
reactors, around 40L or less. The practice of using scaled ceagtors has been
developed primarily as a tool for studying the composting ggoagthin conditions
existing in industrial plants but without on-site diffices (labour consuming, hard to
control, heterogeneous raw product, fluctuating weathadittons and preferential
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flow pathways). Various methods have been adopted to #llewesearcher to set the

composting parameters in a reactor to whatever condiiendesired. The technique,

however, is not without its limitations and reproductad the composting treatment at a

laboratory scale is not simply a case of reducing g&a#ot et al. 2004).

2.8.4. Home composting scale reactors managed to simulate home composting

Due to the small scale of most home composting actuitienpared with other targets

of composting research, it is relatively simple tostaunct composting reactors of the

same scale. It is therefore possible to perform eaitrolled and monitored

experiments within a specially built reac

involved in scaling processes down.

2.8.5. Direct comparisons between the alter

tor but withmany of the difficulties

native approaches

The tables below summarise the advantages and disagesmtithe alternative

approaches by comparing the three key differences:

In-situ householder composting vs. Managed composting exgeism
Non-reactor based experiments vs. Reactor based exp&ime

Small-scale reactors vs. Large-scale reactors

Table 11: Comparison between ir-situ householder composting and managed compostil

experimental methods

In-situ householder composting

Managed composting experiments

Measurements are taken directly from
members of the public’'s home composting
activities so are theoretically not depender
on any assumptions, interpretations or

actions by the researcher.

The quality and value of the data collected

depends on the accuracy of the researcher,

itassumptions and practices in setting-up an

performing the experiments.

[© )]

The number of households taking part in g
research is only strictly limited by the

frequency of visits required by the researc
and the associated time constraints. If the
householders agree to participate actively
large amount of data can be collected suc

waste additions and temperature.

nyhe researcher must run each individual
compost process including acquiring and

heupplying the feed waste stream so the
number that can be run and adequately

amonitored at once will be constrained.

h as
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In-situ householder composting

Managed composting experiments

If a sufficiently large number of households Physical and time constraints on the numbg

are involved for the sample to be

representative of the variety and differenc@snean that the accuracy and value of any

in national composting activities then
confident conclusions can be drawn from {
data regarding national composting

emissions and processes.

of experiments that can be run simultaneou

héependent on the researcher’s choice of
experiments and their success in designing
and carrying out the experiments based on

available survey data.

Due to the huge variation possible among
different home composting activities a very
large number of households would need tq
be involved to allow reliable interpretation
of the collected data and then it is still
vulnerable to geographical, social or other
bias. Also detailed interpretation of the
collected data would likely be hindered by

the number of variables involved.

5tThe researcher can use all available resea
and survey data about the household

) compostable waste stream and home

under any chosen conditions, such as natid

averages, a specific range or conditions of

fixed for all experiments, allowing
investigation of individual parameters and

patterns to be identified within the data.

If a large number of households are involV
then the measurement frequency of readin
that can only be taken by the researcher W
be significantly reduced due to the time
constraints of travelling between them.
Measurements are also restricted to either
suitably accurate portable devices or the
careful collection and transport of sampleg
from all participating households to the

analysis laboratory.

ew/orking at one site allows the researcher t
dgake measurements and samples from all

ikxperiments efficiently with a high frequeng

frequent use with the added potential for

collecting large quantities of data by data

logging.

If the householders are utilised to make
measurements then the quality of that datg
may be questionable due to its dependeng

on the methodology and proficiency of eaq

householder which could vary significantly,

Also measuring equipment must be suppli

All measurements would be made by the
h researcher, ensuring much better consister
eof method and technical proficiency.
h

ed

to each household adding to the project cost.
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composting activities to run the experiments

special interest. Many variables can also be¢

to keep expensive or sensitive equipment for

eI

sly

conclusions drawn from the collected data are

the

ch

nal

14

At a suitable secure location it is also possible
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In-situ householder composting

Managed composting experiments

The work depends on the participation of t
public so may require monetary or other
incentives and is vulnerable to the

participants dropping out during the study.

has long as the feed waste stream for the

experiments has a reliable and consistent

source there is no external dependence.

The participants may alter their compostin
activities due to their participation in the

study and hence give misleading data.

gAny conditions designed into the experimer

by the researcher can be consistently and

reliably maintained.

Table 12: Comparison betweerstandard H.C. bin

and reactor based experimental methot

Standard H.C. bin experiments

(household compost bin/heap etc.)

Reactor based experiments

Carrying out the experiments in conditions
as similar as possible to the home
composting activities they are designed to
investigate improves confidence in the
guality and relevance of the data with

regards to the project aims.

Composting in a reactor as opposed to any
form of typical home composting activity
will, to varying degrees, inherently alter
several composting parameters that may

cause further differences in the process.

A

The relatively open system of typical home
composting activities means designing a
suitable monitoring methodology which ca
be correctly interpreted is not a straight

forward task.

nrelatively easily be collected, measured ang

A reactor is a closed system which can be

designed so that all inputs and outputs can

guantified.

nts

)

Table 13: Comparison between Laboratory-scale

methods

and Home compostinscale experimenta

Laboratory-scale reactors (<20L)

Home composting scale reactors
(>100L)

Scaling down the process necessitates
treatment of the waste materials to create g
small particle size so that a consistent and
homogeneous feed can be used. This mak
possible to make a feed material with a ver
accurate composition and moisture content
but has other implications on the scaling

effects.

At scales similar to typical home composti
1 activities so waste does not need to be

shredded very finely in order to produce
ebamogeneous feeds which means conditig
ycan be kept closer to those in home

composting.

ns
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Laboratory-scale reactors (<20L)

Home composting scale reactors
(>100L)

The scaling down of the process unavoidak
alters many parameters of the composting
material which could reduce the validity of
relating the results to home composting.
Some examples of the affected parameterg
are: air flow resistance, temperature
generation, material heat coefficient,

compaction/bulk density, nutrient availabilit

DA large scale reactor can be fed and mana
identically to a typical home compost bin
meaning relating the data collected from
them to home composting activities can be
done with some confidence. The only
differences remaining being those caused
the forced rather than natural aeration and
ythe physical separation from the surroundi
environment, although these differences

could still be significant.

It is possible to quite finely control the
process conditions throughout the whole
composting material due to the small scale
involved, thereby allowing investigation of
the emissions and processes occurring ung

specified conditions.

At larger scales, accurate control of the
process conditions throughout the materia

s difficult to monitor or achieve successfully.

ler

1ged

by

Experiments in small reactors enable the
study of the process and emissions at
conditions specified by the researcher. A
draw back of their use in this project is the
lack of data regarding how conditions vary
home composting activities. They lend
themselves towards testing how specific
conditions affect the process and emission
different waste compositions and to
identifying what conditions lead to potential

significant harmful emissions.

The aim of running a large scale reactor
would be that, for a suitable airflow, the

reactor would match the process condition

inThe changes in parameters and emissiong
during the composting of a particular feed
stream could therefore be monitored over

5 whole course of the process.

ly

of a similarly run home composting process.

[72)

n

the

52



2.9.Previous research into home composting

In this section, any research specifically relatingheostudy of home composting
processes and emissions has been reviewed with partietdeence to methods used
and any lessons that can be learnt. Investigations cwteurely with waste diversion
have been excluded from this section but have beenedfarin Section 2.3.2.

2.9.1. Home composting: Process, diversion and end-use
A significant piece of research was carried out at llap@ollege London between
2000 and 2002 which has been the subject of at least three pahbcati

* A Practical Study on Organic Waste Diversion from Lfdhoy Home
Composting (Smith et al. 2001).

» Small-scale composting of biodegradable household wastegwodiversion
and end-use (Smith et al. 2004).

* Home composting: process, diversion and end-use (Snalh2003)

The research consisted of 2 parts:

1. A questionnaire was distributed to almost 4000 properties kectol
demographic and socio-economic data relating to participatiarhome
composting scheme.

2. 64 households were selected for detailed monitoring of¢bemposting bins.
Homeowners supplied with a 290L compost bin, weighing bucgahgs
balance and compost thermometer. Amounts of kitchgrer@nd garden waste
placed in the compost bin and temperature were recordéx hytiseholder.
More detailed monitoring of temperature conditions and gafigs using an
electronic thermometer and gas sampling probe were pedobmthe
researchers.
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The following section examines and critiques the methodsesults of the second part
of the research.

Waste composition and temperature data collected by thelmldsrs

By utilising the householders to collect ongoing data,gelguantity of measurements
over a long period of time were collected. The compaosiiata has been included in
Section 2.3.2 and the temperature data has been sumniarisdae 14 below.
Limitations in this type of data have been discussedatid@@e2.8.5. The temperature
data would possibly be more valuable were the frequencyiramdjtof the
measurements known in relation to material additioresagdrements made at the same
time as a material addition will be made when thepenatture is likely to be at its
lowest, immediately before it rises. Infrequent measergs will not record the
relatively fast temperature changes that occur duringpostimg.

Table 14: Proportion of temperature readings taken in each rangeadapted from (Smith et al.
2001)

Proportion of temperature readings taken in each range

Psychrophilic rangg Mesophilic Thermophilic
0-20°C 20-45C 45-76C
Summer (May-Oct 20% 70% 10%
Winter (Nov-Apr) 95% 4% 1%

A summary of the findings on temperature and oxygenexgnations in relation to
depth are given in Table 15 and the effects of severgbasting factors on the

temperature, carbon dioxide and oxygen concentrationabiteTL6.

These measurements were collected by the researohans kkely to be more reliable
than the householder data. Related data such as the tgggaeantity and relative
timing of the waste additions would have provided furthaghisdue to the relatively
fast changes that can occur during composting. While alnmsignificant variation
was found across any of the factors it is unknown \&bavity was occurring in the
bins at the time of measurement. Depending on if measuntsmvere made several
days after a material addition or immediately follogrone, the results could be very
different. The oxygen concentration data could be dematigjrthis problem as most
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of the measurements show a high oxygen concentratibmva very narrow range
indicating low activity, except for just one result. bine result is far outside the range
of any of the others, possibly because that compostdoimdcteived a material addition

very close to the measurement time while the othetshba

Table 15: Range of temperature and oxygen concentration values atftérent depths, adapted from
(Smith et al. 2004)

Range of values at each depth
10cm 20cm 30cm 40cm
TemperaturéC 17-42 18-42 18-37 17-32
Oxygen conc. % 19-20.9 18.0-20.9 18.5-20.9 19-20.5
except one 16.0 except one 17.0| except one 15.5

Table 16: Effects of four factors on the composting proces adapted from (Smith et al. 2004

Garden size Mixing Earthworm Accelerator

inoculation

Large | Smalll No Yes No Yes NG Yes

Temp (C) | 15.8 | 15.8| 153 16.3 157 159 185 16.0

COx (%) 0.53 034 054 029 039 043 042 040

O, (%) 19.8 19.9| 19.7 199 199 19|18 198 19.9

Microbiological assessment

All 64 bins were tested for airborepergillus spp. during physical disturbance of the
composting material. The microbiological species presecmpost vary significantly
over the course of the process (See Section 2.1) andat clear how this could affect
airborne concentrations of species suchAspergillus spp. The values found (see Table
17), however, are significantly below the recommend&dble concentration of 1000
cfu m®, or the exposure dose (>106 cfif)nthat may cause sensitisation (Milner et al.
1994). Further investigation may therefore be unnecessggcially considering the

low contact time most householders are likely to haitle their compost.
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Table 17: Concentration of Aspergillus spp. During physical disturbance of home compost, adapte
from (Smith et al. 2004)

Statistic Original colony | Corrected colony | Aspergillus concentration
count number (cfu m®)
Minimum 10.0 11.0 36.7
Maximum 30.0 37.0 123.3
Median 21.0 24.0 80.0
Mean 20.9 23.7 78.7

Vector attraction

Insect traps were placed inside and at distances ohdéir@ra from the compost bins
and the traps were removed after periods of 1,3, 5 and 10Td&y$argest numbers of
flies were found within the bin and they decreased significamh greater distances (see
Figure 8). Using or not using lids on the compost bins waisd@o have no effect but a
smaller garden size did cause a greater number qftfiesght by the author to be due
to the proportionally greater presence of food waste.

This data is relevant to the social factors of pgréation and drop-out in home
composting but less important in studying the environmemigécts. It could be of use
in assessing potential health risks but the attractiathar pests, particularly rats could

be more significant.
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Figure 8: Mean number of fruit flies collected from compost bins, adapted fron(Smith et al. 2004
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Compost quality

Samples of mature compost material from all bins weadyaed for a suite of chemical
determinants (Table 18) and were also subjected to a planthgirial relative to peat
and an unamended control. By testing composts produced lystcstlly significant
sample of home composters a good indicator of thgerand average compost quality
can be found. The effect of the four factors: garden siang, earthworm inoculation
and use of accelerators were analysed but no signifieaiattion was found.

The report indicated that the home produced compostsaligriezd higher contents of
major nutrients than those typically reported for caiged composting. It also reported
that this may be because woody plant remains of lowemtitstatus are generally
excluded from home composting. A further point raised Wwasttigh variability in

home composts may be related to the extent of fertilised by individual home
owners and the associated nutrient content of themt plebris.

The results of the growth trial indicated that the Baxomposts are effective
replacements for peat based substrates for genet@littoral use as well as soil
improvers. The peat and control tests produced an avefd@® and 140 cumulative
flowers per plant respectively while the home comppstsluced from between 148 to
215, a significant improvement. These results are sggmfiin terms of environmental
impacts; if home produced compost is able to replace pgsatan reduce the
environmental damage done by removing peat and the transpssiamiassociated
with its distribution for home use.

The chemical properties analysed do not cover all the grepeypically required by
compost standards or specifications. In the case d?A8 100 specifications for soll
improvers or fertilisers (See 2.6.2) for example, tHiewing required parameters are
missing:

» Pathogens (human)

* Potentially toxic elements

* Physical contaminants

* Phytotoxins

* Weed propagules
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The researchers may have left out these analysdge@ssumption that if householders
follow basic advice on home composting these paramsherdd not pose any risk
unlike in centralised composting with its less controlleste stream.

Table 18: Chemical properties of home compost(Smith et al. 2004

Parameter Minimum  Maximum  Median  Mean
Dry solids (%) 17.2 75.4 33.3 30.2
Organic matter (% ds 6.6 69.3 30.6 27,9
Total N (% ds) 1.12 6.07 3.19 3.32
Total P (% ds) 0.10 1.62 0.56 0.61
Total K (% ds) 0.42 4.15 1.45 1.59
Total Mg (mg Kg'ds) 128.5 625.7 2423 2764
pH 5.7 9.3 7.1 7.3
Conductivity (ms/cm) 462 1618 796 859
NOs-N (mg Kg* ds) 8.81 96.9 35.8 41.4
NO,-N (mg Kg™ ds) 0.10 3.43 0.51 0.66
NH4-N (mg Kg* ds) 0.87 37.7 14.9 14.3
Extractable P (% ds) 0.02 0.17 0.06 0.06

2.9.2. EA Home compost study

A study of home composting was commissioned by the EnvironAgency in 2001 -
2003 and carried out by AEA Technology, the Open Universttiyth@ University of
East Anglia. At the time of writing the study is knownhave been the subject of one

publication and one unpublished report:

 EA Home compost study (Wheeler 2003)

» Life cycle assessment of home composting (Wheelak 8004)

The study consisted of two parts:
» A literature and survey based investigation of how muchvémat types of
wastes are composted at home
* A one year monitoring experiment of the home compostiig selected

households.
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The following section reviews and critiques the methogipland results of the study.

Household selection for monitoring experiment

The home composting activities of 12 households were mieditgelected by survey

responses to cover the following variables:

* Four compost systems selected as representative gétahss in use:

* Unconfined heap

* Wooden self built, open structured composter

* Local authority supplied simple, unventilated container

* Plastic ventilated purchased unit

» Users classified as active or inactive based on vedurdescription of their
activity:

* Inactive — little or no material pre-treatment and b turn the heap.

» Active — turned their compost more than once a yeaatrthpted to balance or
pre-treat the waste input.

The advantages and disadvantages of this type of invéstigetve been discussed in
detail in Section 2.8.5.

Gas analysis
Methane and C@analysis was carried out using a Geotechnical Instrun&htd4-1

gas analyser, shared between the households allowing apatelyineekly analysis,
possibly not a sufficient frequency to accurately assesgpaosting gas emissions. VOC
and ammonia measurements were made using diffusion tufms i1 month

campaigns representing winter, spring, summer and auturoloskd compost bins the
headspace gas was analysed, while in the open systémdax method was used (see
Section 2.12).

Carbon dioxide analysis gave a measured value in only3@fd 12 readings, a
surprisingly low number, possibly related to the frequencitaming of the
measurements. The detection limit of the methangysisadquipment initially used was
0.1 volume %, which produced readings in only 2 out of 112 mesunts. More
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accurate equipment was also used, although details arevent gihich presumably
produced the results in Table 19. The method for quantifym@mhssions per unit
mass of waste was based on the assumption of bullecover flow as the gas
exchange mechanism and the use of €Qissions as a trace gas to estimate the gas
flow rate. Due to the unverified assumption on the gasasmgg mechanism and the
low accuracy of the CQemission estimates this method is of very limitdcidity.

The author states that a range of values was giverodhe tow concentrations and
non-detect results. The concentrations of ammoniantewand spring were in the
range 50-600 ppb except for one result of 1800 ppb where the hiesdied added

chicken manure.

Table 19: Gas emissions, adapted fror(Wheeler 2003

CH4 range NH3
(Kg/T waste) | (Kg/T waste)
Average 2.32-206 23.6

Table 2C: VOC emissions, adapted fron(Wheeler 2003

Range of VOC emissions per

Mg waste input fg/T waste)
a-Terpineol 0.03-0.17
Pinene 0.15-0.57
Terpinene 0.20-0.61
d-Limonene 0.01-0.07
Limonene 20.00-72.64
Myrcene 0.55-1.86
Cymnene 1.63-6.22
Benzene 0.02-0.11
Toluene 0.03-0.16
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Leachate analysis

Leachate collection was carried out using a colledtiayat the base of the composting

mass and the leachate was collected in a bottle wwashmonitored frequently (Figure

9). The total leachate generated will not be accuratelysured by this method as some

will escape beyond the edge of the tray. Furtheruhdear how much the presence of

the tray will alter the behaviour of the composting pssc It is highly likely to affect

the airflow and moisture content throughout the bin, @otentially the movement of

macroscopic life.

Table 21: Average generated leachate propertie(Wheeler 2003

Volume pH Ammonia | Chloride COD (g/T)
generated (9/T) (9/T)
(L/Mg)
Average 31.3 7.6 0.5 26.16 80
Compost
Compost bin
Collection
e vessel
Glass wool
filter

Figure 9 Systen used by Wheeler (2004) for collection of Leachate samp
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Compost composition

The composition of the home composts produced by the hddsehavere analysed for
a selection of chemical elements. The selectiolngdes most of the potentially toxic
elements required by the PAS 100 specification but exclméesury and zinc. As can
be seen in Table 22 the findings of this study show trahEse home composts the
concentrations of potentially toxic elements are subsinbelow those required for
PAS 100 specification.

Table 22: Home compost chemical composition compared to PAS 100 spedifions (British
Standards 2002; Wheeler 2003)

Element Compost composition Limit required by PAS 100 specification
(9/T) (9/T dry matter)

Nitrogen, N 13502 -
Phosphorus, P 2439 -
Potassium, K 3432 -
Copper, Cu 13 <200
Cadmium, Cd 0.47 <15
Chromium, Cr 11 <100
Nickel, Ni 7.1 <50
Lead, Pb 34 <200
2.9.3. Summary

The studies discussed in Section 2.9 have taken the apgrbamnitoring in-situ
household composting activities, although in quite differesys, and have covered
several areas of home composting research. Valualdeaddtlessons have been
produced from the work but there is still room for furtimestigation particularly in
some areas. Areas of research that have been daweseme detail already are: waste
stream composition, microbiological assessment, vetteaction and compost quality
and composition. The experimental approaches taken lentséives well to these
areas and the findings have shown that the microbi@bbgealth risks of home
composting are low and the composts produced are able twrpevtll as a soil
improver. Leachate collection and analysis has bedarpgrd in the second piece of
research but further investigation could be performethtesifferent collection
methodologies. The temperature and gas composition dalthlmenefit from
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investigation by an alternative approach. More frequensanditive measurements
may still give valuable data not covered by this work. Aer@ontrolled investigation
of influencing factors may also be beneficial rathantthe in-situ household
behavioural trends adopted in the above work. The factogarden size, mixing,
earthworm inoculation, use of accelerators, bin tygegshand activeness were covered
so perhaps other factors should be investigated, particulaifie case of earthworm
inoculation and accelerator use which showed no signtfietiects.

2.10.Selection of experimental approach

It was apparent from the points discussed in sectioar®&i&he research reviewed in
Section 2.9 that an experimental approach monitoring unksitisehold composting, as
has been performed extensively in the past, offeretbfst benefits for the purposes of
this project. Standard H.C. bin (Section 2.8.2) and reg8txtions 2.8.3 and 2.8.4)
based experiments offered contrasting advantages antvaidages making the ideal
approach to use both methods simultaneously. Not only whiglégftow utilization of

the advantages of both techniques but it also offerepdtemtial to make direct
comparisons between the two systems run in paralletder to maximize the value of
comparisons between the two systems it was chosem tange rather than small scale

reactors so as to minimize any differences.

Two different types of experiment systems were seldotestudy:

* The standard home compost bin system, managed to sirealatted home
composting activities in specified conditions. This willable the monitoring of
composting processes closely matching those of a houseboltgosting in
similar conditions.

* Reactor based experiments at the same scale as HsCable to be run under
almost identical conditions but built to allow contoser certain parameters and

accurate measurement of gas flow rates and emissions.

Sections 2.11 and 2.13 describe the design features oetkgsemental systems.
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2.11.Home comp

ost bin system

The remit of simulating home composting activities \&esy large one, given the wide

variety of systems and behaviours possible. Brief desmns of some of the H.C.

systems available to the public are provided in Table 23 arsdrdted in Figure 10.

Table 23: Compost systems available for use in home compost

Compost systen

nDescription

Tumbler

Consists of a drum mounted on a stand; theyreuh#le end

over end, or around on their axis.

Basic H.C. bin

Possibly the most familiar type of costgdain, promoted and
provided by most local authorities and also available fnaany
water companies and garden centres. Sizes vary from 200L t
over 700L, may or may not have access/inspection haacitks

bases and come in a variety of colours.

O

Digester

Most common example is the ‘Green Conaisisting of a
basket, buried in the ground with a double skin cone above
ground. Difficult for rats to enter and utilizes worrogtansfer
broken down material into the surrounding soil. Doesonotiuce
removable compost but must be moved to another site gv2&ry

years.

Green Johanna

Similar in shape to common open bottbiné@din but of
sturdier construction, fully sealed with a base placeyenting

entrance by rats.

Wormeries

Worms can take part at certain stages ic@mposting process,
however a system can be purpose built to utilize itesfzecies of

worms to decompose small quantities of kitchen waste.

Open heap or
home made

system

Material can simply be placed in a heap and compostilhg
occur, though possibly at a slower rate depending orizeet
the heap. Various levels of home made system can beftam
simply placing carpet over a heap for heat retentidarte,
multi-tiered or sectioned wooden constructions with ad

insulation.
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Figure 10: Examples of H.C. systems available (Top: Left to rightfTumbler, open bottome(, Green
Johanna (Bottom: Left to right) Digester, Wormery, Open heap

It is not known exactly how the type of compost systesed affects the composting
process and emissions and while this would ideally fornrtaop#his study, only a
certain number of factors can be investigated within tbggr time constraints. The
majority of local councils that have promoted home posting have focused on plastic
open bottomed H.C. bins, most likely because they difecheapest and simplest
option other than unsightly open heaps or some home syatlEms. It is therefore
reasonable to assume that these are the most cosystem as millions are known to
be in use in the UK (DEFRA 2005; Scott 2005). At the tahsetting up the
experiments residents of several counties acrostimycwere able to purchase
Blackwall 220L compost converters at a discount price eopghe WRAP home
composting scheme. These bins were therefore choseprasaetative of typical open
bottomed county council promoted compost bins, and therékaly to be in common

usage.
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2.12.Monitoring emissions from an open system

Monitoring a relatively open system such as an opeteingtd compost bin presents
several challenges. For gaseous emissions, when \gosktin a closed system the
outlet flow rate and composition can be measured fréwtwthe rates of emission of
individual gasses can be calculated. In the particul& @ban open bottomed compost
bin, the air can enter and pass through the bin in sewese. The relative importance
of the different air pathways will depend on the condsiin the bin. Possible air

pathways are illustrated in Figure 11 and discussedbifeT2t.

\C/(\Bp\

C2
D

E AN

Figure 11: Possible air pathways for an open bottomed compost biwith clip on lid
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Table 24: Air pathways from Figure 11

A

This is likely to be the principal air pathway, partanly during high activity
and temperature periods. Fresh air will be drawn franotlter edge of the
base and possibly through any hatches or grilles inwadla@mards by
pressure differentials. Various degrees of mixing willlwagith downwards
moving air from pathways C2 and D. Air passing further ineortiatrix will
have further to travel and suffer a greater resistemfiew. Differences in aif
composition throughout the compost matrix can theredooair.

At the top of the bin there will be a headspace betviee compost and the
lid. Air leaving the compost matrix will mix and cool inghegion.

Cl

This is likely to be the main air outlet via space betwhe top of the bin
and its lid. The rate of air exiting will depend on the pues difference
between the headspace air and ambient conditions aratea, shape and
associated flow resistance of the space. As welliksrbovement of air
molecular diffusion will occur through the gap, at a dgpendent on the siz
of the gap and on the internal to ambient concentraliiferentials.

C2

Air in the headspace not leaving by route C1 will colatine to the compost
air and may move back down into the compost matrix, ihiady at the sides
which will be cooler and offer less resistance tovfléir moving by this
route will mix to some extent with air moving by routeMolecular

diffusion will also occur back into the compost mafrixm the top and sides
dependent on the concentration differentials, aiptmature and convective

flow currents.

If there is not a high temperature in the bin and lbohvection movement is
very low there may be free movement of air in al§ assout through gaps
with the lid, this is unlikely to be a significant amototwvever. Molecular

diffusion will occur into the bin proportional to that enhg via route C1.

Gases moving through route C2 that are not recycled bemkgh route A
may exit at the edges of the base or any hatches @sgrilthe bin.

Molecular diffusion can also occur via this route Iharé are unlikely to be

high enough concentration differentials to drive anyifigant gas exchange.
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This complex flow system makes quantifying gas emissidfisudi as there is no
specific gas outlet point at which to measure compaséim flow rate. The simplest
alternative for monitoring the gas composition is toganrom the headspace (B in
Figure 11), which was the technique used in previous reseavtieéler 2003; Smith et
al. 2004). This method depends on the headspace gases béingxeeland
representative of all gases exiting the compost syfRegwious research has reported
that stratification of gases is not a sampling issueerheadspace of vermicomposting
units (Hobson et al. 2005) indicating that headspace gaseselimixed. Options for

measuring or calculating the flow rate are discussedwbelo

Direct measurement or collection from the top ofdbenpost unit

This would involve sealing the circumference of the lid, ighéere is the opening
between it and the compost bin, and adding an outlettoutre top of the unit. It could
then be attempted to either measure the flow rate o gasmugh the outlet with a low-
volumetric flow meter or collect them by means sasHow-weight polythene bags for
future measurement. The disadvantages of this method are:
* This method is based on the assumption that the oveniwtiemajority of gas
exits the bin at the top by route C1 and not by route Eigure 11.
* The changes in air flow caused by the alterations todhmpaost unit may have
further effects on the composting process depending aspdwfic design.
» Sealing the lid onto the bin will cause practical diffiees in managing and
feeding it.
* Most suitable and readily available flow measurementbeation systems
offer some resistance to flow so will, to some exteaduce the flow rate of
gases exiting at the top. This further reduces the vatditige initial

assumption.

Flux box method

Flux boxes are a method used for monitoring gas emisBimmsvarious waste
management processes (Epstein 1997; Environmental ResedrEdwation
Foundation 2003; Hobson et al. 2005). The method involvestaghaicontainer open
at one end partly embedded in the gas emitting matenmlf{llésoil/compost) and the

gas composition in the open space is monitored overtergetThe composition over
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time, area, volume and Fick’s law of diffusion arertlused to calculate the rate of
emission of the component gases from the emittingmnat The problem with this
method for use in composting, identified by Epstein (199 hasit assumes that
molecular diffusion is the only method of gas movemetat ihe box. Where
temperature gradients and convection currents are prégassumption is not valid.

Pressure or temperature difference

The driving force for the bulk air movement from thedw#ace to outside the compost
bin can be expressed in terms of the pressure and tperaore difference. It should,
therefore, be possible to estimate the gas flow ratedasuring the conditions in the
headspace and the ambient conditions. Difficultiesednowever from the irregular
outlet area, which is the space between the lid andithd he calculations would
require estimation of the open area given by the spadehe resistance to flow which
would vary with the fitting and tightness of the lid amy anoisture or particles in the
space. Alternatively a similar approach to the direeasarement method could be
made by sealing the space and adding a specified outlet bwbtlid offer the same
disadvantages discussed previously.

Theoretical estimate by mass balance

This method is known to have been used by EA Technotoggtimating air flow rates
through compost bins from their work discussed in Se&i®r? (Wheeler 2007). In
this case, a mass balance was performed on carbstint@& the mass of carbon lost
annually in a particular process. By assuming that bulivective flow was the gas
transfer mechanism, the average annual carbon dioxidewcwation in the headspace
was then used to calculate the volume of air that woeltequired to maintain this
concentration given the mass of carbon lost. Thihagkallows estimation of air flow
rates from some fairly simple measurements, howéherguality of the estimates
produced are very dependent on the accuracy of the valukesube calculation and
validity of the underlying assumptions. Previous work leenldependent on a limited
data set and several significant assumptions, rataardéise specific measurements,
including:

» National averages to estimate the waste input compositio

 Microcosm studies to estimate carbon released as CO
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Reactor data comparison

A novel method proposed here is to estimate the equivaieexchange rate in an
standard H.C. system by comparing it to the forced aeradite in a reactor system.
This would involve running a number of reactors under diffeflent rates
simultaneously to an otherwise identically run H.Ctesys The estimate could be
calculated in two ways, which can be carried out gmmalously. Firstly, by comparing
the process conditions, particularly the carbon diogm®centrations it would be
possible to identify which flow rate most closely m&slthe H.C. system. The
alternative method is to calculate the oxygen consummtithe reactor from the flow
rate and the inlet and outlet oxygen concentrationsra@Verse calculation can then be

performed on the open system to estimate the equivaileftdw rate.

This experiment is dependent on two main assumptiosslyfthat the composting
parameters of the two systems remain approximatelyairee over the course of the
experiment; and secondly that the oxygen concentratidre headspace is dependent
only on the rate of exchange of air within the bins. Thakmesses in these

assumptions stem from the following facts:

* The oxygen concentration is dependent both on the ratenstimption of
oxygen and also the rate of air exchange.

* The air exchange in the open bins will be more dependethieciemperature
and so activity within the compost due to its influenceamvection.

* When the oxygen concentration is lower in the openthi@sate of diffusion of
oxygen from external air into the bins will have a gredte/ing force and so
will increase. Within the forced system however, tineeachange rate is
constant and independent of all other factors; theofad&ygen consumption
being the only variable affecting the oxygen concentrgadthough this is
dependent on other factors).

* The rate of oxygen consumption is dependent on how miutie compost has
access to the air. In the forced system oxygen coukhpally reach more
densely packed parts of the compost or further into compdstigsidue to
slightly higher pressure. This would result in a greatggen consumption rate

even though the amount of compost was the same.
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The degree of influence of the above facts is difficupredict, but any effects should
be observable through the measured parameters of thenexpis. It is possible the
influence could be insignificant relative to the unaladile small variations in the feed
compositions and physical properties. Further difficulneisnitating an open system
with a closed reactor are discussed in detail in Se2tib3

2.12.1. Summary

Numerous difficulties have been highlighted in quantifytilg emissions from open
home composting systems but a range of possible metheeldban identified. Based
on the above discussion it was decided to focus priynamilthe reactor comparison and
mass balance methodologies. Although the reactor coraparnsthod involves several
uncertainties, reactor based experiments have been sbdwme their own merit.
Running both systems readily enables comparisons and p#iengeneration of novel
and potentially valuable results. Suitable tests andiledions could also to be
performed where possible, in order to assess the futudityi@f the alternative

methods.

2.13.Reactor based system

The purpose of the composting reactor is to allow compupsti the same scales as in
typical home composting but in a closed environment witerénputs and outputs can
be accurately quantified and analysed. As comparisoretwdre made with the open
system it was desirable to imitate the composting psoices 220L open bottomed
compost bin as closely as possible. The majority of puswvork in the literature
involving composting reactors is directed at simulatingdascale processes at a much
smaller scale (Michel Jr. et al. 1992; Hellebrand 1997;rSetaal. 2001), but despite

this difference many of the design aspects are deiaat.

2.13.1. Temperature

As discussed in Section 2.4.5, the compost temperatartiigction of the heat inputs,
outputs and generation. Unlike in reactors at a laboratmle, heat generation does not
need to be externally augmented as the reactor ie aathe scale as home composting.
For heat generation to be similar to in a H.C. sysierequires the following properties
to be comparable:
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* Quantity and composition of composting material
» Size and types of microbial species present

* Process parameters with an influence on microbialicti

The inputs and outputs are determined by the temperaturéoancate of the inlet and
outlet air, moisture evaporation, radiation from the and conduction through the
container walls to the environment. Radiation, condaciiod inlet air temperature are
determined by the ambient conditions, so the weatheslzamte and also the container
material properties. These can be controlled by thatitmre of the composters and by
using plastic reactors similar to the compost bins. dutiet air temperature and
moisture evaporation will be determined by the compostirtgnmaaproperties, process,
temperature, humidity and air flow rate. Small differes in a reactor system from a
parallel H.C. system could result in increasing vasregiand ultimately two very
different processes. This would depend on how succes#fiellseactor simulated the
H.C. system and the robustness of the process. Otheoidable variations come from
the open base of the H.C. system, putting the compasintact with the ground, unlike

in a reactor, and the differences in air flow which discussed next in Section 2.13.2.

2.13.2. Aeration system

The most common configuration for aerating laboratoajescomposting reactors is for
the substrate to be enclosed in a vertical cylinder onftagperforated plate with the
purpose of ensuring better air distribution (Petiot 2@04). The other main
configuration used involves a horizontal cylinder, with aimbit or sucked into the
headspace and distribution improved by mixing (Schwah 49884). Clearly to
simulate the air flow pattern through an open bottomedpostrbin (Section 2.12) the
first configuration is the most suitable. A complicatiorattempting to simulate the
natural aeration occurring in home compost bins isttieair flow rate varies
depending on the physical process conditions. The same mprbobkebeen encountered
in the past when full-scale static pile or windrownpmsting has been simulated.
Several researchers dealt with this by aerating remastothat they only fulfilled oxygen
demand and air was not forced through the matter (Matke £979; Sikora et al. 1983).
It is possible that this approach could bring reactorseclto simulating home

composting aeration but this can only be determined ¢rme&nown whether oxygen
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demand is met, exceeded or not reached. Due to the mopéegaand costly design
that this approach would require it should, perhaps be amsely considered when
more data is available. For the initial design, theeetbe more common configuration
of pumping air in under a perforated plate at a consga@twas chosen for its lower
cost and simplicity of design and modelling.

2.13.3. Determination of suitable air flow rates

Several sources are available in the literature to roeder of magnitude estimates of
the flow rate range required to simulate home compostintyding theoretical models
and experimental data. One suitable model is that dexkelmpelaug (1980) to model
the natural ventilation of compost windrows. This isdzhon treating compost particles
as spheres and the pore spaces as cylindrical pores beheea The presence of
moisture in pores is ignored and to calculate the kaiotn rate the buoyancy forces
between ambient and internal air are balanced withdnidbsses, considering the
effect of exit velocity negligible at low flow rate&.density difference of 0.22 g/L was
assumed corresponding to a temperature difference of 48t The final model is
shown below (Equation 6); the full derivation is availahblélaug (1980). This was
used to create Figure 12 with the added assumption of a bietdiaof 0.5m in order to

convert the aeration rate into Litres per minute.

2
Q= 272x10° f[%j Apr?

Equation 6

Where Q = Aeration rate, ¢faec M
Ap = density difference, g/L
r = particle radius, cm
f = FAS, fraction of total mixture volume
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Figure 12: Natural aeration rates predicted by the Haug (1980) mod

It should be emphasized that this is a greatly simdlifit®del, designed to highlight the
prime influencers of aeration and perhaps give order ghinale estimates, not to
predict actual values. There is an added complicatiosiig this model for home
composting as depending on the feeding regimen (See s2dibrthe free air space,
average particle radius, temperature and humidity onhithie aeration rate depends
will vary throughout the bin with the maturity of theatarial. In relatively fresh
material the particle diameter size in home compostabkte is likely to be at the
0.1cm order of magnitude or larger. Reported values ferdirespace of food and
garden waste composts are between 15-30% (Agnew et al. 2068)ghl fresh
material are likely to have higher values. For thiedhe aeration rate predicted by the
model is in the range 0.1-5 L/min when the compost is ardGiC above ambient

conditions.

An alternative approach in estimating the required flow ito base it on the oxygen
requirements of the waste material. Epstein (1997) repderge number of oxygen
consumption rates for different waste materials angéeatures from several sources.

Values reported for materials similar to home compastaastes are in the range 1 to
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6 mg Q/ g Volatile Solids/ Hour. This can be converted to Isitper minute by

substituting appropriate values into Equation 7.

X MVair.looxm MC VS =Q
1000xMM, = X, x60 100 100
Equation 7
Where, X = Oxygen consumption in mg/@VS/hr

MM, = Molecular mass of oxygen, 32

Myair = Molar volume of air, 24 L/mol at 2G

Xo2 = % G in air, approx. 21%

m = mass of compost, g

MC = compost moisture content, %

VS = compost volatile solids, %

Q = Flow rate required to meet oxygen consumption, 4 pper minute

Figure 13 shows the air flow rates required to meet thenmoan and minimum oxygen
demands based on Equation 7 for a range of parameteusnidgsfresh feed would
provide the dominant oxygen requirements, a moisture corgegé of 60-80% with a
volatile solids content of 70% was used and a compost Ineda®en 10 and 30kg. The
required flow rates are shown to be between 0.1 and 3 Ldmisimilar to the previous
result of 0.1-5 L/min.

75



Required Flow rate, LPM

3 Max MC=60
2.5 A
Max MC=70
2 .
1.5 4 Max MC=80
l .

05 - Mi_n MC=60
Min MC=70

Mln MC=80

=
o \
)
o
w

0

Compost mass, Kg

Figure 13: Required flow rate to satisfy the oxygen demand for ifferent compost moisture conten

% with a minimum and maximum oxygen consumption of 1 and 6 m@./g VS/hr respectively.

2.14.Feeding regime

In home composting there are a large variety of fepdigimens that can take place. If
kitchen and other biodegradable household wastes are addedllthesa daily or
possibly a weekly regular feed to the bin. Garden wastenast likely be less regular
and depend more on the growing season. If grass is cordpb&evill be added at a
frequency and quantity dependent on the garden size, grogasgrs type of grass and
mowing frequency. Other garden wastes will be also berdeted by what sources of
garden waste/types of plants are present at the hods€&€haing the growing season it
is possible some households will perform a lot of pruntegat one time and so add a
large amount of material or even fill their bin in onebgb the likely amounts or

frequency of this behaviour is unknown.

The total emissions from a compost bin at any timebweila combination of the
emissions from the degradation of each componentngigsshed by their chemical and
physical characteristics. These are determined by thginal composition
(fruit/grass/card/wood) and their state of degradation, wisicletermined by their age

and the conditions (temperature, microbes present,tgatifivmacroscopic life,
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moisture, pH, @conc. etc.) over the period they have spent degraditigoddh after
many feed additions there will, in total, be a large am@f material present; if most of
the activity in the degradation of a component occurkarfitst one or two weeks then
the bulk of the material will be relatively matureddass active. Only if the total
emissions of the compost in the bin allow the conegiotns to reach detectable levels

will emissions be measurable.

For example if 2kg of fruit waste is added to the binwweak long period it could be
that under the conditions in the bin (temperature, oxygecettration, moisture, pH
etc.) the decomposition would produce 1 pg:@er kg fruit waste. If this figure was
combined with the total mass of fruit waste compostedahnit may add up to a
significant value. As it occurs in such small incremém&ever, it is undetectable
within the bin, leading to the incorrect conclusion thatharmful emissions are
produced. The potential significance of this problem dependbseodetection limits of

the monitoring equipment used.

Monitoring the decomposition of much larger quantitieshefrelative materials or
reducing the gas flow rate could cause emissions to reaettalate levels. The effect
of both of these changes, however, is to reduce thevaiper unit mass through the
material which would change the conditions of the pge@d so invalidate the results.
Alternatively the minimum airflow at which emissioresach detectable limits could be
investigated, giving an indication of how far the conditionsompost bins are from the
conditions at which the emissions become significahis &xperiment would require

accurate control of the composting parameters.

The two methods of feeding home compost bins chosea itovbstigated are:

* One large bulk feed (20+ Kg): This would encourage quicker cetimgpat
higher temperatures. Emissions would be more likelydolreletectable levels.
The lid of the compost bin would not be removed for flegavhich could affect
the air composition. It is unlikely to be represenwab typical home

composting behaviour.
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* Regular small additions (1-20 Kg): This is believed to beentommon home
composting behaviour. With regular small feeds, howek#reifeeding is far
apart then the decomposition of the material added wiagroduce enough

emissions for them to reach detectable levels.

2.15.External environment effects

The external environment can influence home composting ggesen a number of
different ways, some of which are determined/influencethbyhouseholder/composter
and some of which are not. It is important to considese in the design of H.C.
experiments due to their impacts on repeatability anehtbepretation of results. The
factors considered most important or universally releaas discussed below, but a

more comprehensive review is provided in Appendix 2.

» Heating effects determined by the ambient temperature and strength and hours
of sunlight which is also affected by shade from wadlstes and their
orientation. Although it would be possible to artificiatigntrol heat inputs it
would be very difficult to simulate typical ambient ditions and a complex
and costly process. Insulating the experiments may imglpove repeatability,
but this may significantly reduce the similarity to tglicomposting.

* Moaisture content will be influenced by the heating effects and to a lesgnt
air humidity and surface drainage, dependent on whethsutfee is
concrete/paved or soil and its type and saturation. Hmmgosters may also
add water to their bins in order to improve the compostinggss.

* The presence ahacroscopic life such as insects and worms that can
perform/affect degradation processes are likely to beggthby the external
environment, more so than microscopic life which waéllrbore influenced by
the feed materials and compost parameters. These delyd have
significant effects on gaseous emissions, except inabe of vermicomposting

where very large numbers of worms are involved.

Due to the difficulty of controlling these parametehng most appropriate approach is to
record the ambient temperature and the moisture corgetits input materials so they
are known for repeated experiments and the interpretatithe results. Carrying out
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experiments to observe the effects of insulation and gddater may also aid
understanding in these areas. Performing the experimessilovill at least allow
macroscopic life to access the compost but it wouldelpg difficult to ensure
consistency or repeatability in this parameter.
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3. Trial experiments

In this chapter the aims, methods and outcomes oefdriments that were carried
out are described. The experiments were conducted intordather some initial data,

but primarily to assess the two chosen methodologiesig8et:10):

* Experiments with standard H.C. bins, managed to simuté¢eted home
composting activities in specified conditions. This willable the monitoring of
composting processes closely matching those of a houseboltgosting in
similar conditions.

* Reactor based experiments at the same scale as HsCabie to be run under
almost identical conditions but built to allow contoser certain parameters and

accurate measurement of gas flow rates and emissions.
3.1.Trial materials and methods

3.1.1. Sandard naturally aerated home composting system

The bins used for these experiments were standard 22(pbsbimins as supplied to the
public (Blackwall Compost Converter 220 litres — black). bims were open bottomed
and the lids were modified to allow access to the headgplae volume of air between
the compost in the bin and the lid) without complete neahof the lid (see Figure 13).
This meant that frequent gas sampling could be performéduwtithe loss of

headspace gases that would occur when removing the litieAsetidspace access tubes
had valves, which were kept sealed except when collectsgagaples, the gas transfer
mechanisms in the bins would be the same as when used pytilic.
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Entrance in lid for
ammonia/ humidity
probe:

Clip-on lid

Tube seals in lid
for gas sampling

220L
compost bin

Hatch for removal
of compost

Figure 14: Standard naturally aerated home composing systen

3.1.2. Forced aeration sealed composting system

This system was devised and designed in-house and consistédro¢l with
approximately 200 L capacity. The top and base of the haerel removed and
especially cut plastic covers were clamped in place averoprene gasket to keep the
bin airtight (see Figure 14). A 10 mm diameter tube irbdse was attached to a
variable flow rate air pump (TetraTec 300). Air was aélo\vto exit through a tube in
the lid of the bin to enable the air to flow through itheut allowing any other air to
enter other than that pumped in. Inside the bin, a pertbpa¢e was held 5 cm above
the base to support the compost whilst allowing free moveaier beneath it. The air
flow rate through the bins was set by calibrating th@amps to the desired flow rate
using an air flow meter (Microbridge Mass Airflow Seng&®VM3000 series) before
connecting the pumps to the bins.
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Entrance in lid for
Tube seal§ for humidity probe
gas sampling
Clamps to
maintain seal
Neoprene
tubing
gasket 200L plastic bin
Diameter = 0.8m
Air Height = 1.2m
pumped
in at base Thermocouples

Figure 15: Sealed composing reactor systemwith forced aeratior

3.1.3. Location/environment
Two outdoor locations at the University of Southamptaéfighfield Campus were used
for the experiments:
» Site one — Concrete surface, facing South-East, recesuimgn the morning and
in shade during the afternoon.

» Site two — Grass and soil surface, also facing Sousi-Bat in partial shade

provided by surrounding trees throughout day.

AR =

Figure 16: (Left) Site one, location for the reactor system airflow exprimem

(Right) Site two, location for the H.C. system emissits experiments
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3.1.4. Input materials
The feed materials used for the experiments and thaices are described below.

Fresh grass
Grass cut from the grounds of Highfield Campus was pilgdtt@r at one location

where it was left to compost. The grass was fed irgddths within 12-36 hours of
being cut. As the grass was taken from large public grouadg sontamination with
litter occurred - this was removed by hand. Howeves, loissible that some items were

missed and that a limited amount of contamination passedhe compost bins.

Soft and woody prunings

Soft and woody prunings cut from different plants on the HedghCampus were
placed in a skip and collected for several weeks. Thgosition of materials collected
in the skip therefore varied depending on the recent gaglemrk. The prunings were
removed and shredded by a garden waste shredder to approxizrdoatyin length

prior to feeding into the compost bins.

Fruit and vegetable waste

Fruit and vegetable waste was collected from the Highfi@mpus staff catering
service. The waste included vegetable peelings and unusals@pfutit and

vegetables that were bruised or past their expiry d&e whste was collected daily and
stored until the end of the week when it was fed intdths; the waste therefore varied
between 0-5 days old on feeding. This is representatiieudeholders who store food
waste in the kitchen and move it to their H.C. bin mtieere is enough waste, or once a

week, but not of householders who add all food waste ieio EhC. bins daily.

Card

Waste corrugated cardboard collected from the Highfield Campsgorn by hand into
squares about 5 cm across before feeding to the compsesthia was performed
following typical home composting advice (The Compos#sgociation 2004; The
Waste and Resources Action Programme 2006).
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3.1.5. Temperature

For bins located at site 1 (see Section 3.1.3), temperatas monitored at several
points within the compost (Top, middle, bottom and sidéneffresh feed addition) by
using type K thermocouple wire attached to a datalogger (D 2@taker) to record
the temperature at 5 minute intervals with an accurae@dfC. For bins located at

site 2, where this was not possible, DS1921 I-button temperdataloggers were used
(see Figure 17). These had an accuracy of’@0ahd were programmed to record the
temperature at 10 minute intervals; the data was downloadeohipgction to a PC
every 4 weeks. They were placed in the centre ofrdshfwaste addition to capture the

maximum temperatures reached.

Figure 17: DS1921 -button temperature dataloggel

3.1.6. Humidity

A humidity probe (Hygropalm Portable Humidity Temperatundicator, Rotronic) was
used to take humidity readings in the headspace of thpast bins (Method reference:
Manufacturer instructions). The probe was calibrated svBhpoint calibration using
Rotronic certified humidity standards of 35%, 95%, 10%. Tleeracy of the probe at
22°C is +0.5%RH + 1.5% of reading. A hole in the H.C. bimeactor lid, normally
sealed with a rubber bung (See Figure 14 and Figure 15), wasouaskow access to
the headspace without allowing significant air exchartigeas found that between 5-15
minutes was required for a stable reading to be reachddthgireading moving
increasingly slowly as it neared 100%.

3.1.7. Solids sampling technique

The task of obtaining a reasonably sized sample thgbriesentative of the sampled
portion presents a number of problems and emphasizesélefor using a standard
sampling method. Growing media and soil improvers ang dificult to sample
because of the variety and inhomogeneous nature of theatsaievolved (BSI -
British Standards Institution 2000).

84



The sampling method for this study was to use a comp@sitplég strategy in which
multiple individual or “grab” samples (from differelotcations) are physically
combined and mixed into a single sample (see Figure 18ata fyhysical, rather than
a mathematical, averaging takes place (EPA - EnvirorahBnbtection Agency 2005).
For a well-formed composite, a single measured valuelgibeusimilar to the mean of
measurements of the individual components of the conap(satbrizio, et al. 1995).
Collection of multiple composite samples can providproved sampling precision and
reduce the total number of analyses required comparezhtocamposite sampling. This
form of sampling is recommended and used in the Britiahd&rds method for
sampling from soil improvers and growing media (2000) andharatomposting
investigations (Eklind et al. 2000; Mohee et al. 2005).

Individual Field Samples

WA

Cumpnsue Cﬂmpusﬂe

Figure 18: Forming composite samples from individual sample(EPA - Environmental Protection
Agency 2005)

The British Standards method for sampling from soil impre and growing media
(2000) suggests the following formula for the number of $agppoints, N:

N :o.5x[vy2j

Where V is the nominal quantity of the sampled portiomirand the minimum number
of sampling points = 12. Eklind and Kirchmann (2000) pooled terasuiies of about
250ml and Mohee and Mudhoo (2005) took four grab samplesiatefndom locations
from the middle of the composter and at the two extiesi
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Adopting the British Standard method meant using the nimimumber of 12
sampling points. These small component samples wer@veshby hand at random
points from within the compost material and pooled in pelythbags to form one large
sample of between 200-400g. This large sample was tramktertie laboratory within
an hour and well mixed before sub-samples were removebdwarious solids
analyses. Samples were taken from the input matetiéihe start of experiments and
from the compost products at the end of individual expettisnen

3.1.8. Carbon dioxide and methane analysis

Gas analysis for carbon dioxide and methane was perfarsieg a Varian CP 3800
gas chromatograph with a gas sampling loop using argdre astrier gas at a flow of
50 ml min*. The GC was fitted with a Haysep C column and a mdgesieve
operating at a temperature of ®0 The GC was calibrated using two standard gases
containing 35% C@and 65% CH(BOC, Guildford, UK) and 1% of each component
of CHs, CO, CQ and K in N, (SCOTTY gases). 5 replicate measurements of the
standard gases were made; the accuracy of methane bad dayxide were found to
be £1.8% and £1.0% and the precision of these measurerasuatied in standard
deviations of 1.3% and 1.4% (n=5) respectively. Five ml sysingere used to draw air
samples from the compost bin headspaces or reactet tultes and then sealed until

analysis.

3.1.9. Elemental analysis

The total carbon and nitrogen values of the feed matexrad composts were
determined using a LECO CHNS-932 elemental analyser, falfptiie manufacturer’s
standard procedures. Two certified natural reference matpravided by Elemental
Microanalysis were used for calibration, composed mibleaf (48.3% C, 2.1% N) and
sediment (6.5% C, 0.5% N) with measurement uncertaioti2$s% C and 0.07% N. 5
replicate measurements of the reference materials made which resulted in standard
deviations of 2.3% for N and 2.5% for C (n=5).

3.1.10. Moisture Content and Volatile Solids

TS and VS were measured gravimetrically using a fan-adsisten (Vulcan-Hart,
USA) at 105°C and a muffle furnace (Carbolite, UK) at 5&Dusing a balance with
sensitivity £ 0.1 mg according to Standard Method BS EN 13040:260032039:1999.
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The standard deviation of TS was * 2.8% TS kgt weight and the VS was +4.5%VS
kg* wet weight based on typical measurements made throutitiswork (n=5).
According to the standard method a repeatability standatidtaie for TS of
composted coarse bark was 0.95% TS gt weight (n=17) and for VS 1.29% VS'kg
! wet weight (n=18).

3.1.11. pH and Volatile fatty acids

The pH of the compost was measured using a weight rasiangple to water of 1.5,
mixing 60g of compost material with 300ml of distilled watBne resulting solution
was shaken for 1 h at 2D before analysis with a calibrated pH meter. A pH probe
connected to a Jenway 3310 pH meter (Jenway, UK) was Tise¢hH meter was
calibrated before use with buffer solutions (pH 4, 7 aBdRsher Scientific general
purpose grade) which were made up weekly and stored indgaedeBetween
measurements, deionised water was used to clean the pha&bmeasurement was
taken within a short period of sampling to avoid the eatgmr of volatiles or
evolution of dissolved carbon dioxide, both of whichldaalter the pH reading. The
accuracy of the pH meter was £ 0.01 pH unit although acaptdithe standard method
4500-H (APHA 2005) under normal conditions expected accuracy sitlethod is +
0.1 pH unit with a precision of £ 0.05 pH unit.

The use of a surface pH probe (Fisherbrand flat tipipIBNC for surface pH
measurements) was also tested for the rapid measuref@mpost pH on-site using a
portable pH meter. The probe was calibrated as for stépithprobes, using standard
solutions of pH 7 and 4 or 9.2 as appropriate. Surface pHunezasnts were made in
triplicate at different locations within the compost batshe same time as the
collection of a composite sample for standard pH measame The locations at which
surface measurements were made were the upper surfaced@@am0cm down and
the bottom layer behind the hatch.

3.1.12. Leachate collection from open bins

A novel approach to collecting leachate from open compostwas tested. A 75ml
plastic container fitted with a 12cm diameter perfatdictand a filter medium (Figure
19) was placed into the upper compost in the bin and thefeedradded over it.
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Figure 18: Leachate collection systel

It was anticipated that leachate from the fresh catpwould drain through the filter
media into the container which could be removed aftegt time and the leachate
collected. As well as allowing leachate samples toddected, this method had the
potential to quantify the total produced, by scaling the quaintitye container with the
ratio of the lid area to the cross-sectional aregh®bin at the appropriate height. This
would require, however, that the leachate drainage beadgut over time across the
compost cross-section, which may not be the case slhetitrogeneous nature and any

channelling that could occur.

3.1.13. Trial H.C. bin experiment protocols

These experiments were conducted using only the standardllyaterated H.C. bins,
located at site 2 (section 3.1.3), a standard garden envirbasentypical of most
home composting activities. In the initial trial expegints, five different feeds were
used for five bins. The feeds were selected to represeliteheranges of the most
significant parameters affecting home composting. Tiepositions of the feeds are
detailed in Table 25; the source and parameters of the cempmaterials are
described in Section 3.1.4. The mixture parameters weselagdd from the individual
components using a method of solving simultaneous equalficastihann et al. 2002).
Kitchen waste was added weekly, while garden waste wasl &oideightly.
Temperature data was collected using I-button datalogger8q(i$4.3.1). The
experiment was conducted for 4 weeks.
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Table 25: Composition of the weekly feed given to the fivepen bottomed composting bin.

Compost bin number and properties
1 2 3 4 5
- - §®]
0 0 - C o
+— +— o Z\ )
5| £21853|5s%8 |85
Feed component = 5 2 |= 36 3|8 o 219 8 ¢ |2 =
< 2 5 |< 2 2 |8 £ 5|2 @ 5 |= 9
E & E © O @ = 5 = & 7 @
8 g = | = 5 2
Mass of each component in weekly feed (Kg)
Grass 6 6 6 6 -
Soft and woody prunings 1 1 2 - -
Fruit and vegetable waste 2 2 - 2 3
Shredded cardboard 1 1 - - 1
Total weekly feed 10 10 8 8 4
C:N ratio 25.4 25.4 28.4 17.3 30
Moisture content % 68.9 68.9 65.3 83.3 67,3

3.1.14. Trial reactor experiment protocols

This experiment was conducted using 5 sealed forced aeredéictors (Section 3.1.2)
as well one standard open bottomed H.C. bins for compaiisoprimary purpose was
to improve understanding of the air flow rates and meshasin home composting.
Five sealed forced aeration bins and one naturally advatedere run. These were all
fed with the same “garden waste only” composition uséial 1 (see treatment 3 in
Table 25) at fortnightly intervals. The flow rates loé tbins were set as 0.05, 0.15, 0.25,
0.35 and 0.45 litres per minute (L/min). These are at therloange of the flow rate
values estimated in Section 2.13.3 as higher values waughhless likely to occur.
The flow rates were monitored regularly during the expearirasing a portable flow
rate meter at the gas outlet. The naturally aerated lmpéomed H.C. bin run in parallel
had the purpose of indicating if the flow rates used \vetiee correct range by
observing which showed the most similarity in termshefpprocess parameters. The
experiment was conducted at site 1 (section 3.1.3), whesgsipossible to securely
install the monitoring equipment and experimental appar@tesexperiment was
conducted for 4 weeks.
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3.1.15. Trial insulation experiment

In order to reduce the uncontrollable influence of depperature fluctuations and
shade effects on the compost bins, it was decided togesaiing and sheltering the
bins. This was achieved using wooden fence panels to slnatbints from the sun and
a layer of loft insulation protected by plastic filmibsulate them as shown in Figure
20. In the experiment 18 Kg of garden waste was first fedgair of non-insulated

H.C. bins and a pair of non-insulated reactors andriéy@eated after insulating the bins

and reactors.

Figure 2C: Insulated compost bin:
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3.2.Trial H.C. bin experiment results

3.2.1. Temperature

The temperature profiles in the bins can be seen in Fjuréhe temperature data is

summarised for feed additions 1 and 2 in Table 26 and Tablesp&ctesely.

Tenperature (Deg C)

‘N

‘||

w

—— LowC:Nratio

— All, tuming
Garden waste only,

—— All, noturning

—— Kitchen waste only,

AR

0 T T T T T

10 12 14 16 18 20 22 24
Time (Days)

Figure 21: Temperature profiles in Trial Emissions H.C. bin experiment

Table 26: Temperature summary for trial H.C. bin experiment feed addition 1

Garden
All, All; no waste
Low C:N ratio| turning | turning only Kitchen waste only
maximum 72 66 65 56 25
3 day average 59 50 35 39 19
14 day average 35 29 26 26 18

Table 27: Temperature summary for trial H.C. bin experiment feed addition 2

Garden
All, All; no waste
Low C:N ratio| turning | turning only Kitchen waste only
maximum 60 63 59 60 21
3 day average 41 55 39 54 17
14 day average 35 31 24 34 15
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3.2.2. Carbon dioxide concentration
The average carbon dioxide concentrations measured he#uspaces of the bins are
shown in Table 28.

Table 28: Average headspace C, concentrations in trail H.C. bin experiment:

Average headspace | Standard

CO, concentration (%) deviation
All turned 5.9 0.6
Kitchen 0.3 0.0
Low C:N 5.3 0.5
All no turn 1.8 0.2
Garden 6.3 0.6

3.2.3.pH

The average results of compost pH measurements mad®ksian and at the surface
pH are shown in Table 29.

Table 29: Average pH in Trial Emissions H.C. binexperiments

Approx
Feed type C:Nratio | Solution pH| Surface pH
Garden and kitchen with turning 25:1 7.6 7.5
Garden and kitchen without turning 25:1 7.5 8.5
Low C:N 17:1 7.9 7.6
Garden only 28:1 7.5 7.7
Kitchen 30:1 7.9 7.9

A statistical analysis of the percentage error inréselts and a comparison of the two

methods is shown in Table 30 below. The average perceetagebetween the

triplicate surface pH measurements is not particulagi at only 1.1%, which is

actually lower than the error in the standard solutiethed at 1.5%. However, taking

the solution pH as the true average compost pH, tharenisch larger percentage error

between the solution pH and surface pH measurementsamwakierage of 4.1% and a

maximum of 13.7%.
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Table 3C: Percentage error in surface and solution pH measuremés

Average % errorf Range % error
Surface pH triplicate measurements 1.1% 0.0-4.9%
Surface pH variation between locations 1.9% 1.0-3.4%
Solution pH triplicate measurements 1.5% 1.0-2.0%
Comparison of solution pH and surface pH 4.1 % 0.1-13.7%
measurement
3.2.4. Humidity

As can be seen in Figure 22, all the measurements maddetsveen 96 and 100%,

but it is possible all readings would have reached 100%amitkven longer

stabilisation time.

100 - f E i E f !
90 1
X
>
he:
€ 80 ®
T
70 1
60 T T T T T T T

0.05 0.15 0.25 0.35 0.45 Open  Ambient
Bin flow rate (LPM) or system

Figure 22: Range and average humidity observed in airflow bir
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3.3.Trial reactor experiment results

3.3.1. Temperature

The temperature data is summarised for the differentriexpet treatments in Table 31.
The temperature profiles can be seen in Figure 23.

Table 31: Trial reactor experiment temperature results sumnary

Reactor air Temperature®C)
flow rate Max Min Average| Stdev
150 38.7 12.5 23.4 5.1
250 48.7 15.5 26.8 5.3
350 45.2 11.3 26.5 7.2
450 51.0 15.1 25.0 6.4
H.C. bin 55.7 13.9 27.2 9.9
Ambient 23.8 8.8 16.5 2.5

60

50 -
G 401 ——H.C. bin
> _' 450 ml/min
2 30 350 ml/min
Q
5 —— 250 ml/min
®© i
© 20 —— 150 ml/min
o
&
S 10

O T T T T T T

012 3456 7 8 9101112131415161718 19202122
Time (days)

Figure 23: Trial reactor experiment temperature profiles
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3.3.2. Carbon dioxide concentration

The average C{concentrations for each reactor and the H.C. bislawen in Table
32.

Table 32: Trial reactor experiment average CC, concentrations

Reactor air| Average headspace| Standard

flow rate | CO, concentration (%) deviation
0.05 19.5 2.0
0.15 17.0 1.7
0.25 9.6 1.0
0.35 9.9 1.0
0.45 11.9 1.2
H.C. bin 0.5 0.0

3.3.3. pH

The compost and leachate pH results are shown in B&ble

Table 33: Trial reactor experiment compost and leachate pH radts

Bin air | Average| Average

flowrate | pH of pH of

(L/min) | compost| leachate
0.05 6.9 8.7
0.15 7.8 8.4
0.25 8.1 8.2
0.35 7.6 8.3
0.45 7.9 8.2
open 7.7
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3.3.4. Humidity

The humidity measurements are summarised in Figure 24.

105
100 -+ |_ |_ |_ A |_ .
95 +
90 +
85 |
80 + -
75 +
70 +
65 -
60 | | | | | |
0.05 015  0.25 0.35 0.45 H.C.bin Ambient

Reactor air flow rate (I/min)

% humidity

Figure 24: Trial reactor experiment humidity results

3.4.Trial insulation experiment

Figure 25 shows the temperature profiles resulting fréestacarried out to observe the
effect of insulation. It can be seen that two changgre caused in the bins:
1. Reduction in size of the peaks and troughs caused by theetaperature
fluctuations;

2. Removal of temperature differences at different locationke bin.

What is not caused, however, is an increase in the maxit@mperature reached as it
is approximately the same in the cases with and witingutation.

H.C. bin Reactor

__60 ~ 60
(@] (]
o 50 o 50 -
] 5]
£ 40 £ 40 |
(0] / ]
5 30 5 30 1
= / 2
$ 20 \\ J S 20
Q | / Q
£ 10 1 ‘ £ 10 -
[ W 2 '

0 T T T T O T T

0.00 5.00 10.00 15.00 1.00 6.00 11.00 16.00

\f Top — Middle  Side Bottom\ \f Top —Middle  Side Bottom\

Figure 25: Temperature profiles of compost at the top, middleside and bottom without insulation
(0-7 days) and with insulation (8-21 days) in H.C. bins (lefnd reactors (right).
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Figure 26: Trial insulation experiment CO, concentrations in the reactors (left) and H.C. bins
(right)

3.5.Trial discussion

3.5.1. Temperature

The temperature results show that the maximum tempenratas reached within 1-2
days of adding a fresh feed addition, after which theégature fell rapidly getting
closer to the ambient temperature. The maximum temperahserved was 7@ which
was sustained for less than an hour. The effect ofeartemperature can be seen to
cause significant daily fluctuations in line with the @@l fall from day to night. It can
be observed in the reactor experiment that the highfiowai rates reached higher
temperatures, with the highest observed in the H.Clbitine H.C. bin experiments the
kitchen waste feed reached a much lower temperaturelyndie to the much smaller
feed size. The low C:N ratio produced the highest teryeraalthough only in the first
feed addition and not the second, when the all componathtsurning treatment was
higher. It can also be observed that turning the congmostistently resulted in higher
temperatures.

3.5.2. Carbon dioxide concentrations

In the H.C. bin experiments the carbon dioxide conedintis show similar patterns to
the temperature results. The kitchen waste treatmentezha very low C®
concentration at only 0.3% compared to 5-6% in the otbatrtrents with turning and

1.3% in the treatment without turning. This very low Q&0ncentration from the
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kitchen waste treatment may not only be related tethedler feed size but also the
higher density of the feedstock, and hence the much laegelspace volume in this
treatment. The headspace volume in a H.C. bin wogidddly affect the headspace
CGO, concentration measurement with the same emissienThis feature was not

considered previously but should be for future experiments.

In the reactor experiment, as would be expected therawasd for CQ concentration
to decrease with increasing air flow rate and it is Evirethe H.C. bin. The trend is not
consistent however, with a very large drop betweer0th5 to the 0.25 I/min reactors,
and an increase between the 0.35 and 0.45 I/min bins. Aedthdor each reactor was
as similar as possible such a significant difference wvdikely to be due to a different

oxygen consumption of the waste. The most likely caases

» Drifting of the pump flow rate after it was initiallet

» Significant failure of the sealing of the reactors\alltg air to enter

Although the flow rate was monitored during the experinynmonitoring the outlet
flow rate, this was found not to be an appropriate metDedpite the low resistance to
flow of the instrument used, measurement of the outlet fate was difficult. Even the
low resistance meant that after attaching the instntiteethe reactor outlet there was a
drop in flow rate and, due to the large reactor volumeg @g®tminutes was required for
the flow to raise to a steady level, which must stilhbeen lower than the original
value. Presumably for this reason it was found thaethers a marked difference
between the calibrated flow rate and the measured Jahpeoving the reactor seals
and adopting a system to monitor and adjust the pump fl@s cantinuously at the
inlet should solve these issues.

3.5.3. pH

The pH for all except one compost sample is in thgegah5 — 8.1 (see Table 33 and
Table 29). (Ward et al. 2005) suggest that high pH levels gaifysthat active
composting is still taking place and (Smidt et al. 200%) ahjgH of 7.5 indicates
stability. As the pH of all the composts is not verythit seems that the compost is
mainly stabilising as the majority of the compost Wwédlve been at least several weeks
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old during sampling. Interestingly the compost that shawsl below 7 is from the
reactor that was given the lowest air flow rate.ofBEriis et al. 2001) state that volatile
fatty acids are the result of anaerobic processes eoyht influence the pH of
compost, causing it to be low when they are presenteldrerthe lower pH of the
compost with the lowest air flow rate may indicatgr@ater number of anaerobic
processes taking place.

The differences between surface pH and solution pH measuts were found to be
quite significant, with a maximum of 13.7%. Although thstéas analysis of surface pH
is advantageous this is of limited use in this home cotmgpstudy for the following

reasons:

* Measurement of surface pH requires removal of the contjo&td which, if
done frequently, will affect the gas composition. As peasurements are of
less significance to this study than gas composition uneaents it is
undesirable to make frequent pH readings to the detrimehe afas
composition results.

» Common practice in the scientific community is to usedolution method, and
the link with surface pH is not sufficiently well undersido compare the two
measurements.

* From this preliminary work, the variation of pH betwebka Ibcations
monitored is quite low, at only 1.9%, not significantly fegthan the

measurement error.

At the small scale of home composting, thereforepteasurement of one composite
sample by the solution method for the analysis of pldlveeem to be sufficient.

3.5.4. Humidity

The results indicate that, due to the relatively esedonature of H.C. bins with lids and
the high moisture contents of the waste inputs, thadityms near 100% in the bin
headspaces at all times within two weeks of a fresth d&elelition. Due to the time
required to carry out these measurements it seems usagces continue with them in

future experiments.
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3.5.5. CH4 analysis
No CH, was detected using the initial apparatus set up which hexasaigity of +/-
0.5% which, it was realised, was far too insensitive tocti¢he concentrations of GH

that could be found in H.C. activities.

3.5.6. H.C. bin leachate collection

As a leachate collection method, this approach wagftmbe quite successful with at
least small quantities of leachate found in all the @iaets. The amount collected,
however, was highly variable with less than 5ml in smases and the maximum 75ml
in others. This indicates that as a quantitative tasliitadequate due to the uneven
leachate flow across the compost cross-section.

3.5.7. Insulation experiment

Insulating the H.C. bins and reactors had the desirect &feeducing the influence of
daily temperature fluctuations but also removed the tempergtadients throughout
the compost. The improvement in experiment repeatalslityerefore offset by the
difference from non-insulated H.C. activities.

3.6.Trial conclusions
The initial results of the trial experiments showeat the approaches adopted were
viable but highlighted a number of improvements that coalcthbde to improve future

experiments. These conclusions can be summarised@sd:

* CH, analysis: A much higher sensitivity for @Was required which could be
achieved by using a different set up on a gas chromatograph.

» A portable infra-red gas analyser would improve the accuaadyspeed of
analysis of the headspace gas samples for T@s would allow the analysis to
be done at the H.C. bin or reactor taking the gas dlirsoim the headspace,
rather than transporting a sample to the lab. Theysisatself would also take
only 30 seconds rather than up to 5 minutes.

* The air flow rates used in the reactor experiments provde significantly

lower than the equivalent gas exchange rates in theldth€ from comparisons
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of the CQ concentrations, so higher flow rates should be usedunefut
experiments.

Humidity was found to be almost 100% in all cases, shguhat was no need
to continue monitoring it in future experiments.

The experiments could be improved by using mature compostiaidab reduce
the headspace volume in the reactors and H.C. binshwiaald also inoculate
the composting process and make them more similar todh€ used by the
public.

Surface pH analysis produces similar results to the salutiethod but is more
variable, so the standard approach using the solution thetimuld continue to
be used.

Adding in-line monitoring of the reactor air flow rate wi ensure any drifting
of the pump flow rate could be observed and corrected.

The changes to the temperature profile throughout the ceémmgosed by
insulation are not worth the improvements to repeatglidit the purposes of
this project so this will not be used as standard for futMperiments. It could
still be used as an experimental parameter howevehserve the effects of a
different temperature profile on the home compostinggs®.c
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4. Materials and methods

The features of the trial methods which were kept irsd@nd round of experiments
are listed below, the details of which can be found enpitevious section:

» 3.1.1 Standard naturally aerated home composting system

» 3.1.2 Forced aeration sealed composting system

» 3.1.3 Location/environment

 3.1.5 Temperature

e 3.1.7 Solids sampling technique

* 3.1.10 Moisture Content and Volatile Solids

* 3.1.11 pH and Volatile fatty acids

The changes made to the methods are described in detwsl fimllowing sections.

4.1. Standard naturally aerated home composting system
The H.C. bins were unchanged from the trial experirmetiup described in Section
3.1.1.

4.2.Forced aeration sealed reactor composting system

Some alterations were made to the composting reactonsthe trial experiments. As
leachate was found to leak from the base of the sorte difins, it was decided to
sacrifice the removable bases and seal their conndctithe bins with silicone.
Additional clamps were also added to the lid to ensumréight seal. Internal gas
sampling tubes were added, consisting of a 10 mm plasticrtsdxeed through a seal in
the bin, which was fed into the centre of the comphst. external part of the tube had

a valve which was kept closed at all times, except waepbng the internal gas.

The air pump flow rate was again set by an initial catibn but in-line flow meters
with controllable valves (MR Flow Meter 0.4-5 L/min, Xistruments) were
connected between the air pumps and the reactor ifl@ssremoved the time intensive
measurement process and provided fast and responsive reafdingdlow rate

allowing more accurate adjustments to be made as required.
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4.3.Input materials

Fresh grass cuttings and food waste were used as iafltexperiments but some
additional materials were used as well in order to imptbe material availability and
similarity to typical home composting. The method @&asuring out the input materials
was also changed. Rather than weighing out each indivadigétion, the materials were
added by volume in either 24L or 48L quantities. This was aetiby lining plastic
containers of those volumes with plastic garden sacHlilling them with the
appropriate waste stream. The filled plastic sacks werghed prior to emptying them
into the H.C. bins or reactors. This meant the eixgett weight was known but a large
number of bins could be fed much faster than if an aceuvaight was needed. The
downside of this method is inconsistency in the exaat tpiantities due to unavoidable

variation in the material packing density.
The new materials and their sources are described b&lmvmaterial properties
measured during the experiments and those reported iketta¢ure are provided in

Appendix 4.

Mature compost material:

100L of mature compost material was placed in the bottaimecH.C. bins and reactors
for these experiments. The material was taken franthiversity of Southampton’s
Highfield campus garden waste compost site and had been stapo an open heap
of primarily grass cuttings and leaves for between 6-12imson

Municipal garden waste (MGW) from centralised compostit®g s

Wastes collected from civic amenity sites and from hioaisiecollections of green
waste in Southampton are taken to a centralisedositare scale composting. The
material is shredded and kept outside. For the experitmgnhaterial was used as a
“brown” material (see section 2.4.2) and was collectesban as possible after the
shredding process was completed.
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4.4.Headspace depth

One of the parameters measured in the experimentthevalepth of the headspace
prior to starting the experiments by adding the firstiieed addition and at the end of
the experiment. Depth was measured by ensuring the uppeofay@mpost was
approximately even and measuring the distance at thesa#rttre bin from the upper

layer to a reference bar placed across the openirige difith.

4.5.Internal mesh lining

A new protocol adopted for these experiments was thefusenesh bag within the
compost bins and reactors above the mature compostitatyer bottom of the bins
(See Figure 27). This bag was constructed from pond nettthgawlicni mesh size,
meaning that air and insect or animal life through theerr@twas not affected. Fresh
waste additions to the bins were put into the mesh bagstdthe material particle
size, compaction and self cohesion, when the expetamwesre finished it was possible
to remove the waste separately from the mature layteibase, with very little loss of
material. This made experiment turn around time muchrfasttallowed the compost
produced during an experiment could be easily removed aceldotan scales for
weighing.

N

N

Figure 27: Use of mesh bags in composting expermiel
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4.6.Gas analysis

For this round of experiments an Infra-Red gas analysedéMGA 94A, Geotechnical
Instruments, Leamington Spa, UK) was used to measurercdiixide. This
instrument was calibrated by the manufacturer as peretommended schedule and
was operated by drawing in 300ml of air from the compoati$gace over 30 seconds,
at the end of which a reading for the percentage coratamtrof CQ, CH, and Q was
given. The accuracy of this device was 1% for compositmtween (5-15%) and
+3% for compositions above 15%. While acceptable fos b8 was not sufficiently
sensitive to detect CHn H.C. bins.

CH, analysis was performed using an FID Varian Star 3400 CXlgasnatograph

with the column set to 8Q. Due to the time taken to set up the Varian Gas
Chromatograph (GC) to analyse compost gas samples thaneg only the later
experiments were monitored using this technique. The GC aliasated using samples
of known CH, concentration from 5 to 500ppm. Compost gas samples wexne wath

a 20ml syringe from the compost headspace of open bottoomaplost bins and from
the outlet tubes of the sealed reactors. When samptingthe internal compost gas
tubes (See section 4.2) the first three gas samplesdvare rejected to ensure the gas
came directly from within the compost. Following gadextlon the syringes were
sealed and returned to the lab where the sample araddrred to a Tedlar bag. 10uL
samples were drawn from the Tedlar bags for injectibmthe gas chromatograph.
Samples were taken on alternate days, with the mitgas samples taken on one day
and the headspace gases sampled on the following day.

Passive diffusion tubes were used for selected experingztments to sample for
ammonia, nitrous oxide and volatile organic compounds. Twese suspended in the
headspace of the bins immediately following a fresh &itition and were left for 14

days before removal and analysis by the external ladrgr&radko International Ltd.
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4.7.Individual Experimental methods
Experiments were conducted under various feeding and bin nraeaggeegimes and
with different air flow rates in the sealed reactarerder to investigate specific home
composting and experimental parameters. The methods @sddsaribed in the
following sections. All the experiments can be coesd to have the overall aims to:
* Quantify the range of gaseous emissions likely to be pestiftom home
composting under a variety of conditions.
* Improve understanding of the relationships between comggstocess

parameters and gaseous emissions.

4.7.1. Cumulative feeding H.C. bin experiment

The aims of this experiment were to quantify the impogarfaepeated feed additions
relative to a single addition on the data collectaditannvestigate the parameters of
feed size and composition, C:N ratio and temperaturetahof 10 H.C. bins were run
for 70 days (from 11/4/06) on soil at Site 2 as 5 duplicates.péine bins were fed with
one large feed addition (to acquire more data on theteftd feed size) followed by 4
similar smaller additions (see details in Table 34). figmdspace depth in the bins
before the first feed addition was measured as 0.57m arahghsis (by IR) was

performed for CQ@only.
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Table 34: Waste inputs and experimental justification for cumulatve feeding H.C. bin experiment

Feed addition 1] Feed additions

(Large addition), 2-5 (average) | Experimental justification

Garden waste 10.5Kg Grass|[#4.8Kg grass + | A baseline pure garden
10.8Kg MGW | 7.1Kg MGW waste feed with equal
volumes of green and

brown waste

Garden + 9.1Kg Grass + | 4.8Kg grass + | Added kitchen waste to
kitchen waste 12.2 Kg MGW | 6.8Kg MGW + | observe its influence
+ 3.4Kg KW 3.4Kg KW

Insulated 8.6Kg Grass +| 4.8 Kg grass + | An insulated bin to observ
12.6Kg MGW | 6.9 Kg MGW | the influence of a higher

temperature profile.
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Large feed 18.2Kg Grass +| 10.0Kg grass + | A large feed rate to obserye
garden waste| 19.1Kg MGW | 9.1Kg MGW its influence.

Garden waste 18.5Kg Grass +| 8.6Kg grass + | Twice the volume of green
Low C:N 11.5Kg MGW | 6.9Kg MGW to brown waste to observe
the effect of a lower C:N
feed

4.7.2. Cumulative feeding reactor and H.C. bin comparison experiment

The aims of this experiment were to evaluate the approieguivalent air flow
through typical open bottomed H.C. bins under certainitond as well as the success
of simulating naturally aerated compost processesfasitied aeration reactors. A total
of 2 H.C. bins and 2 reactors were run for 70 days (from@8)4n concrete at Site 1
as 2 duplicate pairs. The bins were fed with one largedddition (to acquire more
data on the effects of feed size) followed by 3 sinstaaller additions (see details in
Table 35). The headspace depth in the bins before theefdtaiddition was measured
as 0.6m in the H.C. bins and 0.54m in the reactorsr&dwtor air flow rate was 700

ml/min and gas analysis (by IR) was performed for, GQly.
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Table 35: Waste inputs and experimental justification for cumulaive feeding reactor and H.C. bir

comparison experiments

Feed addition 1] Feed additions

=)

(Large addition), 2-4 (average) Experimental justificatio

Reactors and| 18Kg Grass + | 7.9Kg grass + | A baseline pure garden
H.C. bins 20 Kg MGW 10.3Kg MGW | waste feed with equal
volumes of green and

brown waste

4.7.3. Cumulative feeding H.C. bin experiment to measure methane

As the first cumulative feeding H.C. bin experimentof®s 4.7.1) took place without
access to the more accurate G.C. methane detectitwoanet small follow up
experiment was conducted in an effort to test if cutivddeeding was an important
factor in methane production. The aim of this experimeag therefore to observe the
importance of cumulative feeding in methane productiototal 2 H.C. bins were run
for 36 days (from 30/4/07) on soil at Site 2 as a duplicate Plae bins were fed with
two feeds of grass and MGW, 14 days apart (see detaitsbie B6). The headspace
depth in the bins before the first feed addition was medsas 0.62m and gas analysis
was performed for CQ(by IR) and CH (by G.C.).

Table 36: Cumulative feeding H.C. bin experiment to measure @thane waste input
Feed 1 (Kg) | Feed 2 (Kg)

Grass 7.7 10.5
MGW 10.8 9.7
Total 18.5 20.2
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4.7.4. Food waste experiment

There were 2 stages to the food waste experiment. ighetage had the aim to
measure the emissions from a food waste only feed widggerformed using reactors
with a low air flow rate to enable the detectionafér emission rates. A total of 2
reactors were run for 42 days (from 20/3/07) on concretéeafl &s 2 duplicate pairs.
The bins were fed with 6 feed additions, 7 days apart ($agsda Table 37). The
headspace depth in the reactors before the first featibaddas measured as 0.3m.
The reactor air flow rate was 500 ml/min and gas analyassperformed for CQ(by

IR) and CH (by G.C.).

Table 37: Food waste experiment waste input compositic

Mass in each
Food waste feed addition
material (9)
Apples 480
Bananas 590
Broccoli 400
Carrots 440
Tea 240
Bread 370
Tomatoes 390
Total 2900

At the end of the first stage of the experiment thel fwaste material from the two
reactors (17.7Kg food waste combined) was transferreditgle $1.C. bin on soil at
site 2 so that the reactors could be used for other exp#srhat the degradation of the
food waste could continue to be monitored. The bin was owaeitfor 70 days (from
30/4/07), no further waste was added. Gas analysis wasrmeddor CQ (by IR) and
CH, (by G.C.).

4.7.5. H.C. bin waste addition size experiment

The aim of this experiment was to investigate the effetfeed size on the composting
process and gaseous emissions. A total of 2 H.C. binsrweiia 3 separate
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experimental runs each of 14 days (from 21/3/07) on condr&iieeal as duplicate
pairs. The bins were fed with a single feed for each exertal run (see details in
Table 38). Gas analysis was performed for, @y IR) and CH (by G.C.).

Table 38: Feed size experiment waste inpu

Experimental run title Feed addition

H.C. bin 10 Kg grass | 9.9Kg grass

H.C. bin 16Kg grass 15.7Kg grass

H.C. bin 24Kg grass 24.1Kg grass

4.7.6. Reactor feed composition experiment

The aim of this experiment was to investigate the effetteed composition on the
composting process and gaseous emissions. A total of reactre run in 4 separate
experimental runs for 14 days each (from 21/3/07) at Sitedli@ate pairs. The bins
were fed with a single feed for each experimentalsee details in Table 39). The
reactor air flow rate was 1.5 L/min and gas analysis performed for CQXby IR) and
CH, (by G.C.).

Table 39: Feed composition experiment \aste inputs

Experimental run title Feed addition
1.5 L/min Grass 9.9Kg grass
1.5 L/min Grass + MGW | 9.5Kg grass + 11Kg MGW
(Higher C:N)
1.5 L/min Grass+ MGW 10.6Kg grass + 9.7Kg MGW
(Lower C:N)
1.5 L/min MGW 25.8Kg MGW

4.7.7. Water addition and activity time experiment

The aims of this experiment were to investigate the infleeof water addition on the
home composting process and gaseous emissions, and alsetee the time taken for
the gaseous emissions to fall below detectable rategalof 8 H.C. bins were run for
100 days (from 18/6/07) on soil at Site 2 as 4 duplicate paiesbifis were fed with a
single feed of 17.9Kg garden waste (10.4Kg grass + 7.5Kg MGW)oaurgh€h of the 4
pairs of bins an additional:
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1. No water
2. SL/fortnight water
3. 5SL/week water
4. 10L/week water
Gas analysis was performed for £0y IR) and CH (by G.C.).

4.7.8. Headspace volume experiment

The methodology in this and other home composting resé@as been to monitor the
gas composition in a H.C. bin headspace. In interprétisglata it is necessary to
consider all factors which influence the gas composiheasurements. These include
not only the rate of gas production and exchange witth fadr, but also the headspace
volume. In order to investigate the effect of headspateneon the measurements of
headspace gas composition, the headspace volume waedhanputting different
volumes of mature compost material at the bottonh@tins. A total of 4 H.C. bins
were run for 14 days (from 30/4/07) on soil at Site 2 as 2 diplgairs. The bins were
fed with a single waste addition of 18.5Kg garden waste Fgfiéss + 10.8Kg MGW).
The headspace depth in the bins before the first feed@audditis set to 0.4m in one
pair, and 0.7m in the second pair. Gas analysis wasrp®dbfor CQ (by IR) and CH
(by G.C.).

4.7.9. Gastransfer experiment

In order to investigate gas transport pathways through Ha€ (Bee section 2.12), the
different gas outlets in the bins were tested by se#tlieign to prevent any gas transport
through them and observing the effects on the headspaced@Centration. Sealing of
the lid and hatch spaces was achieved by wrapping thegweanas layers of cling film.
The following conditions were tested:

1. Unaltered standard H.C. bin

2. H.C. bin sealed around the join between the lid and the bin

3. H.C. bin sealed around the join between the lid and thevitina rotameter
flow meter (MR Flow Meter 0.4-5 LPM, Key Instrumenggjached to an outlet
tube in the lid

4. H.C. bin sealed around the join between the lid and tharraround the hatch
in the bin
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5. Sealed composting reactor with the base removed leavapgiit the bottom in
contact with the ground (Section 3.1.2) - similar to skdeand hatch compost
bin but, due to the greater weight of the barrel, wils pace between the base
and the ground.

A total of 4 H.C. bins and one composting reactor withlitheealed but the base open
and on the ground were run for 14 days (from 30/4/07) on s8it@®. The bins were
fed with a single feed of 20.7Kg garden waste (6.7Kg grasKg MGW). Gas
analysis was performed for GQby IR) and CH (by G.C.).

4.7.10. Reactor flow rate experiment

The aim of this experiment was to investigate the inflaexfdhe air flow rate on the
reactor composting process measurements. A total ot®rsavere run in 3 separate
experimental runs for 14 days each (from 17/4/07) at SitedLi@ate pairs. The air
flow rate for the duplicate reactors in the three expental runs was 0.5, 1.5 and 2.0
L/min. The reactors were all fed with a single wastataadof 9.9Kg grass and gas
analysis was performed for GQby IR) and CH (by G.C.).
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5. Results

5.1.Cumulative feeding H.C. bin experiment

5.1.1. Temperature and CO, concentration profiles

Figures 29 to 33 below show the temperature angd@@centration profiles for each
individual treatment in the cumulative feeding H.C. bipenment. The two profiles
are shown alongside each other for the first 6 wdeaks, which the strong link
between the two can be clearly observed; with a migmé matched by a rise in the
other. The influence of the ambient temperature canb@s®een, as the ambient daily
temperature fluctuations cause similar fluctuations ircthmpost temperatures.
Particularly at around 20-24 days, there is a sharp riamient temperature followed
by a rise in the compost temperature. This appears to adugéer period of
composting activity, as in some of the treatments (Ei@&®: Large feed garden waste
for example) there is a rise in @@oncentration at the same time and the rise in

compost temperature is sustained for several days.

The first feed addition in all the treatments wagdarthan the later addition, which is
why the first temperature peak reaches a higher tempethtur¢he others.
Interestingly, the same is not true of the Q@@aks, and in fact it can be observed that
the height of the peaks from one addition to anothees@uite substantially even
within the same experiment treatment. This could baulmsx of a combination of
several factors:

1. There may not actually be a significant increaséédomposting activity rate
despite the larger feed, and the higher temperature i®dusnhall increase in
activity and the added insulation of the additional was&erial.

2. The influence of headspace volume on the €ahcentration making an
increased production rate difficult to detect (This isulsed further in Section
6.3)

3. The interaction of gas concentration and gas trabsgfenolecular diffusion
meaning that a small increase is {foduction could be offset by an increase
in the gas transfer rate (Gas transfer mechanisndismessed in detail in
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Section 6.8., where it is concluded that moleculaudiéfn is the dominant gas
transfer mechanism).

4. Variation in the precise feed composition, packing dermsityfree air space
from one feed addition to another.

5. If the major route of gas transfer is the space batviiee bin lid and the
compost bin (Gas transfer routes in H.C. bins are disdussdetail in Section
6.8., where it is concluded that this lid space is a negosfer route) then this
could be strongly influenced by the exact position oflitheelative to the bin

due to the imprecise, rough, and uneven features of thecptastponents.

Other features that can be observed from the figureshenslimmary data in Table 40
are that larger feed sizes and lower C:N feed matdedis higher temperatures and
concentrations of C&§Discussed in more detailed in Sections 6.2.1 and 6.2.3). The
insulated treatment results are not notably differemhfthe similar garden waste
treatment except for the smoother temperature profileéaltle reduced influence of
the ambient temperature.
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Figure 28: Large feed garden waste experiment temperature and C, concenration profiles
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Figure 28: Garden waste low C:N experiment temperature and Ct, concentration profiles
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Figure 30: Garden and Kitchen waste experiment temperatwer and CQ, concentration profiles
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Figure 32: Garden waste experiment temperature and Ct, concentration profiles

5.1.2. Physical measurements

The physical measurements of each of the treatmentiarmarised in Table 40. The
feature of higher temperatures with the large feed additit higher maximum
detected C@concentrations with the following smaller feeds barseen. For example
the garden waste treatment reachetCa8ith only 1.9% CQ@with a large addition but
60°C and 11.2% Cewith a smaller addition
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Table 4C: Cumulative feeding H.C. bin experiment results sumnary

Maximum CO2| Maximum Final | Moisture| Volatile

concentration | Temperature pH | Weight| Content| Solids
Experiment title (%) (°C) (Kg) (%) (%)
Garden waste {llarge feed addition) 1.9 63 7.3 15.p 44 61
Garden waste (additions 2-5) 11.2 60 7.8 8/8 4y 53
Garden + kitchen wasteYlarge feed addition) 8.3 62 7.5 15.8 43 53
Garden + kitchen waste (additions 2-5) 11.2 53 7.7 8.3 31 %0
Insulated (1st large feed addition) 3.5 65 72 14.5 41 53
Insulated (additions 2-5) 11.1 62 7.9 8.9 53 56
Large feed garden waste’(farge feed addition) 9.7 69 7.0 26.7 44 63
Large feed garden waste (additions 2-5) 15.0 68 1.4 13.7 42 b4
Garden waste Low C:N (1st large feed addition) 10.1 70 7.4 21.5 12 54
Garden waste Low C:N (additions 2-5) 17.2 535 77 11.1 43 46




5.2.Cumulative feeding reactor and H.C. bin experiment

5.2.1. Temperature and CO, concentration profiles

Figure 33 and Figure 34 below show the temperature and@t@entration profiles for
the duplicate reactor and H.C. bin comparative treatmé&htsvisible relationship
between temperature and £&nhd the trends over time are identical to those disduss
in Section 5.1.1. The more interesting features in coimgpane two treatments are
discussed in detail in Section 6.1 but it can be obsehatdhe reactors reached much
higher headspace G@oncentrations than the H.C. bins, while having quitelsi
temperature profiles. There was no feed addition at 42idaysler to observe longer
term CQ emissions. It can be seen that£Ontinued to be produced up to around 56
days, with concentrations of between 0.5-1% detectaltletincomposting systems.
Another longer experiment was conducted to observe wheemission became
undetectable (water addition and activity time experiment)

Reactor duplicate pair
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Figure 33: Temperature and CC, concentration profiles in the reactor:
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H.C. bin duplicate pair

Headspace CO2%
Temperature (Deg C)

Time (days)
—H.C.bin1 - H.C. bin 2 — Temperature (1)
— Temperature (2) — Ambient temperature

Figure 34: Temperature and CC; corcentration profiles in the H.C. bins

5.2.2. Physical measurements
Table 40 shows the physical measurements of the two me@al systems, with the
first large feed shown separately to the following ¢hadditions. For this experiment

elemental analysis was only done at the end, which istishiarge and small additions
for each treatment have the same elemental conpasiti

Table 41: Cumulative feeding reactor and H.C. bin compasgon experiment physical measurements

Reactor H.C. bin

(1st large Reactor (1st large| H.C. bin
feed (additions 2- feed (additions 2-

Experiment title addition) 4) addition) 4)
Maximum CQ concentration
18.0 14.1 9.1 8.0
(%)
Maximum TemperaturéC) 77.5 70.3 76.0 70.0
pH 8.3 8.0 8.2 7.9
Moisture Content (%) 49.2 57.7 42.7 52.1
Volatile Solids (%) 54.2 53.9 43.1 58.3
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5.3.Cumulative feeding H.C. bin experiment to measure methane

5.3.1. Headspace CO, concentration profile

The CQ concentration profiles in Figure 35 below show thatghédr CQ

concentration was reached with the second feed tleafirshin duplicate 2, although
not in duplicate 1. This variation is likely to be aule®f the complex interaction of the
composting activity, C@emission rate, headspace volume and gas transfer pesces
under the influence of the area for gas exchange aroumdthgost bin lids.

Headspace CO2%

Time (days)

—~ Layered (1) = Layered (2)\

Figure 35: Headspace C(, concentration profile in cumulative feeding H.C. binexperiment to
measure methane

5.3.2. Physical measurements

Table 42 shows the measurements made during the experiteamt.be seen that GH
was detected during the second addition but not theditiugh at a very low
concentration near the limits of detection. This isvesy strong evidence that the
layered feed addition, and the resulting oxygen depletamn the previous feed leads to
CH, production. The fact that much higher £tbncentrations were detected from
single feed additions in other experiments raises theignekat the emissions detected
here were a result of either the smaller headspdoenep or small uncontrollable

differences in the waste properties and composting gsoce
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Table 42: Physical measurement

Experiment title Layered (1).ayered (2)
Maximum CQ concentration (%) 3.5 7.0
Maximum CH, concentration addition 1 (ppm) N.D. N.D.
Maximum CH, concentration addition 2 (ppm) 7 5
pH 7.4 7.3
Final Weight (Kg) 12.7 13.8
Moisture Content (%) 49 49
Volatile Solids (%) 78 63

5.4.Food waste experiment

5.4.1. Headspace CO, concentration profiles

Stage 1
In the first stage of the experiment the Qf©Oncentrations in the reactors shown in
Figure 36 followed quite similar patterns, but differed by up%eopoints during some
measurements. Unlike in the garden waste experimentewizste was added every
14 days, there is not the large peak i,@@ission followed by a gradual decline but
rather a fairly steady concentration after the fiveek at around 3-5% GQn other
words, the more frequent small waste additions maimstateadier rate of activity and
CO, emission.
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Time (days)
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Figure 36: Food waste experiment stage 1 C, concentration profiles
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Stage 2
The CQ profile in the second stage of the experiment, whHeegartially composted

food waste from the two duplicate reactor systems wag@dogether and moved to a
single H.C. bin, is shown in Figure 37. It can be shah¢omposting activity and

emission of C@Qcontinued for more than 70 days with concentratiorisetfeen 0.5-
2.0%.

3.0%

2.0% -

1.0% A

Headspace CO2%

OO% T T T T T T T T T
0 7 14 21 28 35 42 49 56 63 70
Time (days)

Figure 37: Food waste experiment stage 2 C, concentration profile

5.4.2. Temperature profiles

The temperature profiles of the duplicate reactorsarfitet experiment stage are
shown in Figure 38. As would be expected with a relatisetgll and high moisture
content feed, high temperatures aren’t reached but gically around 3€C in the
centre of the compost, about 10°C&bove ambient. The ambient temperature has a
strong influence on the compost temperature, and tharstisng variation from the

middle, side, bottom and top of the compost.
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Stage 1

Food waste experiment (1)
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Figure 38: Food waste experiment terperature profiles in stage :
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5.4.3. Physical measurements

The food waste experiment measurements in Table 43 tfladwo CH was detected in
the first stage of the experiment, but was in the s@cbage. It may be that the forced
air flow in the reactors flushed any ¢that was produced out before it reached
detectable concentrations, but this didn’t occur in th@. Hin in the second stage. The
CH,4 emission and anaerobic conditions that lead to it Vikeely to have been caused
by the high density and moisture contents of the foodeyasasured as 86% and 87%
at the end of stage 1. This is discussed in detail iInd3e619.1.

Table 43: Food waste experiment physical measurernts (End of stage 1

Experiment title Food waste (1)Food waste (2)

Maximum CQ concentration
(%)

8.0 5.6

Maximum CH, concentration _
N.D. (29 in stage 2)

(ppm)
Maximum TemperaturéC) 46 37
pH 7.8 7.3
Final Weight (Kg) 8.9 8.8
Moisture Content (%) 86 87
Volatile Solids (%) 88 76

5.5.H.C. bin waste addition size experiment

5.5.1. Headspace CO, concentration profiles

The CQ concentration profiles in Figure 39 show that even latgages in the feed
size may not have a significant impact on the, €@hcentration measurements, despite
the increase in C£emission rate which must take place. An increase 0o 16Kg
waste resulted in no significant change in the maxir@@m concentrations, with them
both at around 3%. With 24Kg the concentration increasdessythan 1% points, to
3.8%.
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5.5.2. Temperature profiles

The temperature profiles of the three experimentatrtvesats in Figure 40 to Figure 42
show that unlike the CQemperature profiles, the feed size had quite a signtfica
impact on the composting activity. With a 10 Kg feed, tlaimum temperature
reached was just over %) while with 16 and 24 Kg feeds, it was oveP@n both
cases, at which point it becomes self limiting due ta¢k@irements of the active
microbes. In all cases there was a significant tiaridbetween the different points in
the compost, with the highest temperatures in the maldlee compost and the lowest
at the bottom. Ambient temperatures had a visible inflaehroughout the compost but
much more so at the top where there was minimalatisul, and very little at the

bottom where there was the maximum insulation.
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Figure 4Q: H.C. bin 10Kg grass temperature profile:
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Figure 41: H.C. bin 16 Kg grass temperature profile:

127



Figure 42:

H.C. bin 24 Kg grass (1)

H.C. bin 24Kg grass temprature profiles
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5.5.3. Physical measurements

The measurements in Table 44 reiterate the points glcdsclissed regarding the small
variation in CQ concentrations but more significant changes in teryerdetween

the experiment treatments. It can also be noticedieamoisture contents of the 10Kg
grass composts were much higher, around 65% at the enel etghriment than the
16Kg or 24Kg feeds, around 30-40% which is likely to be a res$tlte different
temperatures reached and its influence on evaporatisimirar difference is visible in
the pH with values of 8.4 - 8.5 in the 10Kg treatment baetovalues from 7.5-8.0 in
the 16 and 24Kg treatments.

Table 44: H.C. bin waste addition size experirent physical measurement

Maximum
CO, Maximum Final Moisture | Volatile
Experiment | concentration| Temperature Weight Content | Solids
title (%) (*C) pH | (Kg) (%) (%)
Open 10 Kg
3.1 52 8.4 5.6 64 67
grass (1)
Open 10 Kg
2.8 47 8.5 6.2 66 68
grass (2)
Open 16Kg
3.2 74 8.0 10.0 28 79
grass (1)
Open 16Kg
2.8 74 8.0 10.4 39 73
grass (2)
Open 24Kg
3.8 66 7.9 14.9 29 62
grass (1)
Open 24Kg
3.8 73 7.5 14.8 39 68
grass (2)
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5.6.Reactor feed composition experiment

5.6.1. Headspace CO, concentration profiles

The different quantities of waste composted in theedbffit treatments do not correlate
with the observed maximum G@oncentrations reached. Both the highest and the
lowest concentrations observed occurred in the similzss and MGW waste
treatments with 9 and 18% GO 'he grass only feed reached almost 15% @€3pite
having about half as much waste material, while the M@W feed reached just 13%
despite having more than double the waste feed. Grassistanitibute more than
MGW to the short term peak G@mission as it is more readily compostable than the
higher C:N ratio, more woody material (See section A3)ore detailed analysis of
the impacts of waste composition on the compostinggs®s provided in Section
6.2.1.
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Figure 43: Reactor feed composition experiment Ct, concentration profiles

131



5.6.2. Temperature profiles

The temperature profiles show a similar picture to t@ecdGncentrations. The two
grass+tMGW treatments again gave both the highest (Figu@d3he lowest (Figure
46) maximum temperatures despite having very similar fegdriais. A potential
cause could be the difference in ambient temperatatdedower C:N treatment which
reached lower temperatures and,@0ncentrations had an ambient range of 1218
compared to 13-2& in the high C:N treatment. At higher temperaturesobial
activity is increased which leads to the production ofar@@ and heat which
reinforces the effect.

The MGW only treatment (Figure 44) also reaches thenseloavest maximum
temperatures at 66 while the grass only treatment (Figure 47) reaché@.7lhe grass
only treatment also has a differently shaped profiknéoothers, with a shorter time at
the peak temperature and a more rapid decline. This coulelchede of two factors:
1. The smaller volume of waste and different thermapprties meaning heat
losses took place faster
2. The higher C:N ratio and more woody materials in MGW mmare time is
needed for the composting process and microbial actiaitybe sustained for
longer than with a grass only feed.
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Figure 45: 1.5L/min Grass+MGW (Higher C:N) Temperature profiles
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5.6.3. Physical measurements

The measurements shown in Table 45 reiterate the pbstisssed on the GO

concentrations and temperatures. Very little variatiothé pH took place as can be

seen in Table 46 with a range of 7.8 — 8.2 across dlfehéments. A more detailed

analysis of the impacts of waste composition on thmeposting process is provided in

Section 6.2.1.

Table 45: Reactor feed composition experiment physical measements: (a)

Maximum Maximum | Maximum
CO,Conc. | CH4 Conc. Temp.
Experiment title (%) (ppm) (°C)
1.5 L/min Grass (1) 11.3 N.D. 69
1.5 L/min Grass (2) 11.9 N.D. 71
1.5 L/min Grass + MGW (Higher C:N) (1) 9.1 N.D. 71
1.5 L/min Grass + MGW (Higher C:N) (2) 6.4 N.D. 70
1.5 L/min Grass+ MGW (Lower C:N) (1) 5.6 5 58
1.5 L/min Grass+ MGW (Lower C:N) (2) 7.8 5 52
1.5 L/min MGW (1) 5.9 N.D. 58
1.5 L/min MGW (2) 5.4 N.D. 66
Table 46: Reactor feed composition experiment physical measurents (b
Final Moisture | Volatile
Weight | Content Solids
Experiment title pH (Kg) (%) (%)
1.5 L/min Grass (1) 8.0 7.0 40 80
1.5 L/min Grass (2) 8.0 7.1 46 72
1.5 L/min Grass + MGW (Higher C:N) (1 718 17.6 51 67
1.5 L/min Grass + MGW (Higher C:N) (2 8/0 16.9 52 65
1.5 L/min Grass+ MGW (Lower C:N) (1) 8.1 17.0 51 74
1.5 L/min Grass+ MGW (Lower C:N) (2) 8.2 17.5 57 77
1.5 L/min MGW (1) 7.8] 238 46 64
1.5 L/min MGW (2) 8.0 23.3 49 59
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5.7.Water addition and activity time experiment

5.7.1. Headspace CO, concentration profiles

The CQ concentration profiles in Figure 48 show there was seaniation between the
different water addition treatments. The maximum catregion reached was between
8.5 for the 10L/week treatment and 11.9 for the 5L/week te=aitrit can be seen that
at 7 days, when water was added and the compost was,tthreexlwas a rise in GO
emission. As this occurred in the 5L/fortnight and noewaddition, which did not
receive water at 7 days, this can be attributed touttmeng process rather than water
addition. The treatments with more water addition datch higher C®concentrations
however, getting up to around 3-4%, but only 2% in the tredtmigmout any water.
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Figure 48: Water addition experiment CO, concentration profiles
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5.7.2. Physical measurements

Water addition appears to have increased the productiOhl.ofsee Table 47) with
none detected when no water was added, but at leastassn@lhts in all the other
treatments and the highest recorded measurementandasti H.C. bin of 280ppm in
the 5L/week (1) system. This very high measurement irojustduplicate bin, may be
a result of very specific conditions which are requiddH, production and can occur
by chance if a high density, high moisture content poekebmpost exists which can
become anaerobic (See section 6.9.1.) As would be expdwateasurements in
Table 48 show that the moisture content of the compatitiswore water added were
higher at 66% in the 10L/week treatment and only 55% imoheater treatment. The
no water treatment also had a slightly higher pH of772lcompared to 6.6-6.8 in those

with water added.

Table 47: Water addition and activity time experiment physical mesurement: (a)

Experiment title | Maximum C@Conc. (%)| Maximum CH, conc. (ppm)
10L/week (1) 8.5 8

10L/week (2) 10.2 7

5L/week (1) 11.3 280

5L/week (2) 11.9 9

5L/14 days (1) 9.9 7

5L/14 days (2) 10.6 14

No water (1) 10.3 N.D.

No water (2) 11.3 N.D.

Table 48: Water addition and activity time experiment physical measuremens (b)

Experiment title | pH| Final Weight (Kg M.C. (%) V.S. (%)
10L/week (1) 6.6 10.8 66 52
10L/week (2) 6.6 10 65 49
5L/week (1) 6.8 11.3 65 54
5L/week (2) 6.7 10.1 63 45
5L/14 days (1) | 6.6 9.7 56 56
5L/14 days (2) | 6.7 9.8 55 54
No water (1) 7.1 9.7 54 56
No water (2) 7.2 10 55 52

139



5.8.Headspace volume experiment

The CQ concentration profiles in Figure 49 show how stronglyhbadspace volume
influences the measurement, with much higher condentsafound with the smaller
headspace volume throughout the experiments. The compdeaction of the gas
transfer mechanism in the bins with the £&nission rate is also demonstrated. During
the peak emission in the first few days the conceatran the 40cm deep bin (small
headspace) is 8-9% compared to 1-2% in the 70cm deep bie. lateh stage, however
the difference is 1.1-1.3% compared to 0.1-0.2%. The influehbeadspace volume is

discussed in more detail in Section 6.3.
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Figure 48: Headspace carbon dioxide concentration profiles of @m compost bins with different

headspace volumes

Table 49: Headspace volume experiment physical measureme

Depth | Depth | Depth | Depth
Experiment title 40(1) | 40(2) | 70(1) | 70(2)
Maximum CQ concentration

(%) 6.8 9.3 8.7 10.4

pH 7.4 7.4 7.4 7.4
Final Weight (Kg) 14.9 15.5 14.6 14.2
Moisture Content (%) 42 43 34 41
Volatile Solids (%) 64 66 68 59
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5.9.Gas transfer experiment

The effects of sealing the various potential gas trangtées on the headspace £O
concentration are shown in Figure 50. The results shatall the routes tested were
important:

» Space between the bin and its lid;

» Space around the hatch;

» Space around the base as determined by the degree of eattiabe ground —

reduced with the barrel which weighs more

The fact that leaving an outlet with a very low remise flow meter on an otherwise
sealed bin did not enhance gas transfer and reduce theo@€entrations has further
implications on the type of gas exchange which is tagiace. This is discussed in
detail in Section 6.8.

25%

o 20%
>
N
O
O 15% -
() q
O
8
n 10% -
©
S
I

5% -

0% T T T T T T

0 2 4 6 8 10 12 14
Time (days)
—- Sealed lid -#- Sealed lid and base -4 Sealed barrel

Unaltered H.C. bin —¥ Sealed + flow meter

Figure 50: Headspace %CC, concentration profiles for differently sealed comjost bins

5.9.1. Physical measurements

The increase in maximum G@oncentration with increasing restrictions on the gas
transfer routes is shown in Table 50 with 8.6% in thedtered bin and 18.9% with a
sealed lid and hatch. This can be seen to have an eff&tloproduction as 3 of the 4

differently sealed systems were found to have €¥hcentrations significantly above
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the limits of detection, at 28 and 59ppm. The sealedmyst@ich maintained a very

high CQ concentration for the duration of the experimentihed the highest single

measurement of 460ppm GH

Table 5C: Average and maximum headspace %C, concentrations in differently sealecH.C. bins

Headspace %C{Zoncentration

arrel

Unaltered| Sealed lid| Sealed lid and base Sealed +flow meter Sealed b
Average 2.3 5.3 7.9 6.6 18.6
Maximum 8.6 14.9 18.9 16.6 20.9
CH,4 concentration (ppm)
Maximum N.D. 28 N.D. 59 460
Table 51: Gas transfer experiment physical measuremen
Sealed
Unaltered| Sealed| lid and | Sealed+flow| Sealed+flow

Experiment title H.C. bin lid base meter (1) meter (2)
pH 7.4 7.2 7.1 7.2

Final Weight (Kg) 14.9 17.0 16.9 9.7 10.0
Moisture Content (%) 42 57 46 54 55
Volatile Solids (%) 64 64 59 56 52

5.10.Reactor flow rate experiment

5.10.1. Carbon dioxide concentration profiles

Figure 51 shows the GQ@oncentration profiles of the same grass only feed glurin

composting in reactors with air flow rates of 0.5, &arsd 2.0 L/min. As would be

expected, much higher G@oncentrations are found and maintained for longer with

lower flow rates, the maximum in the 0.5L/min treatmeas 18.9% compared to the

lowest maximum of 7.3 % with 2.0L/min. It can be seat the duplicates in the

0.5L/min treatment diverged quite significantly. This coulsehbeen due to problems

with leachate water clogging the air inlet tubes in oiéhe duplicates, which has a

greater effect at lower flow rates.
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Figure 51: Reactor flow rate exgeriment CO, concentration profiles

143



5.10.2. Temperature profiles

Figure 52 shows the temperature profiles of the diffeegperiment treatments. As for
the CQ results, the duplicate 0.5L/min treatments show quiteraifit profiles. This
could be further evidence of a mechanical problem witlyéseflow rate in duplicate 1
as the kink in the profile after the first day could be tua large reduction in air flow
limiting the microbial activity and causing the two syssemdiverge. The other feature
that can be seen is that the 2.0L/min treatment redoler temperatures than the other
unaltered systems. This could be caused by the higherwirdte causing more heat

loss from increased evaporation and input of colder air.
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Figure 52: Reactor flow rate experiment temperature profile:

5.10.3. Physical measurements

The measurements in Table 52 reiterate the points dextassCQ concentrations and
temperature. It can also be seen that @kls detected at a very low concentration in the
0.5L/min duplicate 1, which was the duplicate which may Heademechanical

problems that reduced the inlet air flow. This would exp¥ainy anaerobic conditions
were able to develop, and ¢iWas produced in this system but none of the others. The
2.0L/min treatment was found to have significantly higheistnoe contents than the
other treatments which can be explained by the lower tempes that were reached

and the reduced evaporation. This system also had a lpighéan the others, with 8.7-
8.8 in the 2.0L/min treatment compared to 8.0-8.3 in the @3L.d&L/min treatments.
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Table 52: Reactor flow rate experiment physical measuremen

O5LPM|05LPM| 15LPM|15LPM| 2LPM 2 LPM
Experiment title (1) (2) (1) (2) (D (2)
Maximum CQ
concentration (% 18.9 18.7 11.3 11.9 13. 7.3
Maximum CH,
concentration
(ppm) 6 N.D. N.D. N.D. N.D. N.D.
Maximum
Temperature®C) 67 67 69 71 65 57
pH 8.3 8.0 8.0 8.0 8.8 8.7
Final Weight (Kg) 6.7 7.3 7.0 7.1 7.2 7.3
Moisture Content
(%) 41 38 40 46 68 65
Volatile Solids
(%) 62 53 80 72 71 70
Gas flow rate
(L/min) 0.5 0.5 1.5 15 2 2
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6. Discussion

6.1. Comparison of reactor and compost bin systems

The experimental parameters of the reactor and HrGexperiments have been
examined in order to ascertain if and how the diffesgatems affected the composting
processes taking place. The best experiments for casopaare those in which
identical H.C. bin and reactor experiments were carngdnoparallel. The three groups

of suitable experiments are:

* Reactor flow rate experiment (Section 4.7.10)
» H.C. bin waste addition size experiment (Section 4.7.5

» Cumulative feeding reactor and H.C. bin comparison éxget (Section 4.7.2)

The maximum C@concentrations and temperatures reached as well aoierjs of
the finished composts from these experiments are dliestrfor comparison in Figure
53 below. Looking at the maximum G@oncentrations, it can be seen that
concentrations in the sealed reactors were alway®ihtghn in the open bins. Even at
high flow rates of up to 2 Litres per minute, there wasagaimum concentration of
9.6% CQ in the reactors but only 3.0% in the H.C. bins. Thiscatis that either the
rate of gas exchange taking place in the H.C. bins igagisantly higher than in the
reactors or that the different systems caused diféeieim the composting processes.
Regardless of the cause for this difference it is \@éuto identify if there are other
differences, potentially caused by the different gas caitipos, to understand the
validity of making comparisons between the two systems.

It can be seen in Figure 53 that there are some lgfifgeedces in the other measured
parameters as well. In most cases, however, therdif€es are within the standard
deviations of the averaged measurements, as indicatbe bgised bars. The most
significant differences appear in the 10Kg grass feed expatanvhere the H.C.
system had a 41% mass loss while the 3 duplicate reactbB9ha9 and 27%. This is
difficult to explain as it was not accompanied by cqroesling differences in the
moisture, volatile solids or carbon contents in whiah2 LPM reactors are actually
very close to the H.C. bins.
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10 Kg grass 0.5-2 LPM reactors and H.C. bin

Cumulatively fed reactor and H.C. bin
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The temperature profiles of the cumulative feed expetisnstarting with the larger

bulk feeds, are shown in Figure 33 and Figure 34 in Sectibh.3t can be seen that
both systems follow the typical profiles, as discdsseSection 0, and reach very
similar maximum temperatures of°C7and 76C. There does appear to be a difference
in the rate at which the temperature falls betweemwvibesystems, with both H.C.
systems dropping faster than the reactors in the Wspeaks but not in the third. This
could be related to a faster rate of gas exchange reguntanfaster intake of cooler air
or due to the contact with the ground in the H.C. binsicg faster heat loss. By the
third addition, which is the third peak, the larger volumeldér material in the bin
would reduce the impact of both these factors explainingthéeffect is much less

pronounced.

It is difficult to make confident conclusions as to tadidity of comparisons between
the two systems from this data due to the degree of ariatthin the individual
experiments. The similarity between the temperaturt€.MW.S. and pH are
encouraging as is the fact that, at least at highdioai rates, the final parameters fall
mostly within the experiment variations. It seems reabte, therefore, to make use of
the reactor system results in the analysis of H.€tesys but to ensure that the potential

limitations are kept in mind when making the final conclosio

6.2. Effects of home composting parameters

A number of different home composting parameters haea nvestigated
experimentally during the project. In this section, tHea$ of varying these parameters
on the composting process have been examined. The coomsansve been made
between systems with minimal differences betweemths much as possible. They are
also mainly based on proportional differences, i.eptio@ortion of input carbon lost,
not just the total carbon lost. It was impossibleyéeer, to perform enough
experiments or account for all potentially relevant patans and therefore only
approximate comparisons can be made and this uncertaintig &fokept in mind

when interpreting the data. Another important pointdtens that the comparisons can
only be made for the first 14 days of composting as tliigeisime most of the
experiments were run for. It was shown in Section gha0this is the most active

period of composting so the comparisons that can be shexdd still be relevant.
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6.2.1. Compost feed composition

Figure 54 shows the affects of different feed compasstioy grouping the experiments

into categories based on whether their feedstock consistedy food waste, grass,

MGW or a mixture of grass and MGW. The properties o$¢hfeed materials are

described in Appendix 4. The key observations are as fellow

The food waste and MGW only categories consisted opaneof duplicate
reactors which can be seen in the very small ernsr diampared to the other
categories which consisted of a larger number of @iffeexperiments. The
large degree of variation within these categories redheeadcuracy of any
conclusions that can be drawn.

The materials are ordered in order of decreasing moistuntents and
increasing C:N ratios. It can be seen that the nadsenith higher moisture
contents and lower C:N ratios (those on the left) lkogher proportions of their
mass, moisture contents and carbon contents. As destus Section 2.4, higher
moisture contents and lower C:N ratios encourage netingeeacomposting, up to
a point, although this is balanced with the quality offimehed product and the
process emissions. Naturally materials with higheraihnmoisture contents will
also have more moisture and mass as water thatdyr&est.

Except for the food waste category, higher maximum teatpers were
observed with the lower C:N ratios. Again, this isdagse materials with a
lower C:N ratio tend to be more readily compostablaiteato greater
microbial activity and hence higher temperatures. Thd aste maximum
temperature was significantly lower than the othergmaies, due mainly to the
much smaller feed size.

Although there appears to be a trend for a fall in pH fi@itrto right, the degree

of variation is not significant with a range of onl@ 70 8.2.
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Figure 54: Effects of feed composition on composting paramete(bars indicate standard

deviations)

6.2.2. Water addition
The results of an investigation into the effectsvater addition (by the householder) are
summarised in Figure 55. Four identical H.C. systems wgrén duplicate with
different additions of tap water at the start of thecpss and then on either weekly or
fortnightly intervals:

* 10L water added weekly

* 5L water added weekly

* 5L water added fortnightly

* No water addition
The experiments are arranged within Figure 55 in orderayedsing water addition

from left to right.
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The key observations are as follows:

* The 10 L/wk and 5 L/wk experiments show lower mass lo$sesthe other two
experiments due to the greater mass of water held bythpasts.

* The moisture losses were similar at additions of 5 Lawndt 5 L/fortnight but
higher for 10 L/wk. This indicates that the compost @afale to retain the greater
volume of water added in the 5L/week compost compared t6 tiertnight
but not as much as was added at 10 L/week.

» The 10L/week and 5L/week showed significantly higher catbsses as well as
lower volatile solids contents compared to the othstesys indicating greater
degradation had occurred due to the added water.
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Figure 55: Effects of water addition on composting parameters (&rs indicate standard deviations
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6.2.3. Feed addition size

In order to investigate the effects of the size of fagdition on the composting process,
10 duplicate experiments were repeated with at least arsflease in the feed size.
The results of this investigation have been analysezhloylating the proportional
difference of several key parameters between eacldlipaie of small and large feed
experiments. So, for example, if an experiment had 2@%sross with a small feed but
a 40% mass loss when repeated with a larger feed, tloedd e a -50% difference.
The advantage of this analysis is that it only compatesrenents which are similar
apart from in feed size but can then assess the bddfatence between the small and
large feed experiments. The mean and median of atialicelated proportional
differences are illustrated in Figure 56. The key obsenatare as follows:

* There is very little difference in the mass losthwanly very slightly more loss
with smaller feeds.

» There are very large differences in the calculateal @fosses and MC losses,
although the standard deviations of these parametergrastas large as the
calculated values. The median values are also lowaerttie means indicating
the true difference is likely to be smaller than iadéxl. Greater C losses could
result from a smaller feed due to the improved aerat@n feduced
compaction and increase in outer surface area to tdtaheoratio. Lower MC
losses in smaller feeds would most likely be relatddwer temperatures and
the effects on evaporation.

* The maximum temperature was 15% lower on average snthder feeds,
although again there is a large standard deviation but ti@mis larger than
the mean in this case. Higher temperatures would bechysbe greater
microbiological activity in a larger mass of waste, vhicould enhance this
activity leading to higher temperatures and rates of decotigpoas is indicated
by the higher total C losses in the larger feeds. Ldegels would also lose less
heat due to the reduced surface area to volume ratio bt¢gneaisture content
losses would remove more heat. Higher temperatutée ilarger feeds also
further explain their greater moisture content loskesto the enhanced

evaporation.
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» The pH was very slightly higher in the smaller fedulg, by an insignificantly

small amount relative to the measurement error.
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Figure 56: Proportional differences in key composting parametergaused by size of feed additio

(bars indicate standard deviations)

6.3.Importance of headspace volume

The results of the headspace volume experiment ind-#fi(Section 5.8) and
summarised in Table 53 clearly show that a reduced headgphlene causes GO
measurements to be significantly higher with a maxin@®h 1% in a 40cm depth and
only 1.8% in a 70cm depth. This result demonstrates thdisantiimportance the

headspace volume has when interpreting H.C. bin gas cdmopaiata.
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Table 53: Average and maximum headspac %CO, concentrations in open compost bins wit|

different headspace volumes

Depth Depth Depth Depth

40cm (1) | 40cm (2) | 70cm (1) | 70cm (2)
Average headspace %&€onc. | 2.1 2.6 0.2 0.3
Maximum recorded %Cg£conc. | 8 9.1 1.1 1.8

6.4.Carbon dioxide concentrations in home compost bins: Overview

Due to the decomposition of compost material over tintkthe dynamic relationship
between activity, temperature, moisture content andoii@l population, the rate of
emission of carbon dioxide is at its highest in thet filays following a fresh feed
addition. This is reflected in the carbon dioxide coneiain profiles found in Chapter
5, which tend to rise quickly from an initially low cardration to peak after 1-2 days,
after which they fall over another 1-2 days to a fastble lower concentration.

The concentrations of carbon dioxide detected in stdnala@n bottomed compost bins
over the 14 days following a fresh feed addition for a wit#5 individual additions are
summarised in Table 54 and Figure 57 below. The resultspétrénto the maximum, 3-
day average and 14-day average concentrations in ordetinguish the different
phases discussed above. As would be expected with theamge of parameters used,
there is significant variation across the experimeagsndicated by the relatively high
standard deviations in Table 54 and the height of the lodx in Figure 57. The
maximum detected value was extremely high at 17.2% Ti@s occurred in the Large
garden waste feed experiment (See Section 4.7.1) experafbenseveral previous feed
additions, when there was almost no headspace volunaniag. The median of the
maximum observed values was still relatively high, at 682 with the 3 and 14 day
values increasingly lower, at 4.7% and 2.2% respectively.
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Table 54: Summary of headspace Ct, concenrations in 14 days following a feed additio in H.C.

bin experiments (n=75)

Headspace C{concentration, %

Maximum detected value = 3-day average 14-day average
Median 6.5 4.7 2.2
Mean 6.9 5.2 2.3
Standard deviation 3.9 3.1 1.2
Range 0.9-17.2 0.5-12.8 0.1-6.6
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Figure 57: Box plots of maximum, -day average and 1-day average headspace C,

concentrations in 14 days following a feed addition in H.Chin experiments (n=75)
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As a large number of interrelated parameters influere€@ concentration, its
relationship with any individual parameter is complex exidemely difficult to

analyse. Despite this fact, the simple linear coticleof CG, concentration with some
of the potentially more significant factors was testecluding the size of the feed
addition and the headspace volume. The headspace velasnealculated from the
compost depth using the calculation in Appendix 6. Theutatied correlation
coefficients, and the strengths of the relationskipsndicated by’r are shown in Table
55. The plotted data using the maximum,@0Oncentration is shown in Figures 58 to
61. A positive linear correlation was observed, as gatied, with larger feed additions
leading to greater CQemissions and headspace concentrations. The largeafange
experimental conditions and their complex interactimwever, means the strength of
the linear relationships is very low, with values oétor below 0.1. It can be seen that
more positive correlation exists with the maximum,datkd by the 3-day average
values. For example, the total feed addition correldbo the maximum, 3 and 14 day
average concentrations is 0.21, 0.19 and 0.08 respectivedyisTumsurprising
considering that over 14 days the O@ncentration tends towards a similar low value,
whatever the initial conditions. The results in Tableak® show that there is a more
positive correlation if the grass addition is consadleindividually, which has a value of
0.36, when compared to the total or individual MGW feeds¢lvhave values of 0.21
and 0.23. The’value is also higher for the grass addition at 0.13peneu to 0.04 and
0.05. This difference can be explained by the fact tleagthss component is the most
readily compostable, and therefore the dominant contrittatCQ emission. It was
thought that taking account of the headspace volume viaeriglase the correlation, but
the results show there is actually little differenthe correlation with the maximum
concentrations has a similar value of 0.23, although-iey3average value is slightly
higher at 0.3 compared to 0.19 without accounting for dael$pace volume.
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Table 55: Comparison of correlation coefficient for CC, concentration versusFeed additiors and

Total feed addition / Headspace volume

Correlated CO, Correlation | Coefficient of | P-value
parameter concentration| coefficient, r| determination, ¥
Maximum 0.21 0.04 0.519
Total feed
N 3-day average 0.19 0.04 0.082
addition (Kg)
14-day average  0.08 0.01 0.103
Maximum 0.36 0.13 0.038
Grass only
N 3-day average 0.26 0.07 0.003
addition (Kg)
14-day average  0.25 0.06 0.028
Maximum 0.23 0.05 0.304
MGW only
N 3-day average 0.19 0.03 0.054
addition (Kg)
14-day average  0.12 0.01 0.115
Total feed addition Maximum 0.23 0.05 0.296
/ Headspace | 3-day average 0.30 0.09 0.054
volume (Kg/L) | 14-day average  0.11 0.01 0.019
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Figure 58: Maximum CO, concentration versus Total feed addition
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Figure 59:
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Figure 61: Maximum CO, concentration versus Total feed divided by the headspe volume
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6.5. Compost temperatures during home composting: Overview

The temperature profiles found in Chapter 5 show veryairoharacteristics to the
CO, concentration profiles, except for the influence efémbient temperature, which
can cause matching compost temperature fluctuations,gartycat lower compost
temperatures. The average and range of temperatures, etefsua total of 75
individual additions, are summarised in Table 56 and Figure 6Rinsp the

maximum, 3-day average and 14-day average values. As f@Qheoncentrations,
discussed previously in Section 6.4, there are large ramgestandard deviations due
to the variety of conditions tested. The absolute maxinmalue observed was

and the average maximum®&l The average 3 and 14 day averages wek@ 40d
28°C respectively. The linear correlations between theirmam and average
temperatures and the feed addition mass are shown in Faldkue to the lower
number of parameters involved, when compared to thedG@rentration, the
correlation is substantially more positive, with aralue of 0.59 for the maximum
temperature, compared to only 0.21 for maximum €@hcentration. Although still not
highly significant, the strength of the correlatiomiso much higher for the maximum

temperature, at 0.34, compared to 0.04 fop Ca@hcentration.

Table 56: Summary of temperatures detected throughout all conduetd composting experiment:

Temperature’C
Maximum detected 3-day 14-day
value average average
Average 51 40 28
Standard deviation 17 15 8
Range 14-74 9-71 10 - 53

Table 57: Linear correlation of temperature (°C) with total feed addition mass (Kg) (n=7%

Temperature versus total feed addition

Correlation | Coefficient of | P-values
coefficient, r| determination, ¥
Maximum 0.59 0.34 0.16
3-day average 0.44 0.19 0.60
0.24 0.06 0.25

D

14-day averagg
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Figure 62: Box plots of maximun, 3-day average and 1-day average compost temgratures

6.6.Leachate production

The daily volume of leachate collected from each castipg reactor is shown in Figure
63. The values given are the average volumes from duplizas. No leachate was
collected for the first 28 days after starting the @a;tpresumably due to the mature
compost present at the bottom of the reactors, whieletaichate took time to drain
through and more significantly absorbed any leachate prddudé it was fully
saturated. The time needed for the leachate to dranghrthe mature material after
saturation is indicated by the 1-2 day delay betweerearrigachate production and a
feed addition. The total leachate produced for each fortpitged addition was
assumed to be equal to the volume emitted from theodttme first peak following
feeding to just before the next. The total leachate ptathscand measured parameters
are indicated alongside their corresponding feed compositn Table 58. As would be
expected the feed materials with higher moisture comtmawed the greatest leachate
production, with a high of 0.45 L/Kg for food waste dow®104 L/Kg for MGW.

Total solids were at only 1-2% for all the feeds anddked carbon in the liquid fraction
was between 230-440 mg/L. The leachate pH ranges fromfteeedt feeds were quite
similar at between 7.1 and 8.2 so either neutral ortsligtkaline.
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Table 58: Total leachate productior and properties for a range of feed dditions

Figure 63: Time averaged daily leachate production (Feealdditions indicated by dashed lines,

numbers 1-6 refer to feed compositions in Table 58)

Figure 63 Production | Total Solids Total carbon
Compost feed pH range
reference (L/Kg waste) (%) (mg/L)
9.9 Kg grass
1 0.20 1.2 7.2-7.7 230
9.5 Kg grass +
2 0.09 11 7.1-8.2 240
11.0 Kg MGW
10.5Kg grass +
3 0.09 1.3 7.1-7.5 220
9.7 Kg MGW
5.5 Kg
4 0.45 1.7 7.4-7.7 310
food waste
25.8Kg MGW
5 0.04 2.0 7.2-7.8 440
2 week old
6 9.5 Kg grass + 0.02 11 7.3-7.5 380
11.0 Kg MGW
Reactor pair 1 Reactor pair 2
800 . 800
% 1 g 4 4 4 5 6
E 600 - ; E 600 1
s s
S 400 S 400 |
8 8
T 200 | % 200 1
- 0+ | - 0+ . S
20 40 60 80 0 20 40 60 80
Time (days) Time (days)

163



6.7.Compost quality

Final composts from the cumulative feeding H.C. bin erpent (Section 4.7.1): Large
feed garden waste, Garden waste Low C:N and GardenheRitgaste bins were
analysed for water extractable nutrients and potentaXig elements as an indicator of
the quality of home produced composts. Analysis was daotié by an external
laboratory approved by the Composting Association for camduPAS 100 analysis.
Table 59 shows the results of the water extractabléentgranalysis and Table 60 the
potentially toxic elements compared to the PAS 100 lirAlishe tested composts have
lower concentrations of potentially toxic elements trequired by the PAS 100
standards. This analysis and the concentrations of exteictable nutrients confirm
previous work that show home produced composts are safeeaatidrl as soll
improvers (Wheeler 2003; Smith et al. 2004). Plant growts fg=rformed by Smith
and Jasim (2004) found several home composts performed thetetested

commercial products.

Table 59: Water extractable nutrients in three tested compos

Mass of extractable nutrient in Dry Matter (mg/kg)

Parameter High load Low C:Nratip  With kitchen waste
Phosphorus as P 248 325 448
Potassium as K 4513 6712 7600
Calcium as Ca 355 398 347
Magnesium as Mg 53 57 55
Sulphur as S 319 568 508
Boron as B 4.0 4.6 5.0
Copper as Cu 0.4 0.5 0.5
Iron as Fe 23 26 26
Manganese as Mn 8.4 6.2 5.5
Molybdenum as Md 0.2 0.4 0.5
Zinc as Zn 9.3 10.3 10.6
Sodium as Na 559 687 755
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Table 6C: Potentially toxic elements in three tested compos

Element mass in dry matter (mg/kg)
Parameter High load Low C:N | With kitchen | PAS 100
ratio waste upper limit

Cadmium as Cd 0.7 0.6 0.6 1.5
Chromium as Cr 12 8.8 11 100
Copper as Cu 47 36 37 200
Lead as Pb 93 69 82 200
Mercury as Hg- less than 0.5 0.5 0.5 1
Molybdenum as Mo 2.5 2.1 3.3 N/A
Nickel as Ni 8.4 5.8 7.8 50
Zinc as Zn 164 170 152 400

6.8.Gas exchange mechanisms in home compost bins

As discussed in Section 2.12, understanding the gas exchaolgamsens taking place
in home composting systems would be an important stegrtls quantifying emitted
gases. In this section, experimental data that provideghiis into this area have been
analysed and the conclusions and implications discussed.

The primary mechanism for gas exchange from home comgaststems was thought
to be bulk convective flow, with air drawn in at theséand exiting through the top
(See Section 2.12). With this in mind, sealed compostiactoe experiments were
conducted with air pumped in at the base and allowed taiethie top as described in
Section 3.1.2. If the initial premise were correct,aisvihoped it would be possible to
identify the rate of gas exchange in open bottomed HrS.ly identifying the air flow
rate in sealed reactors at which the process paranodtidies two systems were the most

similar.

The relevant experiments carried out to enable thespadsons were:

* Cumulative feeding reactor and H.C. bin comparison éx@et (4.7.2)
* H.C. bin waste addition size experiment (4.7.5)

» Reactor flow rate experiment (4.7.10)
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The key results, reported as averages of the dupligpgziment pairs are summarised
in the Tables 61-63 below.

Table 61: Comparison between C(, concentrations in reactor and compost birexperiments

Cumulative feeding reactor angd H.C bin maximum C® | Reactor maximum C©O
H.C. bin comparison experiment concentration (%) concentration (%)
(1* Large feed) 16.2 8.2
(Average across 4 smaller feeds) 10.5 6.0
Table 62: CO, concentrationsin Reactor Table 63: CO, concentrationsin H.C. bin
experiments fed 9.9Kg grass experiments
Air flow rate, Reactor maximum Waste input,| H.C bin maximum
L/min CO, concentration (% Kg grass | CO, concentration (%
0.5 18.8 9.9 Kg 3.0
15 14.1 15.7 Kg 3.0
2.0 9.6 24.1 Kg 3.8

Looking at the maximum C{roncentrations, it can be seen that concentratiotie
sealed reactors were two or even three times higheiiriiba H.C. bins. Even at a high
flow rate of 2 Litres per minute, the G@oncentration was 9.6% compared to only
3.0% in the equivalent H.C. bin. There are several pessiplanations for this:

1. The composting processes taking place in the two systersibstantially
different causing dramatically different rates of proaucof CQ. The
composting parameters of the two systems have beeaxyctammpared in
Section 6.1. Although process differences were obsem#aebn the systems, it
was concluded they were not to the extent to cause isgmiifdifferences in
CQO; production.

2. Different headspace volumes between the two systaosed the headspace gas
concentrations to be different. The significance of factor is discussed in
Section 6.3 but as the initial material depth in botlesys was kept
approximately the same this factor is not likely to heasgsed the large

differences observed.
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3. The convection driven rate of gas exchange from the birfS.was significantly
higher than the flow rates used in the sealed readtrde higher convection
driven flow rates are possible according to theoreticadels (See Section
2.13.3) they do not match experiment observations. Th&gxgases from the
reactor outlets were easily observable from the phlysa@sation of gas flow
and droplets of moisture spitting outwards. Although theogdiet route from
H.C. bins would be the space between the lid and bier#thn a single outlet
it seems unlikely that there would be no noticeablessifrsuch a high rate of
gas flow.

4. The rate of air exchange from the H.C. bins was sigmifigdnigher than the in
the sealed reactors but was by primarily by the mechamisnolecular

diffusion rather than convective flow.

To gain further evidence for which of the above explanatwas correct, an
experiment was carried out in order to gain a greater uadeing of the gas transport
pathways through the H.C. bins (Section 4.7.9). The impoetaf each potential gas
outlet in the bins was tested by sealing them to prev@ngas transport and observing
the effect on the headspace £fOncentration.

The results can be seen in Section 5.9 in the catiooade concentration profiles in
Figure 50 and the average and maximum concentrations ia $@blt is readily
apparent that, despite its small area, the space betheéd and bin is an important
gas transport route in home compost bins of this natueeths space created around
the bin hatch. While this was not unexpected, thesdtseme interesting as they give a
guantitative indication of the importance of the patysva he average GO
concentration was more than doubled by sealing the lid ane tinan tripled by sealing
the base as well. The fact that the sealed barrdupen even higher concentrations
indicates that the closer contact with the ground causedher reduction in gas
transport, reducing it to near zero, based on the titoek for the concentration to fall
below the maximum possible of 20.9%. It could, thereferasgsumed that gas transport
at the base also plays a significant role in gasprart in H.C. bins, though presumably
not as significant as when the other openings are sé&xdsdd on the apparent affect of
sealing the bin lid area, if bulk convective flow wergignificant transport mechanism,
it would be expected that some flow would be detected thrthegflow meter of the
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third system tested. Despite the relatively low dedadiimits of the meter, however, at
under 0.4 Litres per minute, there was no flow detectendyatime. This is very strong
evidence that molecular diffusion is the dominant gassiport mechanism in home
compost bins.

To summarise, the primary conclusions from this datalsat:
* Small openings around compost bin hatches or other openegsnpin
different models, as well as around the base do plaiearr gas transport.

* Molecular diffusion is the dominant gas transport macm

These conclusions have strong implications for the otetlogy used to quantify the
gas emissions from gas concentration data (See sectigh

In order to check this conclusion theoretically, a $amumerical model has been used
to investigate whether diffusion is able to accountlierobserved rates of mass
transfer. The simplified model is based on a constdatof diffusion of C@through a
stagnant layer of air at the interface between thel$gace gases and ambient air. This
assumes that there is no bulk movement of air intmubof the bin and therefore the
layer of air at the interface is stagnant. Thelaivfexperiments discussed previously
found no evidence of bulk gas flow taking place but did aletit out entirely. The
model can therefore at best be used as an order of tondgymdicator of the
contribution of diffusion to the mass transfer of G@m H.C. bins and not for making
accurate predictions. If the subscripts 1 and 2 refdredvto sides of the stagnant layer
and the subscripts A and B refer to £&d air respectively, then the rate of diffusion
through a stagnant layer is given by Equation 8 (Coulsah #999).
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NA = _ﬁ(P/ PBM )(PAZ - PAl)

Equation 8

Where,
Na = Molar flux of CQ, kmol/nfs
D = Diffusivity of CO; in air, nf/s
T = Temperature, K
P = Pressure, kN/m
Pa1 = Partial pressure of GGn headspace, kN
Paz = Partial pressure of GGn ambient air, kN/rh
x = stagnant layer of air thickness, m

Psm = Logarithmic mean value otP

The use of this equation in determining the rate of ddfushrough a circular interface
around a H.C. bin lid in Kg C&s is described in detail in Appendix 8. Three key
parameters in the model whose values are either uimcertaariable were shown to be:

* The thickness of the stagnant layer of air (<1mm)

» The concentration of COn the H.C. bin headspace (<15%)

* The width of the gas interface area around the circuemée of the bin (<1mm)
The actual rate of C{emission can be calculated for the reactor systgrarexents
using the method described in Appendix 7. The averagefr@®,cemission over the
first 14 days of composting and the maximum rate foritee24 hours calculated for
the reactor experiments are shown in Table 64 and Tabled&m be seen that the
maximum rate of emission in the first 24 hours was 0.5€Rgday and 0.18 Kg

CO./day averaged over the first 14 days.
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Table 64: Average rate of CC, emission calculated from composting reacto

Experiment title Average rate of G@mission | Standard
over first 14 days (Kg C& day) | deviation
0.5 LPM 0.09 0.02
1.5LPM 0.13 0.03
2 LPM 0.18 0.06
1.5 LPM Grass + MGW 0.07 0.02
1.5 LPM Grass + MGW 0.12 0.04
1.5 LPM MGW 0.08 0.01
Food waste 0.09 0.01

Table 65: Maximum rate of CO, emission during first 24 hours from compostiig reactors

Experiment title Average rate of G@mission | Standard
over first 24 hours (Kg C& day) | deviation
0.5 LPM 0.25 0.00
1.5LPM 0.46 0.02
2LPM 0.54 0.22
1.5 LPM Grass + MGW 0.26 0.06
1.5 LPM Grass + MGW 0.31 0.08
1.5 LPM MGW 0.22 0.01
Food waste 0.20 0.01

Based on the diffusion gas transport model parameterslssm Appendix 8 and a
stagnant layer thickness of 1mm, £&ncentration of 15% and interface width of
1mm, the mass transfer rate is found to be approximai¢litg CQ/day: very close to
the maximum observed emission rate. Based on thesmgtara, therefore it is
apparent that diffusion could theoretically be the smehanism for gas transfer from
home compost bins. The influences of the three key peieas) identified above, on the
model are illustrated in Figure 64. The Figure shows thheiactual values of the
stagnant layer thickness or interface width are vefgr@iht from the estimated values
then the diffusion model soon becomes invalid. At otteeene, the potential emission
rate becomes too low to account for the observegd®o@centrations and production
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rates. At the other extreme the potential emissianisaso high that, at the production
rates observed in the reactor systems, there would beild up of CQ within the bin
headspaces, which was not the case. If the badie ofiddel is assumed to be valid,

however, then the previous fact provides a further udeedfigure based on the
following two points:

Significant CQ build up was observed within the H.C. bin experiments

An approximate maximum gas emission rate of around 0.5.Qdo be more
certain) Kg CQ/day is known from the reactor experiments

Based on these two points, it can be assumed thegdien of the Figure where the
emission rate rises above the maximum observed &ditef {he region above 1.0
Kg/day or from the black shaded region and above) doescoat. This information

can be used to improve the use of the diffusion modelimatsng the rate of emission
of detected trace gases as has been done in Section 6.9.1

1 0.0 -0.5 Kg/day
EEE 0.5 -1.0 Kg/day

N 1.0 - 1.5 Kg/day
I 1.5+ Kg/day

Gas emission (Kgfday)

Figure 64: Rate of gasemissionbased on diffusion transport mode with a headspace C(,
concentration of 15%
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6.9. Trace gas emissions: Overview

6.9.1. Methane emissions

The gas chromatography and sampling methods used fpai@ysis are described in
Section 4.6. While the method used offered good sensititagyaccuracy was limited
with an average residual error from the calibratiora @ét-30%. The lowest calibration
standard available was air, which had an averagedGhtentration of approximately 2
ppm (Intergovernmental Panel on Climate Change (IPXD0)). The method accuracy
at this concentration was only sufficient to distingu@H, concentrations from air of
above 5 ppm. Any measurements below this threshold werefoine assumed to have
the same Cldconcentration as air. Only a few of the conducted exgerts gave
measurements above this threshold, the details of v@ingcgiven in Table 66. As
would be expected, the highest concentration found waseirobthe sealed airflow test
experiments (see section 6.8) where a concentratid@ppm was found, but the
highest value found in an unaltered naturally aerated cdarbpowas 260 ppm
internally and 90 ppm in the headspace. Overall, thdtseshow raised emissions of
methane to be quite variable with no clearly consigtattern. The majority of the
experiments that showed raised emissions were netwglod the CQ concentration
ranking but not in all cases and not including severdi@highest ranking
experiments. This may be related to differences irath#tow in the forced aeration
reactors from the standard naturally aerated compostAimngnaltered naturally
aerated compost bin does not enter the a@king until after 14 sealed or forced
aeration experiments. The forced aeration experinvemth show raised CH
emissions are at the very bottom level of deteatith CH, concentrations of only 5 or
6 ppm, despite very high G@oncentrations. There are two likely explanatiarshis:

* Methane production is occurring in the forced aeratiactogs but the methane
is removed from the system before it can build up to lmighacentrations. In
the naturally aerated systems, where diffusion is \di¢o be dominant,
methane may not leave the system as quickly soezhmeasurable
concentrations. As concentration difference betwhernrside and outside of
the bin is the driving force for gas transport by molecdiffusion, it is possible
for the CQto be lower but the CHconcentration to be higher in a compost bin

compared to a sealed reactor due to the different drivingsqresent.
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* Methane production is lower in the forced aeration o¥adiecause, despite the
higher CQ concentrations when compared to the H.C. bins, thgesxthat is
present is able to penetrate more deeply into compdstipsudue to the higher
air pressure and different flow system. There areefoes fewer zones that are

sufficiently anaerobic for methane production to occur.

In most cases, both duplicates in an experiment showeldismethane emissions but
there are some where only one showed raised emisa®irsthe case of the 5L/week
experiment, where one of the pair gave a much highesunetment than the other. This
could be a result of the sampling procedure; the duplicateviére sampled on
alternate days, meaning a short duration of raisegdedtission could be missed in one
of the bins, while it was captured in the other. Anotlossbility is that very specific
conditions are required for GHmission, such as a very compressed, moist and high
temperature region within the compost and this only occunrede of the bins, due to

variations in material packing and structure.
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Table 6€: Details of experiments showing raised C4 concentrations in headspace or internal gast

Maximum co, Maximum recorded
_ _ Method | headspace CO _ methane concentration
Experiment title . _ concentration
section| concentration , (ppm)
ranking /49
(%) Headspace Internal

Sealed barrel 4.7.9 20.9 1 4 460
0.5 L/min (1) 4.7.10 18.9 3 6 6
Sealed+flow

4.7.9 16.9 7 13 59
Meter (1)
Sealed+flow

4.7.9 16.6 8 7 12
Meter (2)
1.5 L/min
Grass+tMGW 4.7.6 16.2 9 5 5
(Lower C:N) (2)
Sealed lid 4.7.9 14.9 10 28 28
5L/week (2) 4.7.7 11.9 15 5 9
5L/week (1) 4.7.7 11.3 16 86 280
SL/fortnight (2) 4.7.7 10.6 17 14 5
10L/week (2) 4.7.7 10.2 20 7 7
SL/fortnight (1) 4.7.7 9.9 21 5 7
1.5 L/min Grass
+ MGW (Lower 4.7.6 8.7 23 5 5
C:N) (1)
10L/week (1) 4.7.7 8.5 25
Layered (2) 4.7.3 7.1 28 5
Layered (1) 4.7.3 3.4 35 4 7
Food waste

4.7.4 1.9 43 29 12
(stage 2)

*Bracketed numbers refer to bin 1 or 2 of each experiminibcate bins
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Figure 65 shows the internal and headspace concentratasuraenents against
composting time. The scale is reduced so that, althougkwhkigher concentrations
measured made are not visible, the details for lowecesdrations are. It can be
observed that, when raised concentrations were fouridarly in the headspace,
they were predominantly in the first 1-3 days of compgstin the internal gases higher
concentrations were found over longer periods, up to 15 or 20 tiag exception to
this pattern was the food waste compost in the open handé&tails of this experiment
can be found in Section 6.2.3. It consisted of a bulk é¢d@Kg of food waste that had
been built up by small weekly additions in duplicate éoraeration reactors. After 6
weeks at the end of the airflow test the compostintgriad was transferred to a
standard compost bin for further long term measuremeiits toade. Despite no
methane having been detected during the airflow experimaatbane was detected at
this time and consistently for the following 90 days. Kég feature of this feed
material, in terms of methane production, is likely ¢atb physical structure and
moisture content, causing there to be very little &espace within the material for
oxygen to enter and flow through. Despite its relativelals volume therefore, a large
proportion of the internal mass was likely to be anaieravhile the surrounding gases

were high in oxygen content.
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Figure 65: Internal and headspace methane concentration measuremsirelative to composting

time for all monitored experiments

In order to quantify the rate of emission of {kbm the H.C. experiments performed it
is necessary to use the diffusion gas transfer modelibedan Section 6.8 and
Appendix 8. Three scenarios are considered in order teedothe model result into an
annual rate of ClHemission from home composting:
1. The simplest and most widely observed example whereHas(roduced
during home composting activities.
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2. Arealistic but worst case scenario, with the higlobserved headspace €H
concentration of 86ppm, emitted constantly, but onkgughout the first 24
hours of composting following a feed addition. Assumingvaht feed
additions are added every two weeks during the growing sedsoh &
assumed to last for 26 weeks of the year.

An absolute worst case scenario with the maximum obdasoncentration of
86ppm CH emitted constantly throughout the year.

The results of applying the model to scenario 2 are disglayFigure 66. Based on the
analysis of C@Qemission rates, performed in Section 6.8, the darkgnef the Figure
can be ignored. This gives an upper limit of the;@hhission as around 0.002 Kg
CHa/year/household. Converting these values into equivgr@O, on a 20 and 100
year basis by multiplying them by the global warming potditi CH, (Section 2.5.2)
gives the results shown in Table 67. It can be sesrilib additional impacts from GH
emission from home composting are in fact very lowhwnly 0.14 Kg equiv.-Kg

COy/hh/year estimated as the realistic worst case sceaatli 4.3 Kg equiv.-Kg
COy/hh/year as the most extreme potential emission.

0.008

S 0.006
(]
2
(=2}
4
— 0.004
=
=] _ : . :
7 7N\ [ 0.000
£ 0.002 - 1 0.002
2 5 [ 0.004
@ 0.000 g B 0.006
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%

Figure 66: Rate of emission of Ct, based on diffusion tranport model (scenario 2
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Table 67: Upper limits of CH4 emissior

Upper limit of CH, emission
(equiv.-Kg CQ)

20-year basis 100-year basis
Scenario 2| Scenario 3 Scenarig 2 Scenarjo 3
Per household per
0.14 4.3 0.05 1.5
year
Per tonne of waste
o 0.35 11 0.13 3.8
Lower limit
Per tonne of waste
o 1.4 43 0.5 15
Upper limif

'Based on 400 Kg waste/household/y@&ased on of 100 Kg waste/household/year

6.9.2. Ammonia, nitrous oxide and volatile organic compounds

Concentrations of ammonia and nitrous oxide measured by pa#$iston tube
analysis are shown in Table 68 and volatile organic congsoimTable 69. The results
are for an average concentration over an exposureofit¥ days immediately

following addition of the fresh feed material. Supply andlysis of the diffusion tubes
was provided by Gradko International Ltd. Nisl only found at trace concentrations in
the atmosphere so the concentrations found in the carpadspace gases show that
NH3 emission is occurring. Calculation of an approximaeraye rate of emission per
Kg feed material for the forced aeration experimentemonstrated in Appendix 7. For
the given experiment parameters and if it is assumedftina repeating fortnightly
feeding schedule, the rate of emission does not chaggécantly over time

(discussed in Section 6.10) it is possible to estimaterthssion per tonne of feed
material, which is also given in Table 68. It can bengbat the highest rate of emission
calculated was 15.5 g NH feed for a grass only feed. This is likely to behatwpper
range of emission for most home composting feeds, as gra high in nitrogen
content material, and one of the most common feednai. Although kitchen wastes
can also have high nitrogen contents, for the compasised in this study, the
emission of ammonia per tonne of feed was less thanat@Bat for the grass only
feed. It is also interesting to note that the open Xjreement “Low C:N” produced a
similar concentration of Ntas the forced aeration experiment with a grass ontl; fee
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This must be considered with respect to the gas transamttanism through open
compost bins, which is discussed in Section 6.8.

The NO concentrations (Table 68) in the monitored compost bare found to be
lower than the concentration in the atmosphere. Taeal/ses were performed by an
external laboratory on two separate sets of sampes different experiments, both
giving the same result. This most likely indicates thatrobiological or chemical
activity is taking place under the composting conditiorthe experiments tested that
consumes bD and none that produce it.

Table 68: 14 day average Ntz and N,O concentrations from passive diffusion tube analys

Feed material/ 14| Concentration | Emissions of| Concentration

days of NH; (ppm)* | NH; g/T feed| of N,O (ppm)
0.5 LPM (1) 9.9 Kg grass 21.6 15.5 0.001
0.5 LPM (2) 9.9 Kg grass 16.7 12.0 0.007
Food waste (1) 5.5 Kg food waste 0.8 1.0 0.058
Food waste (2) 5.5 Kg food waste 0.5 0.65 0.055
Garden waste 15.5 Kg grass + 14.1 - 0.004
low C:N MGW
Ambient air (1) - - 0.134
Ambient air (2) - - 0.129

*pblank subtracted (Uncertainty = 7 %)

The results of the VOC analysis, shown in Table 6@icate raised concentrations of
some VOCs but still at very low concentrations andenofinsignificant environmental
or health concern with normal exposure times. Bothrgrend limonine were also

found in the EA Home composting study discussed in Se2ti@.2.
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Table 69: Volatile Organic Compound concentration

Concentration in compost Concentration
VOC compound headspace gases (ppb) in air (ppb)
Limonene 95 -
Phellandrene 76 -
Pinene 35 -
Disulfide, dimethyl 30 -
3-Carene 21 0.4

6.10.Importance of cumulative, layered feed additions

Repeated feed additions layered on top of each othetimeare likely to occur in
most home composting activities. This is very time oamag to simulate
experimentally as it can only be achieved by feeding natgeepeatedly over many
weeks. It would be advantageous if each feed addition couddrisdered individually,
which would be possible if the previous feed additions g @ negligible impact on
the overall composting process and emissions, exceptghrithe headspace volume
(See Section 0). This would be dependent on the relativaty and emissions of the
older material compared to the most recent feed. Thibd®s investigated in two
ways. Firstly, by monitoring the time taken for the €smons from an individual feed to
fall to the extent where they are no longer detectdlles. was performed as part of an
investigation of the impacts of water addition (Sectioh@.and involved running 6
compost bins with a feed of 17.9 Kg garden waste until taddpace carbon dioxide
concentration dropped below the detection limits of 0.1P& darbon dioxide
concentration profiles, seen in Figure 67, show thabk 100 days for the emission of
CO; to reduce to the point where the concentration fetiieehis detection limit. The
concentration for the vast majority of this timewawver, was at most 2.0% and more
often below 0.5% depending on the water addition and turreogiéncy. It may be the
case, therefore, that despite the long period of contemadsion, the presence of older
material does not make a significant contribution taal/®in emissions when fresh
waste material is added. This would be dependent on the g ader material and

the size and composition of the fresh waste feed.
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Figure 67: Headspace %CC, concentration profiles of compost bins with differat water additions

The second set of relevant data comes from severaliegues conducted with a
repeating feed addition. Six pairs of open bottomed contgestand one pair of sealed
composting reactors were run under slightly differemidittons for 12 and 10 weeks
respectively with feeds of between 10 and 20 Kg/14 daysspéafic experiment
details are described in Sections 4.7.1 and 4.7.2. The fegmasldccurred every two
weeks, determined by the availability of fresh grass @sdtibut fitting with the likely
frequency of home garden waste additions. The %€@centration profiles for these
experiments are shown in Figure 68. It can be seense thefiles that there is a
significant degree of variation from one feed to anotAeguantitative analysis was
carried out, to show if there was a notable increasemcentration from one feed to the
next, on the 14-day average, initial 3-day average and max@@naoncentration
during each bin’s fortnightly feed decomposition. A drawbddkese data is that the
headspace volume was not kept constant, as it is rebyasath additional feed, and
this has been shown to influence headspace concentnamsurements (Section 0).
Bearing this in mind, the results, summarised in Tablel¥y $hat there appears to be
a slight increase in GQroncentration from one feed to the next. Considdtiag
correlation of the calculated slopes, however, asagalhe contribution from reducing
headspace volume, the small increase could not bédeoed a significant trend. It
seems reasonable to assume, therefore, that forgfottinfeeds of between 10-20Kg
the composting emissions of each feed can be considehediually.

181



Adldition 1 Aclidition 2 Addition 3

Ad(ljition 4

20
18 +
16 1

v

14 1)

v

|
v

v

(@)

Reactor 1
Reactor 2
H.C.bhin 1
H.C.bin2

Headspace CO2 concentration, %

20

30
Days

40

50

Addition 1 Addition 2 Addition 2 Addition 4 Addition 5

v

18 -
16 A
14 1
12 A

v

v

v

High load
Low C:N
Food waste
Control
Insulated

Headspace CO5 concentration, %

Days

Figure 68: Headspace %CC, concentration profiles of compost bins with repeatefieed addition:s

(a) Airflow experiment, parallel reactor and H.C. systens (b) H.C. system emissions experiment

Table 70C: Analysis of trends in %CO, concentration in repeated feed additior

Maximum recorded

%CQO, concentration

3 day average

%CQO, concentration

14 day average
% CQO, concentration

2

2

Slope r Slope r Slope re
(%CQy/day) | value | (%CGO)/day)| value | (%COYday)| value
Average 0.07 0.36 0.06 0.5 0.03 0.55
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6.11.Comparison of home and centralised composting

There are several ways to approach a comparison beheessmand centralised
composting, particularly depending on the level of cexipy involved. Considering
the variability of feedstock materials, available formigentralised composting and
existing uncertainties within the research field, ameshive comparison is clearly
beyond the scope of this work. A first comparison @ty basic level would be useful
in producing initial quantitative data and indicate thetredamportance of more
detailed work. For this purpose a literature review has baemred out for data on the
impacts of centralised composting in terms of Kg@Quiv. emissions and climate-
relevant trace gases (GH\.O).

The simplest approach is to assume that the centtal@®aposting process is
sufficiently well managed that no climate-relevantérgases are emitted and the
additional GHG emissions are caused by transportatiopraegssing burdens. Values
from several sources in the literature on these eomssire shown in Table 71. A
further simplification is to assume that the amour€@O. directly emitted from the
composting of the waste would ultimately be the samelvendy home or centralised
composting. This leaves the only additional burdens fromehcomposting as the
emission of any climate-relevant trace gases and tuption of the compost bin. A
detailed life cycle assessment of a Green Cone fosteveigester was performed by
Environmental Research & Consultancy (Knipe 2007). The GZeee digester is a
more complex and larger structure than more common loggomed H.C. bins so its
lifecycle emissions are likely to be higher than maltsraative bins. It can still be used
as a reasonable approximation for a “typical’ home camnbim, particularly as a worst
case scenario. The estimate of the anthropogenic gresmlgas emissions just from the
lifecycle of the cone were calculated as 253.5 tonn€OsE/year. Accounting for the
variation in Kg waste composted per household per yeathertlace gas emissions
calculated in Section 6.9.1 as shown in Table 72 belovs gitetal anthropogenic
emission from home composting of between 2.9 — 11.5 Kg=OQ). The values for the
trace gas emissions are based on the realistic wamstscenario. Much lower values or
even zero emissions were observed to be more commenragntally, but a much
larger sample base would be required to estimate thel actymrtions of home
composting activities resulting in trace gas emissidrean be seen, however, that only
around 12% of the total GHG emissions are made up of tte ges emissions, even
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using the worst case scenario. The relative impacamdtion in this value is not,
therefore highly significant to the total value.

Considering the complex and diverse nature of centradiseghosting operations
estimates of the anthropogenic GHG emissions they canggreatly depending on

the specific operations and methods used to analyse tlesrnis Teflected in the small
sample of estimates shown in Table 71 which range leet2@ to 55 Kg C®

equivalent per Tonne of waste composted. Taking evelowest estimate of 20 Kg
CO,E/Tw, however, the emissions from centralised composipggations are still
almost double the very worst case scenario for homgasting of 11.5 Kg CeE/T,,.
When it is considered that this is also based on ttggllainvalid, assumption that
there are no climate relevant trace gas emissions demtralised operations it becomes
clear that home composting is far superior to ceng@lmposting in terms of GHG
emissions. Making comparisons between home composting agrd wdim-composting
forms of waste management is significantly more clitfidue to the added complexities
of avoided energy and materials, and carbon sequestr@uote detailed analyses of
these issues have been performed within certain constkairkKnipe (2007) and AEA
Technology (2001).
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Table 71: Anthropogenic GHG emissimns from transport and processing machinery in centralisé

composting

Included activities

GHG emissior
(Kg COEIT,)

Source

Food waste collection,

Lifecycle assessment of centralised food

processing and product 49.7 waste composting facilities (Knipe 2007
delivery

Waste collection, processing _— A study of the Viennese biowaste

and product delivery management system (Linzner et al. 200b)
Open composting transport Report for the European Commission om
and energy use in collection 1 waste management options in the EU
processing and product (AEA Technology 2001)

delivery

Closed composting transport Report for the European Commission om
and energy use in collection 26 waste management options in the EU
processing and product (AEA Technology 2001)

delivery

Waste transportation Review of Environmental and Health
excluding collection 102 Effects of Waste Management: Municipa

solid Waste and Similar Wastes (Enviro
Consulting Ltd et al. 2004)

UJ

Table 72: Total anthropogenic GHG emissions from home compostg

Estimated randeof GHG emissions | Percentage of total
(Kg COE/Tw) (%)
Trace gas emissions (GH 0.35-14 12
Lifecycle of compost bin 2.5-10.1 88
Total emission 2.9-11.5 100

Realistic worst case scenario (Sectic6.9.7) *(Knipe 2007 *Based on 10-400 Kg waste/hh/yea
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6.12.Mass balances and total national C@emissions from home composting

A meaningful and useful mass balance for home compastingties is difficult to
create due to the highly varied nature and conditionaat Bome composting process
and feed addition. It is possible to estimate averggesnand outputs for a particular
sample of home composting processes but the accur#logsaf estimates is only as
good as the size and suitability of the sample populafibe.majority of experiments
performed over the course of this project were onlyfoura short time making them of
limited use for total mass balance calculations. Thelt®from the selection of
experiments which were run for over 100 days (See Setifor) are summarised in
Table 73 alongside those from the study by Smith et al. (28®€d on a sample of 64
households (See section 2.9.1) monitored over 2 years.

An alternative approach is to use data from other compgpstudies, based on either
larger scale composting systems or laboratory scalmoasm studies. As discussed in
Section 2.8.3 there is significant uncertainty overatt@iracy of applying data from
laboratory scale studies to larger scale systems anevance of data available in the
literature is limited by the particular feedstock and expental conditions used.
Bearing these limitations in mind, however, laborasgindies are still a useful source
of information and were used by AEA Technology (Wheeler 20 eler 2007) to

identify the following assumptions for use in a home caostipg mass balance:

* 48.91% of input carbon is released as,®@sed on microcosm studies
* Average home composting waste input composition 21% Cgglbi), 60%

moisture

Table 73: Mass balance dat.

Average values from 18 Kg Grass + MGW composted for 100
Smith (2004) days (Average 4 duplicate H.C. bins)
Input % % lost Input % % lost
Total mass 100 57.8 100 45
Moisture content 65 56.5 63 52.7
Dry matter 35 60.0 37 31.9
Carbon (% DM) - - 40 57
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The total annual C£emissions from home composting can be calculated fnass
balance data and the following additional factors:
1. Analysis of home composting leachate samples (Se6t&)nndicated that only
around 0.5% or less of input carbon is lost through leadiAgipendix 9).
2. Trace gas analysis (Section 6.9) showed that only nielgligmounts of carbon
are emitted in any form other than £0
3. Based on points 1 and 2, it is reasonable to assumenéh@ttal input carbon
lost during composting is emitted as £0
4. The mass of waste home composted in 2008 was estima®edtion 2.3.3 to be
0.97 Million tonnes of waste/year.
5. The anthropogenic GHG emissions from home composting tihemproduction
and distribution of compost bins is 7.4 Kg §EIT,, based on an average of 296
Kg waste composted/household/year (Sections 2.3.3 and 6.11)

The estimates of the total G@&missions calculated using the mass balance data from
the literature (Wheeler 2003; Wheeler 2007) and measured vakilgle (13) are shown
for comparison in Table 74.

Table 74: Estimated annual total, anthropogenic and biogenic C, emissions from home
composting in the UK in 2008

Mass of waste Biogenic Anthropogenic Total Equiv.-
composted Equiv.-CQ Equiv.- (6{0)}
emissions CO, emissions emissions
(Thousands of tonnes/yr)
Literature 970 146 7 153
Measured 970 300 7 307
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7. Conclusions

The experimental approaches adopted and results gatimereti@ysed during this
project have led to a number of novel conclusions. Withenoriginal scope of the
work, the four primary objectives laid out in Chapteratéhall been satisfied. The first
of these, was to identify and compare the availalolenigues for measurement and
analysis of the emissions from home composting inrdadénd the most accurate and
reliable methodology. Using theoretical analysis and pusvpublished research, the
methods and techniques available were reviewed in detailjghgiht their individual
advantages and disadvantages. A review of the factersarg to home composting was
also performed, particularly on the size and composdgfdgpical waste additions,
analysed from a range of sources, which were grouped &vgethreate a detailed
summary (Section 2.3.2). With the main emphasis optbgct on quantifying the
potential for environmentally significant gaseous emissiba@snost appropriate
methods were selected as experimenter managed systag®¥aoti ordinary home
compost bins as well as compost bin scale reactorscamittrolled air flow. Suitable
experimental apparatus and protocols were designed, testedfimed based on the
results of the literature review and trial experiméBisction 3). A number of lessons
were learnt in the course of this process that withbealue to future studies and in
interpreting existing data, particularly the following:

* With regard to temperature and gas composition measurethentsnitoring
frequency and timing relative to feeding and turning hasge lmnpact on the
results. In the first few days following a feed additidaily monitoring is
essential, and hourly monitoring would be beneficiat{as 6.4 and 0).

* Ambient temperature fluctuations over the course ofiglesiday have a
significant influence on compost temperature which coalelan impact on the
results from studies using the public where the timing andrggphical location
of measurements could be different (Section 0).

* Measurements of headspace gas composition were shdagrhighly
dependent on the headspace volume, making this an impadiitional factor
when headspace gases are to be used as a measured parameter

» Evidence from gas concentration data and rates of emisalculated from the
reactor experiments indicated that the primary gas exggheechanism in home
compost bins was diffusion rather than bulk convedtoxe (Section 6.8). This
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is important in determining appropriate methods to quantifg@asemissions
from headspace gas concentrations.

* Based on the assumption that the rates of €@ission were not significantly
different between the reactor and H.C. bin systemso@el of gas diffusion
through a stagnant layer of air was applied to H.C. nimsdduce quantitative
estimates of the upper ranges of emission rates & ¢fases such as methane
(Section 6.8).

The use of controlled reactor system experiments prodiadedble data on rates of
CO,emission that was instrumental in understanding thexasange mechanisms in
home compost bins. It was difficult to judge, however, duartibations in the sample
size and the degree of variation between even duplicptziments, how differences in
the reactor and H.C. systems affected the compostingsses. The apparent
importance of diffusion in the H.C. systems causedifsigint differences in the gas
composition measurements, with typically higher conegioins of CQ but lower
concentrations or no detection of trace gases ingdetar systems (Section 6.8).

The second project aim was to assess the potentiahtaronmentally harmful
emissions from home composting. Trace gas analysaesctaut on H.C. headspace
gases (Section 6.9) found no detected emissions@fliNt emissions of Ngof up to
15.5 g/T feed. Volatile organic compounds were detected atvenjyiow
concentrations, with the most concentrated being lemerat 95 ppb, and none of
significant environmental or health concern. Emissminsiethane were detected but
only in a small number of cases, typically in the f#s3 days following feed addition,
and at very low concentrations. The highest singlectiedeconcentration was 86ppm
within the compost bin headspace with a simultaneousecration of 280 ppm within
the internal compost matrix. A food waste only feed wlaserved to behave differently
from larger garden waste feeds with consistently highé¢hane concentrations of
between 5-30 ppm detected for almost 100 days after thedakatidition. This was
likely to be caused by the physical structure and moistuntent of the food waste,
causing there to be very little free air space withinnilagerial for oxygen to enter and
flow through. Despite its relatively small volume ttiere, a large proportion of the
internal mass was likely to be anaerobic while theosundling gases were high in

oxygen content.
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The third project objective was to add to the body of kedgg within composting
science, regarding the relationship between key fadgtmigding temperature, GO
emission, pH, moisture content and feed properties. Arumf composting
parameters were investigated during the project (Sectigrab2the trends identified in
the data matched existing knowledge on the influence désted parameters. The
variability inherent in composting processes and limitetim the number of
experiments that could be performed limited the numbetygres of conclusions that
could meaningfully be drawn. An important point that \Wwaghlighted was the degree
of influence of the composting parameters, including ¢leel tomposition and size and
process management, on H.C. performance. Large diffeyevere observed in GO
production, mass balances and temperatures reached witvelglamall changes in
composting parameters. Estimates of an overall maaadsfor home composting
under select conditions were calculated and comparedthién estimates from the
literature (Section 6.12). On the basis of these vahe$otal, biogenic and
anthropogenic equivalent G@missions from home composting in the UK in 2008
were calculated. Total emissions were estimated t@tvecen 150 to 300 thousand
tonnes/yr, with 7 thousand tonnes/yr from anthropogenicces.

Analyses of the physical chemical properties of seteatature composts showed that
they were of sufficient quality to pass the PAS 100 spatitin for composted
materials. This confirmed previous work in the literatfinding home produced
composts could be used as safe and beneficial soil inmsr{ection 6.7). Leachate
production was quantified as between 0.04 to 0.45 L/Kg waste diegeon the feed
composition. The properties of compost leachate wily gagnificantly with the
compost feed materials. Although not within the scopéiefgroject, compost leachate
has been analysed in other research and home comacisaie specifically by Wheeler
(2003, 2007). Considering the composition and rates of emisgiomme composting
leachate, the environmental impacts are likely to bégiblg as long as standard

advice on which waste materials to compost is followed.

The final aim of the project was to compare the environatémpacts of home
composting with those of centralised facilities. Tokakequivalent emissions of
anthropogenic climate relevant gases from home compoastiivities and centralised
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composting were compared using the results of the gasenperformed and data
from the literature (Section 6.11). For home composting factors included in the
analysis were the emission of climate relevanttigases, which only included
methane, and the lifecycle of a typical compost bin.démtralised composting the
transport and processing emissions from a range oititesitalculated by several
different sources were used as estimates. The expgahavidence indicated that only
very specific conditions in home composting would leadrtissions of methane, and
therefore nationally emissions are likely to be vemy.lIn order to make a more robust
comparison, however, the estimated realistic worse saenario for methane emission
was used. This made the estimate of the total anthrofmogeeenhouse gas emissions
from home composting as between 3 and 12 KgEZT), with almost 90% coming
from the lifecycle of the compost bin. Emissions froemtralised facilities however
were between 20 and 56 Kg KT, at least more than double that for home
composting. This comparison makes it quite clear thagrims of emissions of Kg
CO,E/T home composting is significantly superior to centrdlisptions.

7.1.Recommendations for future work

The aims of the project were all successfully achieaédlpugh limitations exist in the
confidence of the conclusions drawn, due to the large defgveeiability observed in
the results and the relatively small sample size® © the time taken for methodology
development and the labour intensive nature of the expetathis was an unavoidable
constraint without substantially limiting the scopelué project. With regards to
comparisons between home composting and other formssté wanagement, such as
centralised composting, more data may not be of gréae daie to the scale of the
difference indicated by this work. Even using a worst cas@ario the emission of
anthropogenic climate relevant trace gases accountedliparound 10% of the total
emissions from home composting, and this value wasHasshalf of the best case
estimates for centralised options. Emissions of eglegases occurring in home
composting would therefore need to be a great deal langemare frequent than those
found here in order to affect the conclusions. THeafghis is further reduced
considering that the experiments conducted in this work wieosen in order to account
for likely composting activities that would lead to theajest emissions. Whilst further
data collection would improve the confidence in the commhss the necessity for this is
at least reduced. With the methods and lessons developed thigipgoject, however a
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fairly simple but well designed and intensive project addmllection from home

composting activities by the public could provide substah&akfits, particularly the

following:

A larger sample of gas composition measurements, fgimgtithe frequency
and concentrations of methane and nitrous oxide measuremeunld improve
the confidence in and accuracy of total emissions Glomls and enable the
proportion of activities resulting in their emission ®drcounted for.

Further data on the properties of feed additions, manageprectices and their
relative frequencies could enable more accurate masscbaléo be performed
accounting for different scenarios and their proportieikin the public’s

composting activities.

192



8. References

AEA Technology (2001). Waste Management Options and Cli@aésge.

Agnew, J. M. and Leonard, J. J. (2003). "The physical priegest compost.” Compost
Science and Utilizatiofh1(3): 238-264.

Bary, A., Cogger, C. and Sullivan, D. (2002). What Does @mnhAnalysis Tell You
About Your CompostBiologically Intensive and Organic Farming Research
Conference Yakima, Washington State University - Puyalhgp@regon State
University.

Beck-Friis, B., Pell, M., Sonesson, U., Jonssoraridl Kirchmann, H. (2000).
"Formation and emission of,® and CH from compost heaps of organic
household waste." Environmental Monitoring and Assess6#1817-331.

Beck-Friis, B., Smars, S., Jonsson, H. and Kirchmanit26D1). "Gaseous Emissions
of Carbon Dioxide, Ammonia and Nitrous Oxide from Organaubsthold
Waste in a Compost Reactor under Different Temper&eagegmes.” Journal of
Agricultural Engineering Resear@i®(4): 423-430.

Bexley Coucil, Cleanaway Ltd. and Enviros Consulting Ltd. (2008¢ source
Segregated Kerbside Collection and In-Vessel CompostiBgpofaste
London, Report for London Borough of Bexley.

British Standards (2002). PAS 100 Specification for compsegénmls Published by
BSi British Standards Institution;,

BSI - British Standards Institution (2000). BS EN 12579:2000i8mitovers and
growing media - SamplindPublished, 0 580 35426 1.

Burman, N. P. (1961). The Biochemistry and Microbiolo§Zomposting. Town
Waste Put To UseCleaver-Hume Press Limited13-130.

CEC (1999). "Coucil of the European Communites, Councildbire of 26th April
1999 on the landfil of waste (99/31/EEC)." Official Jourmithe European
Communities No. L 183/1-19

Chartered Institute of Public Finance and Accountancyis8tai Information Service.
(2001). Waste collection and disposal statistics 2000-01 :Is¢tGEPFA
Statistical Information ServiceReport.

Coggins, C. (2004). Home Composting : A Role in Sustainalsist$\Management ?
Report.

Coulson, J. M. and Richardson, J. F. (1999). ChemicahEagng Volume 1 Fluid
Flow, Heat Transfer and Mass Transfeublished by Butterworth-Heinemann,
0 7506 4444 3.

Crockett, J. A. (2005) www.magicsoil.cont. Retrieved 06/2008.

DEFRA (2005). Municipal Waste Management Survey 20Q03R&port.

DEFRA (2006). Animal by-products: Treatment in approved comppstirbiogas
plants of animal by-products and catering waste - Q&A.

DEFRA (2007). Waste Strategy for England 20Pidblished by TSO (The Stationary
Office),

Dickerson, G. W. (2003). Backyard compostiRegport for New Mexico State
University.

Eklind, Y. and Kirchmann, H. (2000). "Composting and storagegdroc household
waste with different litter amendments. I: carbombver.” Bioresource

Technology74(2): 115-124.

193



Environmental Research and Education Foundation (2003). "Redwetbdrié
Emissions - A case for Landfill Biocovers." EnvironnmariResearch and
Education Foundation Research Bullez{t).

Enviros Consulting Ltd, University of Birmingham, Risk arali® Analysts Ltd, Open
University and Thurgood, M. (2004). Review of Environmental andthiea
Effects of Waste Management: Municipal solid Waste @indallar Wastes
Report for Department for Environment, Food and Rural Adfai

EPA - Environmental Protection Agency. (2005). "SW-846-Onling Methods for
Evaluating Solid Waste, Physical/Chemical Methods."tri®eed December
2005.

Epstein, E. (1997). The Science of Compostigblished by Technomic Publishing
Company, Inc., 1-56676-478-5.

Eunomia Research and Consulting (2002). Economic analysigions for managing
biodegradable municipal wasteeport for European Commission.

Finstein, M. S., Miller, F. C. and Strom, P. F. (198)aluation of Composting Process
PerformanceProceedings of the International Conference on Cstmgpof
Solid Wastes and Slurries, The University of Leeds.

Fletcher, 1., Durrant, A. P. and Tucker, P. (2000). "Comptdelling - A Literature
Review of Existing Models and Their Applicability to Dortie€Composting.”
Progress in Environmental Scier(@): 109-128.

Friends of the Earth (1993). Compost! Friends of thehEsaguide for local authorities
Published by Friends of the Earth Trust Limited, 1-85750-145-4.

Haug, R. T. (1980). Compost engineering : principles andipeaBublished by Ann
Arbor, Mich. : Ann Arbor Science Publishers, 0250403471.

Haug, R. T. (1993). The practical handbook of compost eagnwe/ Roger T. Haug
Published by Boca Raton : Lewis, 0873713737.

Hellebrand, H. J. (1997). "Emission of Nitrous Oxide androtlace Gases during
Composting of Grass and Green Waste." Journal of Atwi@llEngineering
Researclt69: 365-375.

Hellman, B., Zelles, L., Palojarvi, A. and Bai, Q. (199Bmission of Climate-
Relevant Trace Gases and succession of Microbial Cartiesiduring Open-
Windrow Composting.” Applied and Environmental Microbioldgf(3): 1011-
1018.

Hobson, A. M., Frederickson, J. and Dise, N. B. (20054 and N20 from
mechanically turned windrow and vermicomposting systeniewolg in-vessel
pre-treatment.” Waste Managem@g{4): 345-352.

Hogg, D. and Mansell, D. (2002). Maximising Recycling Rateklitag residuals.
Report for Community Recycling NetwqgrReport.

Intergovernmental Panel on Climate Change (IPCC) (2@lihate Change 2001: The
Scientific Basis. Contribution of Working Group 1 to fieird Assessment
Report of the Intergovernmental Panel on Climate Ch&udpished by
Cambridge University Press, 0521 01495 6.

IPCC (1996). Climate change 1995. The science of climatgehaontribution of
working group | to the second assessment report of IRPR@rd (UK),
Published by Cambridge University Press, 0-521-5643-0.

Jackel, U., Thummes, K. and Kampfer, P. (2004). "Thernficghethane production
and oxidation in comopst." FEMS Microbioogy Ecolds@ 175-184.

Knipe, A. D. (2007). Comparison of Greenhouse Gas Emissionsthe Centralised
and Household Treatments of Food WaReport for Environmental Research
& Consultancy.

194



Krogmann, U. and Woyczechowski, H. (2000). "Selectedaditaristics of leachate,
condensate and runoff released during composting of biogenie.iWdfste
Management and Researt 235-248.

Kulcu, R. and Yaldiz, O. (2004). "Determination of aeratiate and kinetics of
composting some agricultural wastes." Bioresource Teogg®I3: 49-57.

Linzner, R. and Mostbauer, P. (2005). Composting and gaéton climate change
with regard to process engineering and compost applicafiorase study in
Vienna Sardinia 2005, Tenth International Waste Management zmdfill
Symposium, S. Margherita di Pula, Cagliari, Italy.

Mansell, d. and Grant, A. (2001). Green waste colle@mhcomposting trials in the
Royal Borough of Kensington and ChelsB&port for Network Recycling.

Michel Jr., F. C., Adinarayana Reddy, C. and Forney. [(1992). "Yard waste
composting: Studies using different mixes of leaves and graskboratory
scale system.” Compost Science & UtilizatigB): 85-96.

Milner, P. D., Olenchock, S. A., Epstein, E., Rylandrer,Haines, J., Walker, J., Ooi,
B. L., Horne, E. and Maritato, M. (1994). "Bioaerosolsoasated with
composting facilities.” Compost Science and Utilisaflof-57.

Mohee, R. and Mudhoo, A. (2005). "Analysis of the physicaperiies of an in-vessel
composting matrix." Powder Technolo@§5 92-99.

Mote, C. R. and Giriffis, C. L. (1979). "A system for stundythe composting process."
Agricultural Wasted(3): 191-203.

Nikiema, J., Bibeau, L., Brzezinski, R., Vigneux, X &teitz, M. (2005). "Biofiltration
of methane: An experimental study.” Chemical Engimee8tudy

Northeast Regional Agricultural Engineering Service (NRAES92). On-Farm
Composting HandbogkPublished, 0-935817-19-0

Parfitt, J. (2002). Analysis of household waste composé#imhfactors driving waste
increasesReport for Waste and Resources Action Programme.

Parfitt, J. (2003). District level model for predictingides| household waste arisings
Report.

Parfitt, J. P. (2007). The Evaluation of Waste Prewairogrammes: a WRAP
PerspectiveWaste matters. Integrating views 2nd BOKUI Wastef@emce
2007, Vienna.

Petiot, C. and de Guardia, A. (2004). "Composting in a Latboy Reactor: A Review."
Compost Science and Utilizatidr2(1): 69-79.

Porteous, A. (1977). Recycling resources refésilished by Longman Inc., 0-582-
44372-5.

Punshi, P. (2000). Maidstone Composting Sur#sgport for Maidstone Borough
Council.

Regenstein, J. E., Kay, D., Turci, P. and Outerbridg€1999). Small to Medium Scale
Composting of Food Wastes in New York CiReport for Cornell Univeristy

City Green Inc.

Richard, T. and Chadsey, M. (1990). "Environmental impact raf waste
composting." Biocycle42-46.

Rodger, C., Reeve, S., Cameron-Beaumont, C., DidsBuiand Pughe, P. (2005).
Bexley Aerobic Bin System Trial 2004/6ondon Borough of Bexley, Report
for Network Recycling and Bexley Coucil.

Ryckeboer, J., Mergaert, J., Coosemans, J., Deprira)dkSwings, J. (2003).
"Microbiological aspects of biowaste during composting monitored compost
bin." Journal of Applied Microbiolog94: 127-137.

195



Schwab, B. S., Ritchie, C. J., Kain, D. J., Dob@n,C., King, L. W. and Palmisano, A.
C. (1994). "Characterisation of compost from a pilot ptaatle composter
utilizing simulated solid waste." Wastes Management & &ebd 2. 289-303.

Scott, N. (2005). Composting: an easy houshold gidélished by Green Books, Ltd,
1 903998 78 6.

Sikora, L. J., Ramirez, M. A. and Troeschel, T. A. (198Baboratory composter for
simulation studies.”" Journal of Environmental Quali®{?): 219-224.

Skitt, J. (1979). Waste Disposal Management and Praétddished by Charles Knight
& Company Limited, 0-85314-293-9.

Smars, S., Beck-Friis, B., Jonsson, H. and Kirchmanii26D1). "An Advanced
Experimental Composting Reactor for Systematic Sinarabtudies.” Journal
of Agricultural Engineering Resear@®(4): 415-422.

Smidt, E., Eckhardt, K.-U., Lechner, P., Schulten, Hafd Leinweber, P. (2005).
"Characterisation of different decomposition stagdsi@mivaste using FT-IR
spectroscopy and pyrolysis-field ionization mass spe@toni Biodegradation
16: 67-69.

Smidt, E., Lechner, P., Schwanninger, M., Haberhauer, GGarzhbek, M. H. (2002).
"Characterization of waste organic matter by FT-IR spscbpy: Application in
waste science." Applied Spectroscd®(9): 1170-1175.

Smith, S. R. and Jasim, S. (2001). A Practical Studyrga@c Waste Diversion by
Home CompostingThe seventeenth international conference on solitewas
technology and management, Philadelphia.

Smith, S. R. and Jasim, S. (2003). Home composting: 8spbBéversion and End-use
Small-Scale Composting, Coventry.

Smith, S. R., Jasim, S. and Mitaftsi, O. (2004). Snwlescomposting of
biodegradable household waste: process, diversion and endlhesgst UK
Conference and Exhibition on: Biodegradable and Residual Wkstagement,
Harrogate.

Sommer, S. G., McGinn, S. M., Hao, X. and Larney].K2004). "Techniques for
measuring gas emissions from a composting stockpilatdé enanure.”
Atmospheric Environmer8: 4643-4652.

Stentiford, E. I., Mara, D. D., Taylor, P. L. and &et T. G. (1983). Forced Aeration
Co-Composting of Domestic Refuse and Sewage SliRigeeedings of the
International Conference on Composting of Solid WastdsSurries, The
University of Leeds.

The Composting Association. (2004). "The Composting Assioci website."
Retrieved 13/10/2004, 2004, from
http://www.compost.org.uk/dsp_home.cfm?link=home

The Waste and Resources Action Programme (2006). EnjoyGauen: Home
Composting Newsletter.

The Waste and Resources Action Programme (WRAP) (2008)p&aon of Compost
Standards Within the EU, North America and AustralaBisblished, 1-84405-
003-3.

Trautmann, N., Richard, T., Krasny, M., Fredenburg, S.Stodrt, C. (2002). "The
Cornell Composting Website." Retrieved 22/06/05, 2005, from
http://compost.css.cornell.edu/physics.html

VanderGheynst, J. S., Gosset, J. M. and Walker, (199.7). "High-solids aerobic
decomposition: pilot-scale reactor development and expetation.” Process

Biochemistry32(5): 361-375.

196



Ward, C., Stephen, N. and Litterick, A. (2005). Assessokttite potential for site and
seasonal variations of composted materials acroddkh&eport for Waste &
Resources Action Programme.

Waste online. (2004, September 2004). "Compost informaticet.Shdretrieved
18/07/05, 2005, from
http://www.wasteonline.org.uk/resources/InformationSh€etsipost.htm

Wheeler, P. (2003). EA Home compost stulgnall-Scale Composting Conference,
University of Warwick, Coventry, The Composting Assooati

Wheeler, P. (2007). Personal Communication. S. McKinley

Wheeler, P. A. and Parfitt, J. (2004). Life Cycle Assexst of Home Composting
Report.

Williams, 1. D. and Kelly, J. (2003). Collecting and ReayglOrganic Waste in
Blackpool, EnglandProceedings of the Ninth International Waste Managegm
and Landfill Symposium., S. Margherita di Pula, Cagl@ardinia, Italy.

Zeman, C., Depken, D. and Rich, M. (2002). "Research anthe composting process
impacts greenhouse gas emissions and global warming." Co8esce and
Utilization 10(1): 72-86.

197



Appendix 1. Species diversity of the dominant

microorganisms isolated during different compostingphases

Table 75: Species diversity of the dominant microorganisms isated during different composting

phases (Ryckeboer et al. 2003)

Species isolated at 25

Isolated at 5%

Cellulomonas cellulans (4)
Pseudomonas al caligenes (3)
Rhodococcus rhodochrous (1)
unidentified bacilli (1)

other unidentified bacteria (4)
streptomycetes (6)

Dactylaria sp. (1)
Mucor sp. (5)
Scopulariopsis sp. (1)
Trichothecium sp. (1)
Verticilliumsp. (1)
unidentified (4)

Isolation Prokaryotes (no. of strains)* Fungi (no. of strains)* Prokaryotes (no. of
days: strains)*
composting
phase
Day 0: Bacillus amyloliquefaciens (1) Bacillus pumilus (5)
starting Bacillus cereus (1) Bacillus sphaericus (1)
material Bacillus licheniformis (1) Geobacillus
Bacillus pumilus (11) stearothermophilus (1)
Bacillus subtilis (4) Bacillus subtilis (2)
Paenibacillus lentimorbus (1) Geobacillus
thermoglucosidasius (1)
unidentified bacilli (14)
Day 13: Bacillus badius (1) Bacillus sphaericus (1)
thermophilic | Bacillus licheniformis (4) unidentified bacilli (12)
phase Bacillus sphaericus (1)
Brevibacillus agri (1)
Paenibacillus macerans (1)
Paenibacillus pabuli (2)
Days 27-48: | Bacilluscereus (2) Aspergillus candidus Paenibacillus lentimorbus
cooling Bacillus licheniformis (1) 2 Q)
phase Bacillus sphaericus (1) Aspergillus sp. (3) unidentified bacilli (9)
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Species isolated at 245

Isolated at 5%

Days 55-85:
maturation

phase

Bacillus licheniformis (1)
Bacillus oleronius (1)
Bacillus sphaericus (4)
Brevundimonas diminuta (1)
Cellulomonas cellulans (5)
Flavobacterium mizutaii (2)
Paenibacillus polymyxa (2)
Paracoccus denitrificans (8)
Pseudomonas al caligenes (1)
Rhodococcus rhodochrous (4)
unidentified bacilli (1)
unidentified bacteria (18)
streptomycetes (13)

Acremonium sp. (1)
Aspergillus sp. (7)
Cephaliophora sp. (1)
Geotrichum candidum
(2) Gliocladium roseum
@)

Mucor sp. (7)
Scopulariopsis
brevicaulis (2)
Trichothecium sp. (4)
Verticillium sp. (1)
unidentified (14)

Bacillus badius (1)
Bacillus pumilus (3)
Bacillus smithii (1)
Geobacillus
stearothermophilus (3)
Geobacillus
thermoglucosidasius (3)
Paenibacillus macerans (2)
unidentified bacilli (19)
other unidentified bacteria

2

*Bacteria were isolated on days 0, 13, 34, 62 and 85; strgp&tes on days 34, 42, 62 and 85; fungi on
days 27, 34, 41, 48, 55, 62, 69 and 85.
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Appendix 2. Home composting process variables

Table 76: Review of home composting process vari

comments on their significance and the likely frequ

ables and expeental parameters and

encof specific options in home composting

Process variables

Comments

* Bin size and type

o Common plastic open bottome

2dDpen bottomed, usually 200-700 litres in

size

0 Tumbler Free standing rotating bin typically 150-
200L

o Digester Consists of a basket buried in the ground

and an upper cone above ground. Material

pulled into soil by worms but difficult for

rats to access.

o Green Johanna

Similar to common plastic open bottomed

type but higher cost fully sealed system
with base plate preventing any access b

pests.

o Wormery

Utilizes the digestive processes of worn
by creating an ideal environment for 50Q
1000 of certain specieider worms or
dendras) that are suited to digesting

kitchen waste.

o0 Open heap

An unconfined heap of piled up waste

0 Home-made box/insulation

Numerous home-made systems otisar

size including very large insulated

structures to small mesh containers.

* Moisture content

Depends on feed, any control measures

site ground, weather, temperature

o0 Uncontrolled

Probably common but unpredictable

o Controlled

Advised but probably less common

= High Leads to anaerobic conditions, probably
fairly uncommon
= Low Reduces activity probably quite commor

ns
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= |deal

Advised, maximises activity

= Average

Unknown — either controlled near ideal pr
uncontrolled which will have a wide range
and variance and could change

significantly over the term and long term

 Material feed rate

=

Dependent on household properties, caf

vary significantly over short term and long

term
0 High frequency Daily — typical for household waste
o Low frequency Typical for garden waste
0 High quantity Large households/gardens, good attitude
0 Low quantity Small households/gardens, bad attitude
o0 Average Only estimates available but large rang

4%

and variance. Effect of a constant feed
against the varying feed rate that will
realistically occur unknown but probably

not significant.

* Bin flow system

0 Plug flow

Typical, not well mixed, layers, remove

compost when ready at base

= Rate of material

removal

When ready? Rate varies with demand and

readiness

o Batch

Turning, well mixed

=  One bulk feed

Large gardens, less common

= Fed until bin full then
left

Less common, perhaps left over winter

and ready after?

0 With compression as bin fills

Probably typical

0 Without compression as bin
fills

Probably less common

e [nitial Material in bin

o None

Typical start but only until bin has filled

0 Bin always full or partially full

Typical after initisdtarting phase

= Level of fullness

Dependent on relationship between

feeding, removal and rate of composting

e Always full

Typical with compression

* Fractionally

If high rate of composting and removal
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full and

varying

= Maturity range of

material

Dependent on relationship between

feeding, removal and rate of composting

e All mature

If batch and old, not typical

* Range from
mature to fresh
with varying

proportions

Typical, hard to reproduce in short time,

high variance, unknown range

e Part mature,
Part partially

mature

Similar to range so similar to typical,

effect of difference not known

Site ground material

Effects drainage and ingress of

macroscopic life

o Concrete

Probably less common but does occur

o Soil

Probably most common

= Properties of soil

Effect not known, range not known, hard

to control.

0 Enclosed - tumbler

Probably less common but does occur

Turning frequency

o High Enhances composting, probably
uncommon
0 Low Slower composting, more chance of

anaerobicity, common

o Never/very infrequent

Slower composting, much higher change

of anaerobicity, common

0 Minimum optimum

Turning when temperature drops off,

enhances, uncommaon

o0 Typical

Unknown, will change over time, wide

variance

Turning method/efficiency

0 Manual mixing

Mixing with a tool or by emptying and

refilling, common

0 Tumbling

Probably less common

o0 Thorough

Complete mixing of all bin material,

probably less common, precludes plug
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flow system

0 Not thorough

Slight mixing/breaking up of material,

more common

0 Mixing just of upper material

Probably common, required for fliony

system

External temperature

o Controlled

Not used, effects difficult to accurately

predict, hard to achieve satisfactorily

= High Hinders composting if too high,
uncommon

= Low Slows composting, probably quite
common dependent on bin management,
location, time of year etc.

= |deal Probably very uncommon, certainly
without daily rise and fall

= Average Wide range and variance, unknown and

dependent on many variables, possible to

estimate for specific circumstances

o Uncontrolled

Dependent on location, shade, weather,

time of year, annual variation

= Hours of sunlight

* High Enhances composting unless temp goes
too high

* Low Slows composting

* Ideal Maximum unless temp going too high

* Average Wide range and variance, unknown and

dependent on many variables, possible to

estimate for specific circumstances

= Strength of sunlight

* High Enhances composting unless temp goes
too high

* Low Slows composting

* Average Wide range and variance, unknown and

dependent on many variables, possible to

estimate for specific circumstances

o0 Insulation
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Used

Probably quite uncommon, will retain
heat, enhance composting, reduce rapid

changes from sunlight?

* Typel/properties

Not known

Not used

common

Feed composition/C:N ratio

Significant variation in short term and als
believed to show seasonal trends over I
term. Data available but large range and

variance.

50

bng

0 Just garden

Probably most common

o Just household

Probably quite uncommon

0 Garden and household

Common

More household

Very large household, very small garde

probably quite uncommon except outsid
growing season or with very inactive

gardener who will rarely compost

2N

D

More garden

Regular gardener probably common wi

limits above

th

o High C:N ratio

Too many brown material like paper/car
woody prunings, slows composting,
probably low emissions. Probably quite

uncommon except in winter

0 Low C:N ratio

Too many green materials: mainly gras
kitchen waste, green prunings. Leads to
N,O and NH emissions, possibly to
anaerobicity. Probably quite common

especially in spring.

14

o0 lIdeal C:N ratio

Advised, enhances composting, proba

guite common.

o0 Average C:N ratio

Will vary with time as feed does, ben
estimated from survey data but large rar

and variance

o Components used to make up

garden and household waste

See feed components

If overall proportion garden/household a
C:N ratio kept constant individual
components may still alter the trace

elements present which could affect the
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microbial activity and the chemical

composition of the final compost.

Feed particle size — shredded,

chopped, torn, scrunched

0o Small

Advised, enhances composting, if too

small leads to anaerobicity, probably quite

common

0 Large

Not advised, slows composting, reduce
emissions, probably quite common as

requires less effort

\°2

o Ideal

Small but not too small and with some
larger to enhance air flow. Not known

exactly and probably quite uncommon

0 Typical

Not known

Bulking agents

te

0 Used Enhances composting and reduces
emissions if used correctly, probably qui
uncommon

= Type Not known
o Not used Common

Earthworm inoculation

o0 Used

Enhances composting if done correctly,

dependent on phase, temperature, material

and type of worm. Required to get worms

if not on soil. Probably uncommon

=  Type of worm

Various, typical should be that found in

normal soil

o Not used

Common, worms should enter bins on soil

anyway

Accelerator

Enhances composting in theory. Can be
chemical or a rapidly composting materi
such as nettles. Probably quite common
Effectiveness not known but probably ng

highly significant.

=

—
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Appendix 3. Compost standard specifications

PAS 100

Among the criteria set by the Composting Associatianddrd for final compost

quality are:

Table 77: Selection of PAS 100 limit levels of defined paramets
Parameter Upper limit

Human pathogens

Salmonella s.p.p. absent in 25g sample
E. coli 1,000 CFU/g
Potentially toxic elements (mg/kg dry matter)

Cadmium 15

Chromium 100

Copper 200

Lead 200

Mercury 1

Nickel 50

Zinc 400

Physical contaminants

) 0.5% of total air-dried sample by
Glass, metal and plastic larger than _
mass (of which less than 0.25% of

2mm o . .
total air-dried sample is plastic)

Stones and other consolidated o
7.0% of total air-dried sample by

mineral contaminants larger than

omm mass
Weed contaminants

Weed propagules 5 viable propagules per litre
Phytotoxins

Plant tolerance 20% below control
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APEX

meet the Apex specification:

Table 78: Selection of APEX limit levels of define

d paramedrs

Parameter

Upper limit

Human pathol ogy

Salmonella s.p.p.

Absent in 25g sample

E.coli 1,000 CFU/g
Elements (mg/kg dry matter)

Cadmium 2
Chromium 130
Copper 150
Lead 200
Mercury 2
Nickel 50
Zinc 300
Arsenic 8
Boron 1
Chloride 850
Sodium 200

Physical contaminants

Glass, metal and plastic larger than
Absent

2mm

Stones, smaller than 2mm Absent

Other contaminants

Weed seeds Absent

Plant pathogens Absent

Herbicides, fungicides, insecticid

F!d)sent

Other Apex specifications for finished compost, to beckbd every month, are:

The following analysis should be undertaken on the figisttanpost on a monthly

basis for elements and once a quarter for other paremate impurities in order to
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Table 79: Further monthly tests for APEX specification

Parameter Upper limit Lower limit
pH 75 8.5

Electrical conductivity 750 uS/cm 1,200 pS/cm
Organic matter 30% 40%

C:N ratio 15 20

Nitrogen 0.7% 1.0%
Ammonia-N 1mg/I 5mg/I
Nitrate-N 15mg/I 120mg/I
Phosphorus 25mg/l 40mg/I
Potassium 0.5% or 650mg/I 0.7% or 1,200g/I
Magnesium 10mg/I 30mg/I

Free carbonate Trace Trace
Moisture content 35% 45%

Bulk density 4509/ 550q/I
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Eco-label

To qualify for Eco-label standing, a product must not contazne than the following

concentrations of elements, in terms of dry weight:

Table 8C: Selection of Ec-label limit levels of defined parameter

Parameter Upper limit

Human pathogens

Salmonella s.p.p. Absent in 25g sample

E.coli 1,000 CFU/g

Elements (mg/kg)

Cadmium 1

Chromium 100

Copper 100

Lead 100

Mercury 1

Nickel 50

Zinc 300

Arsenic 10

Molybdenum 2

Selenium 1.5

Fluorine 200
Nutrients

In addition, when used at the recommended rates of appiicd is recommended that
Eco-label products exceed the maximum nutrient loadings of:

* 17g/m2 total nitrogen

* 69/m2 phosphate

* 12g/m2 potassium oxide

Nuisance

The Eco-label specifies that products should not:
* Have persistent or offensive odours after being appdiete soil.
» Contain fragments of glass, wire, other metal od ldastic.

* Introduce weed seeds or vegetative reproductive parts ofssggreveeds.
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Fitness for use
Finally, the Eco-label specifies that product packagingt toeiar the following
information:
* A description of the purpose of the product and limitattonss use. The
suitability of the product for particular plant groups wlddbe stated.
» Recommended conditions of storage and a 'use by' date.
* The major feedstock, including the sector from whighghoduct has been
manufactured (e.g: food processing, paper, etc).
» The recommended rate of application, expressed as kisgva litres per
square metre of ground per year.

» Guidelines on safe handling and use.
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Appendix 4. Feed material properties

The material properties measured during the experimenthase reported in the
literature are summarised in Table 81 below. The measatads were made using the
techniques described in Sections 3.1.10 and 3.1.7 performethplesaaken from

each batch of feed material. The literature value®waken from a range of sources for

each material.

Table 81: Feed material properties neasured during this project and from the literature
((Northeast Regional Agricultural Engineering Service (NRAES) 1992), (Kulcu et al. 2004), (Eklind
et al. 2000), (Epstein 1997), (Michel Jr. et al. 1992), (Ward ak 2005))

% C C:N ratio Moisture content (%)
Range Average Range Average Range Average
Literature values
Grass 42 to 58 49 9to 25 15 73 to §2 78
MGW 24 to 45 34 17 to 32 25 30to 70 50
Food waste 35 to 56 46 11to 40 23 69 to 87 79
Measured values
Grass 31 to 58 41 16 to 19 17 551t0 82 62
MGW 40 to 50 43 15to 50 27 30to 52 42
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Appendix 5. External laboratory test results

Table 82:Water extractable nutrients

In dry matter Method Plant
Parameter High load | Low C:N | Food | Units Reference | significance
BS EN Primary
NHj4-N (ammonium-N) )
mg/kg 13652 nutrients
BS EN
NO3-N (nitrate-N)
mg/kg 13652
NH4-N plus NO3z-N mg/kg Calculated
BS EN
Phosphorus as P
248 325 | 448 | mg/kg 13652
) BS EN
Potassium as K
4513 6712 | 7600 | mg/kg 13652
) BS EN Secondary
Calcium as Ca )
355 398 | 347 | mg/kg 13652 nutrients
) BS EN
Magnesium as Mg
53 57 55 | mg/kg 13652
BS EN
Sulphur as S
319 568 | 508 | mg/kg 13652
BS EN Trace
Boron as B )
4.0 4.6 5.0 | mg/kg 13652 nutrients
BS EN
Copper as Cu
0.4 0.5 0.5 | mg/kg 13652
BS EN
Iron as Fe
23 26 26 | mg/kg 13652
BS EN
Manganese as Mn
8.4 6.2 5.5 | mg/kg 13652
BS EN
Molybdenum as Mo
0.2 0.4 0.5 | mg/kg 13652
) BS EN
Zinc as Zn
9.3 10.3 | 10.6 | mg/kg 13652
BS EN
Chloride as CI
mg/kg 13652
) BS EN
Sodium as Na
559 687 | 755 | mg/kg 13652

1 Water extractable values are a measure of nutrient concentrations immediately available to
plants.
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Table 83: Potentially toxic element:

In dry matter
PAS
100
High | Low | With | upper Pass Method
Parameter load | C:N | Food | limit Unit or Fail | reference
Arsenic as As N/D| N/D| N/D N/A | mg/kg N/A
BS EN
Cadmium as Cd 0.7 0.6 0.6 1.50 | mg/kg Pass | 13650
BS EN
Chromium as Cr 12 8.8 11 100.00 | mg/kg Pass | 13650
BS EN
Copper as Cu 47 36 37 200.00 | mg/kg Pass | 13650
Fluoride as Fl N/D | N/D| N/D N/A | mg/kg N/A
BS EN
Lead as Pb 93 69 82 200.00 | mg/kg Pass | 13650
Mercury as Hg - less BS EN
than 0.5 0.5 0.5 1.00 | mg/kg Pass | 13650
BS EN
Molybdenum as Mo 2.5 2.1 3.3 N/A | mg/kg N/A | 13650
BS EN
Nickel as Ni 8.4 5.8 7.8 50.00 | mg/kg Pass | 13650
Selenium as Se N/D| N/D| N/D N/A | mg/kg N/A
BS EN
Zinc as Zn 164 170 152 400.00 | mg/kg Pass | 13650
Table 84: Physical properties
As received (fresh) In dry matter
High | Low | With High | Low | With Method
Parameter load | C:N | food | Unit load | C:N | food | Unit Reference
Bulk Densityl 574 | 535 | 527 | g/l 226 | 194 | 199 | g/l BS EN 12580
%
Dry Matter
N/A | N/A| NA 39.3 | 36.2 | 37.7 | m/m BS EN 13040
Moisture 348 | 341 | 328 | g/l N/A | N/A | N/A BS EN 13040
60.7 | 63.8 | 62.3 | % m/m | NJA| N/A| NA
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Appendix 6. Conversion of headspace depth to headspace

volume in H.C. bins

In order to convert the measured headspace depth inbedlspace volume the
compost bin was assumed to fit the bottom half ofree@s in Figure 69. In this way it
is possible to define an equation to calculate the contygaslspace volume in a conical
bin for any compost depth where the bin height, baseeter and top diameter are
known. The derived equations are listed in Table 85 below.

Additional cone height, H

Equivalent cone height, d

v

Compost depth, D

Actual bin height, H

<\ Elevation angle

~_

«—
s

Figure 6S: H.C. bin represented as bottom section of a co
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Table 85: Equations necessary for the calculation of headspacelume from compost deptt

Volume of a right angled cone ﬁrzh
3
Elevation angled H
arctarE L j
rg —Ir
Equivalent cone height, Hm) rg tand
Bin radius at depth Dpi(m) (H2 + D)
tar@
Compost bin volume, ¥(m® 7
p ( ) 5(I.BZHC_I.tZHZ)

Headspace volume,MnT)
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Appendix 7. Calculation of gas emission rate from

concentration data and forced aeration flow rate

The calculations used to estimate the mass flowofei@ emitted gas from the gas

concentration and inlet air flow rate of a compostiygtesm are detailed in Table 86

below. The assumptions used in these calculations @re th

system.

The ideal gas law applies

Table 8€: Calculation of gas emission rate from

There is negligible difference in the moles of gaedang and exiting the

The inlet air is at standard temperature and pressure.

concentration dat and air flow rate

Inlet air flow rate, Q (thr?)

Set parameter

Experiment duration time, t (hr)

Set parameter

Mass of feed addition during experimer
M (Kg)

tSet parameter

Volume of air entering system during

experiment, V (i)

Vv

Qt

Average concentration of gas x over tin

t, & (ppm)

ideasured parameter

Average concentration of gas x over time C,
t, Cc (%) « " 1000(
Emitted volume of gas x at standard _V.C,
temperature and pressure, (W) 7 10C

Ambient air pressure, P (KPa)

101.325 (Standardsyphmeric)

Ambient air temperature, T (K)

293.15 (Standard iemt

Gas constant, R (fidpa(Kgmol.K)")

8.315

Molecular mass of emitted gas x, ;mm

CH; =16, Nk =17,CQ =44

(gmol™)

Average mass of gas x emitted during M = PV,.mm,

time t, M, (Kg) from Ideal gas law ” RT

Average mass of gas x emitted per Kg Q. = M,
M

feed material, Q(Kg x/Kg feed)

216



Appendix 8. Calculating the rate of diffusion of CO, through

a stagnant layer of air

If the subscripts 1 and 2 refer to the two sides oftagnant layer and the subscripts A
and B refer to C@and fresh air respectively, then the rate of difaghrough a
stagnant layer of air is given by Equation 8 (Coulson. 61999).

D
NA = _ﬁ(P/ PBM )(PAZ - PAl)

Equation9 Where,
Na = Molar flux of CQ, kmol/nfs
D = Diffusivity of CO, in air at 298 K and atmospheric pressur&sm
T = Temperature, K
P = Pressure, kN/m
Pa: = Partial pressure of GGn headspace, kN
Paz = Partial pressure of GGn ambient air, kN/rh
x = stagnant layer of air thickness, m
Pew = Logarithmic mean value ofPkN/n?

In the case of diffusion through a circular interfaceund a compost bin lid the
conversion to Kg C@s is achieved by Equation 10:
M,=N,m,S
Equation 10 \Where,
Ma = Mass transfer of CQOKg/s
ma = Molecular mass of CO

S = Mass transfer surface are&, m
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The steps in carrying out the calculation and the sacgsassumptions are as follows:

« Diffusivity, D of CO, in air at 298K and atmospheric pressure is 16.2xtts
(Coulson et al. 1999). The actual diffusivity would veanth the temperature
and pressure of the stagnant layer of air but this valadéen used as a
simplifying assumption due to uncertainty of these parasetat the
availability of diffusivity data.

 Temperature, T and pressure, P of the layer of air beee assumed to be 298K
and atmospheric pressure (101.3 KR)/riThe actual values would be a function
of the compost headspace and ambient air temperaturesessdres.

» The partial pressures of G@t the two sides of the stagnant layer are given by
Equation 11:

P=G.P
Equation 11

Where,

P, = Partial pressure of gas mixture component i, KN/m

G = Fraction of component i in gas mixture

P = Gas mixture pressure
The mixture pressures at both sides of the layer avenessto be atmospheric
pressure (101.3 KN/fh The concentration of GGt side 2, the fresh air side,
was assumed to be negligible. The concentratiordatlsiin the headspace
would depend on the composting system conditions. The maxwalue
observed experimentally was 17.2% or 0.172 as a fractidreahixture.

* Pgw is the logarithmic mean value of the partial presstitbeonon-CQ gas

mixture across the stagnant layer of air. The pastiedsures at points 1 and 2

are given by Equation 11 whemg, =1 as there is negligible G@nd

P,, =1- P, - The logarithmic mean is calculated by Equation 12

- (Psz B PBl)
o In (PBZ - PBl)
Equation 12
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» The thickness of the stagnant layer of air would depenti@physical
properties of the compost bin. The presence of a sta@mantof air around the
lid is itself uncertain, disregarding its thickness laguaming its existence the
thickness would most likely have an upper limit of a fem.

» The surface area of the interface at which the nrassfer takes place is
theoretically determined by the circumference of timedbithe height where the
lid closes around it and the width of the space betwesmn.tkor the H.C. bins
used in this project the circumference is 1.0m. The wdithe opening,
however, is difficult to define as the lid is stretdrend clamped around the bin
meaning space is only created by the unevenness and inflgxalbilite contact
surfaces meaning the actual width will vary around theuoiference. As a
simplifying assumption a constant value can be used witlpper limit of
around 1mm.

» The molecular mass of G@ 44 g/mol
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Appendix 9. Estimation of carbon losses by leachate

Carbon losses through leachate emitted during compostingecastimated using the

following parameters:

(Approximated from Table 58, Section 6.6)

Leachate production per Kg waste = 0.1 L/Kg

Leachate Total Solids = 1.5 %

Leachate liquid fraction carbon content = 300 mg/L

(Approximated from national household waste analysis ds¢alvéiheeler 2007)
Waste solids content = 40%

Waste solids carbon content = 21%

(Assumed similar to waste solids)

Leachate solids carbon content = 21%

Leachate density approximately 1 Kg/L

Total C in leachate liquid fraction per Kg wastézx 0.0003= 0.0000Kg,
Total C in leachate solids fraction per Kg wast&lx 0.015x 021= 0.00031%g,
Total C lost in leachate per Kg waste = 0.00003 + 0.00315 = 0.000345 Kgq,
Waste input C per Kg wastelx 04x 021=0.084Kg,

Fraction input C lost in Ieachateg%?fx 100=0.41%
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