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Executive summary

Since the development and introduction of compost stability testing in the 2005 edition of
PAS100, industry practices and scientific studies have progressed significantly. Over the last
10 years, a greater amount of food waste has been collected and processed through in-
vessel composting systems, and economic pressure has resulted in shorter processing times
followed by the field storage and spreading of younger, less mature composts. This review
was undertaken to assess the more recent literature and industry practices within a
regulatory context where composts may be spread to land under different regimes. The four
main research questions regarding IVC composts with a range of stabilities are summarised
below.

This literature review is the first phase of project OMK009, and has been used to inform the
next project phase of site and laboratory work.

1. The influence of processing factors and operational conditions within in-vessel
systems on the stability of the resulting composts

Important processing factors for in-vessel composting systems include aeration, porosity,
structure, pH, moisture, the C:N ratio and microorganisms. During the early phase of
composting, volatile organic acids (VOAs) are produced and the pH of the material drops.
With adequate aeration, these acids are either broken down by microorganisms or become
volatilised. However if poor aeration causes the development of anaerobic conditions within
part or most of the material, VOAs may persist and cause offensive odours and will
potentially inhibit the composting process as a whole.

Low temperatures are another factor that can lead to an accumulation of volatile organic
acids. Unless the initial temperature increases sufficiently, the appropriate thermophilic
microbiological community required to degrade VOAs may fail to establish, hence allowing
VOAs to accumulate.

In addition, under acidic conditions, ammonia is not volatilised but remains in solution either
as dissolved ammonia gas or ammonium. As conditions change later in the process (for
example, the material is removed from the vessel and managed as an outdoor windrow), pH
and temperature increases resulting from increased oxygen availability and microbiological
activity can result in a flush of ammonia from the material. Materials containing greater
amounts of food waste are more likely to present these problems than materials containing
greater amounts of green waste.

The site and laboratory work undertaken as phase 2 of this project, was therefore designed
to consider the effects of aeration and temperature during composting in conjunction with
material characteristics such as feedstock composition, C:N ratio, pH, ammonium and other
nutrients, microbial activity and communities. The focus of phase 2 was to consider these
factors in relation to compost stability over time, in order to assess any correlation and
improve both process control and regulatory understanding.
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2. The impact of compost stability on compost storage, with an emphasis on
agriculture and growing media (including horticulture)

Despite extensive searching, no published work was found which has examined the potential
for leaching or odour generation from in-field compost storage heaps for either immature or
mature IVC composts in the UK.

To greatly reduce the risk of leachates entering ground or surface water, the Nitrate
Vulnerable Zones (NVZs) regulations (in addition to CoGAP) includes specific rules regarding
construction and placement of storage piles of compost. Moreover, the range of rules
relevant to PAS or non-PAS composts also specifies where in-field storage of composts can
occur to minimise the likelihood of leaching.

It is possible that less mature composts stored in the field might pose a pollution risk, if the
stabilisation phase of the composting process was minimised or if it had ‘stalled’ due to
inadequate moisture or aeration, or had become anaerobic due to a lack of structure within
the pile. However, the literature suggests that after the first few weeks of composting the
amount of leachate produced is small. Further research could indicate if a pH or stability test
of the material might indicate its condition and likelihood of causing a pollution incident,
either in storage or after spreading. Addition of lime or pH adjustment may mask this,
however.

Bagged composts have been reported to pose problems of malodours, flies and fire during
storage. It is possible that these issues described by the general public could, in part, be a
result of the compost being bagged prior to being mature and stable. However, no academic
literature was identified to corroborate anecdotal feedback from members of the public
regarding the use of IVC composts in bagged growing media.

3. The impact of compost stability on compost end use, with an emphasis on
agriculture and growing media (including horticulture)

Regarding the use of immature compost in agriculture and field horticulture, the literature
data obtained does not fully reflect the diversity of composts (feedstock, processing method,
stability), application timings, crops and soil types necessary for comprehensive conclusions
to be drawn for the UK. However, the information gathered on immature composts does
provide an indication as to the types of effects which could be anticipated.

The majority of published research regarding the use of immature composts in agriculture
and field horticulture on a range of crops and soil types has been undertaken in Germany,
with some work also from Luxemburg and Canada. These trials generally refer to composts
as being fresh (Rottegrad II-III in the German stability classification system) or mature
(Rottegrad IV-V). The main aspects of compost use which were investigated were crop
performance, nitrogen, soil properties and pollution.

Crop yield

Agricultural and field horticultural trials regarding the use of fresh composts have generally
shown agronomic benefits on crop yield (i.e. wheat, barley, rye, oilseed rape, maize,
asparagus, beetroot, sugar beet, cauliflower, lettuce, spinach, chard) and soil properties
when fresh and mature composts have been used.

In some trials there were no differences in yield response when comparing fresh and mature
composts, and in others fresh compost crop yield was greater. In some cases the addition of
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inorganic fertiliser to fresh and mature compost was observed to increase yields more than
when compost was used alone.

However, for very salt sensitive crops such as lettuce and spinach, a combination of both
negative, neutral and positive yield effects were observed in one study when fresh and
mature composts of a range of maturities were incorporated only to a depth of 3 to 4 inches
on a range of soil types.

Soil nitrogen

Yield effects were in some instances linked to the available N released (mineralised) within
the growing season both during the year of application and in subsequent years. In turn, N
release was associated with a number of factors including the C:N ratio of the compost and
the soil, the soil organic matter and the soil type. Initial N lock-up (immobilisation) has been
observed in some pot and field studies when using fresh composts, and/or composts with a
C:N ratio >20:1, but this is temporary, with re-mineralisation being observed subsequently.
However, other fresh composts have been observed to have a higher N release rate than
mature composts. Several authors indicate that the N release rate may be influenced by the
compost feedstock, with some fresh composts containing a proportion of biodegradable
municipal waste (BMW, which includes kitchen and garden waste) or poultry manure
releasing more N than fresh or mature green waste composts.

As with mature composts, N mineralisation rates for fresh composts were observed to be
much higher during the warmer summer months than during the winter. Crop yield
reductions due to N immobilisation are usually avoided by applying and incorporating the
compost well in advance, such as in the autumn before a spring sown crop. Indeed even for
using mature composts with salt sensitive crops, a period of several weeks between compost
application and sowing is recommended in the UK, as with manures or NPK fertilisers
(WRAP, 2004b).

Not all publications described the full set of compost properties (such as stability, feedstock,
application timing) and/or trial design in detail (such as compost incorporation depth, time
between compost application and sowing, soil type), hence no specific comparisons with UK
systems could be made.

In a field, little compost is applied in relation to the volume of soil present due to nutrient
loading limitations. However, in growing media, compost may be used at a third or even
more as part of a mixture. Hence initial N lock-up effects following use of fresh composts
were more readily observed in pot studies than in field trials. Where pot studies involved
several cuts of grass over a number of months, initial N lock-up was in several cases
observed for fresh BMW and green waste and mature green waste composts at the start of
the experiment and the first grass harvest, with re-mineralisation observed in later harvests.
The application of inorganic N was generally observed to counteract this initial N lock-up
effect for both fresh and mature composts.

Soil properties

In the field situation, both fresh and mature composts have been observed to supply carbon
as a source of energy for soil microorganisms, and nutrients, leading to increased soil
microbial activity, improved soil organic matter and fertility. Positive effects on soil physical
properties such as aggregate stability, pore volume and water holding capacity have been
observed in some studies where fresh composts were applied annually for at least two years.
In some instances, effects were more pronounced for mature composts and/or in sandy soils
than heavier soil types. Due to application limits restricting total application volumes, these
beneficial effects generally become more apparent with regular applications of fresh or
mature compost over many years.
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Pollution: Water and air

There are specific rules in the UK to safeguard the environment from ground and surface
water pollution, such as nitrate leaching, following the application of composts. By tailoring
compost and additional N fertiliser application rates to match the requirements of the crop
(e.g. using RB209), leaching should be minimised. Within NVZs the maximum compost
application rate is 250 kg N/ha/year or 500 kg N/ha once every two years. This equates to
approximately 23 to 33 t FW/ha/year or 46 to 66 t FW/ha bi-annually for UK green waste
and BMW composts respectively.

Where fresh composts were applied at very high application rates (>200 t/ha in one year or
300 t/ha over a four year period, both much greater than permitted NVZ limits in the UK)
some nitrate leaching was observed in light sandy soils, but not in heavier soil types such as
clay silt. However, the use of fresh and/or mature composts in agriculture at application
rates comparable to those permitted in the UK did not generally result in significant nitrate
leaching for a range of crops and soil types.

No publications were available considering the release of GHGs during the application of IVC
composts in the field or thereafter. However, the use of compost directly enhances soil
carbon, and can reduce emissions from agriculture by reducing the need for chemical
fertilisers, minimising cultivations and the need for irrigation, and so the GHG balance was
considered positive.

4. The range of compost stability tests in use in the UK and elsewhere — with
particular reference to those required by compost specifications other than
PAS100 in Europe

A number of tests to assess for compost stability/maturity have been developed and
investigated over the past 25 years. They have been used for garden waste, food waste,
manure, sewage sludge and various industrial wastes. The most commonly cited tests are
self-heating (Dewar test) and oxygen uptake rate (OUR test), which are both proposed as
EU end of waste compost stability tests. Thus it was recommended to include those two
stability tests as part of a stability test comparison in the laboratory work phase of this
project.

For the majority of EU countries, there are currently no legal requirements with regards to
compost stability testing with exception of Ireland and Flanders. Specific voluntary stability
limits are defined in Germany, Flanders, Ireland and the UK. The only countries which have a
distinction between compost end use and stability are Germany and Luxembourg, where a
specific quality assurance scheme (BGK) suggests the use of fresh compost in agriculture,
mature compost in horticulture, and substrate (very mature) compost in growing media. This
is not a legal requirement.

The results of this literature review have been used to recommend the final selection of
stability test methods for the laboratory and field work, and also to facilitate interpretation of
the data arising.
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1.0 Introduction and background

Confidence in the use of composts in agriculture, field horticulture and growing media has
been improved by the introduction of the UK compost quality specification BSI PAS100 in
2002, and the subsequent introduction of the Quality Protocol for Compost (QPC). These
have been effective in enhancing the confidence of growers, farm assurance schemes,
processors and supermarkets, and also in deregulating the use of quality-assured compost.
From 2005 onwards, PAS100 has required that compost stability be tested and that assured
composts comply with a minimum limit for stability. The limit is intended to represent a
baseline for compost quality on which specific market sectors can build.

In the UK the number of in-vessel composting (IVC) sites is steadily increasing, with nearly
40% of organic waste composted in a process involving IVC in 2012. In 2012 there were 58
operational IVC sites (WRAP, 2013c) compared to 33 in 2009 and 23 in 2007/08 (Association
for Organics Recycling, 2010). As the number of IVC plants in the UK has increased, so has
the range of IVC techniques. For example, some IVC systems operate with a lower air supply
than others, and the duration of the in-vessel phase may be one or two weeks (with turning)
depending on the sanitization requirements of the Animal By-Products Regulations (ABPR).
Subsequent storage and maturation of composts occurs both on and off the production site
for supply to agricultural and growing media uses. The stability of the compost on delivery to
the storage site, and its subsequent management (turning or the lack of it) or monitoring,
may affect the quality of the end product and emissions to the environment. A better
understanding of composting process effects on compost stability, and the relationship
between stability and environmental risk, would greatly benefit both the regulator and the
biological treatment industry at a time when commercial pressures are applied to process
materials as rapidly as possible.

This introductory section considers how compost stability and maturity are defined, how the
UK compost stability method for PAS100 was developed, and then highlights the key
objectives and methodology for the literature review itself.

1.1  Compost stability considerations and definitions

The following definitions in the UK’s Compost Quality Protocol are all relevant to this study
(Environment Agency, 2012c).

Sanitisation: A biological process that together with the conditions in the composting mass
gives rise to compost that is sanitary.

Stabilisation: Biological processes that together with conditions in the composting mass
give rise to compost that is nominally stable.

Maturation: Period of lower rate biodegradation than in the preceding steps of composting
(sanitisation and stabilisation). This step occurs after the actively managed period, either
before or after any compost screening.

Stable, stabilised: Degree of processing and biodegradation at which the rate of biological
activity has slowed to an acceptably low and consistent level and will not significantly
increase under favourable, altered conditions.

The WRAP guide ‘Compost Production for use in Growing Media — a Good Practice Guide’
covers production and testing of composts and also includes the following, more in-depth
definitions of maturation and stability (WRAP, 2011b):
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Maturation: A period (within the composting process) of lower biodegradation than in the
preceding steps of composting. The stabilisation continues but the rate of decomposition has
slowed to the point that turning or forced aeration is no longer necessary. Some microbial
activity and chemical changes, such as the oxidation of ammonium ions to nitrate, will
continue. Beneficial soil micro-organisms that were inhibited or destroyed during the active
composting process will begin to re-colonise the composted materials.

A stable compost is one in which biological activity and biodegradation has completed and
slowed enough and will not resurge under altered conditions such as manipulation of
moisture or oxygen levels, or through the addition of a source of water soluble nitrogen.

In some EU countries two main types of compost stability are characterised (Barth et al.,
2008), namely:

‘Mature compost: Fully humified compost, generally utilised and recommended in all
applications, including sensitive applications’ (described as being horticulture, constituents of
growing media and use in potting soil);

‘Fresh compost: Half matured compost but having passed thermal sanitisation
(thermophilic phase) with a relatively high biological activity, and to be used in less sensitive
applications such as arable land'.

Figure 1 A diagram of the German Rottegrad classification for compost maturity. The graph
shows temperature plotted over time. Translated and reformatted based on Kérner (2009)
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The voluntary German quality scheme administered by the Bundesglitegemeinschaft
Kompost e.V.(BGK) defines compost stability in terms of level of decomposition termed
Rottegrad (Kehres and Thelen-Jingling, 2006). Further details of the BGK and other EU
country specific schemes and stability requirements can be found in Section 8.3. This is
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correlated to the time-temperature plot of a typical composting process (see Figure 1), and
has been in use since 1984. This shows that the Rottegrad II-III composts (termed ‘fresh
compost’ in Germany and herein), which are recommended for agricultural use, are not
mature. Compost for horticulture is recommended to have Rottegrad IV or V, with compost
for growing media Rottegrad V (Kehres and Thelen-Jiingling, 2006). Further details
regarding the methodology of Rottegrad can be found in Section 7.3. The EU proposed limit
for End of Waste for composts is Rottegrad III (or OUR 25 mmol O,/kg organic matter/h)
(Saveyn and Eder, 2014), with further details in Section 8.1.

The relationship between compost stability and the Rottegrad system is shown in

Table 1, This is for illustrative purposes only, as the UK PAS 100 baseline level of 16 mg
CO,/g OM / is relatively high in terms of microbial activity, with a more stable 10 mg CO,/g
OM / day recommended for growing media (WRAP, 2011b). A recent European Commission
report suggested that a Rottegrad IV index is comparable with 15 mmol O,/kg OM/h or 16
mg CO,/g OM/day in a respirometric test (Anonymous, 2013c).

Table 1 Compost stability definitions in a number of EU countries

DE DE & DK DE DK Various UK
o o Oxygen PAS100
Rottegrad | Dewar Respiration | Respiration uptake rate | stability
. mmol
(Unit-less o mg 0,/g mg 0,/g mg CO,/g
scale) | 1emP (C) | oy OM O/KG OM 71 oM / day
our
Immature | I 60-70
II 50-60 75
Fresh 30.1-80 >40.0
11 40-50 (EUEOW) |46
Mature | IV 30-40 < 30.0 40.0-16.1 ﬂ&;"r GM: | Eor GM: 10
Very Y, <30 < 20.0 16.0-6.1 | IE: <10
mature
Digestate L
9 (EU EoW)

References for the table: DE (Kehres and Thelen-Jiingling, 2006), DK (Carlsbaek and Broegger, 1999),
EU EoW (Anonymous, 2013c), IE (Anonymous, 2010b), NL (Stichting, 2009), UK (BSI, 2011; Llewelyn,
2005), UK recommended for GM (Growing Media) (WRAP, 2011b).

Notes: OM (Organic Matter) is in dry matter for all tests. OM = VS (Volatile Solids)
This is a comparison of varying definitions for maturity levels of composts, with the majority
being for voluntary schemes, with further details in section 6. This table is for illustration
purposes only

There are commercial pressures (reducing gate fees, increasing fuel costs) on UK compost
manufacturers to process biodegradable wastes into compost as rapidly as possible for
subsequent use in the agriculture and field horticulture markets. Composts spread in these
markets may be PAS100 certified (which automatically requires stability testing) or non-PAS
(as a waste, which does not require stability testing), with the PAS/non-PAS split currently
being approximately 50:50 (WRAP, 2013c). For the UK regulators, biodegradable waste is
considered to be fully recovered when it can be described as a compost and can be stored
safely with minimum intervention.
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1.2 Compost stability test development for PAS100

Following the introduction of PAS100:2002, a project was supported by WRAP to develop a
compost stability test, which focussed on green waste composts produced via open windrow
systems (ADAS, 2005). After a number of iterations the ORG 0020 test based on CO,
evolution was adopted as the reference test method and incorporated into PAS100:2005. An
upper limit was set at 16 mg CO, per g organic matter per day to cover all markets. This
method involves passing a supply of CO,-stripped air through an incubation chamber holding
the test sample, with CO, evolved by the sample being captured and measured as an
indication of microbiological activity and hence compost stability. The test does not use an
inoculum, and relies on the inherent microbial community to degrade the sample under test.
Stability tests were reviewed again in 2009, with the subsequent report providing a good
summary of the history of stability testing, including the development of tests in the US and
Europe, at that time (Wood et al., 2009).

For growing media, prior to 2005, the ‘Guidelines for the specification of composted green
materials used as a growing medium component’ had been developed, in which it was
recommended that C:N ratio, the Dewar self-heating test and the nitrogen drawdown index
(NDI) were utilised to assess the stability of a compost (WRAP, 2004a). Later, in the
‘Guidelines for Specification of Quality Compost for Use in Growing Media’ both the ORG
0020 and Solvita (a commercial kit to measure respiration) tests were recommended (WRAP,
2011c). Further details of these tests can be found in Section 7.0.

When the ORG 0020 test was developed, composts were produced predominantly from
green waste in open windrows. The subsequent emergence of a range of IVC systems
intended to process feedstocks containing food wastes, in combination with more rapid
throughput, has recently caused the composting industry and its environmental regulators to
question both the limit for the ORG 0020 test, whether this method is still fit for purpose and
whether some kind of stability test should be required of composts that do not meet the
PAS100 specification.

1.3  Objectives

The main objectives for this literature review were to consider:

1. The influence of the various processing factors and operational conditions of in-
vessel systems on the stability of the resulting composts

2. The impact of compost stability on compost storage, with an emphasis on
agriculture and growing media

3. The impact of compost stability on compost end use, with an emphasis on
agriculture and growing media

4, The range of compost stability tests in use in the UK and elsewhere — with

particular reference to those required by compost specifications other than
PAS100 in Europe

The results of this desk study were used to recommend the final selection of stability test
methods for subsequent laboratory and field work (WRAP, 2015), and also to facilitate
interpretation of the results arising from that work.

1.4  Methodology
The review focussed on four main research areas as discussed below. Search terms were

established, including synonyms, spelling variations and different combinations of terms as
listed below. Searching was largely carried out using the ISIS Web of Science and Coventry
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University ‘Locate’!. These covered not only the principal agricultural databases, but also
food-related databases, environmental science, water, pollution, toxicology and general
science databases. A humber of these databases also index grey literature.

In addition to the standardised interrogations of the highlighted academic databases,
unstructured searches were also carried out using internet search engines (Google, Google
Scholar, Yahoo, Google.de and Defra Science search).

Some literature was available from WRAP, EA (www.gov.uk) and ORG websites and sources,
as well as the authors’ databases and libraries. For objectives 1 and 2 the initial search
focussed on publications specific to UK composting systems. Where sufficient information
was not available, the search was extended to include European publications, with a focus
on systems and processes which mirror those found in the UK, and then further afield.

The titles retrieved from these searches were screened, and then abstracts were
downloaded. These abstracts were subjected to a second round of screening where useful
papers were selected. Full text was obtained for these items. In addition, relevant
publications cited in reports obtained during the searches were also obtained.

The key search terms are listed below. For each section (a, b, ), one or a combination of
the terms highlighted in the general section (highlighted in blue) were used, in addition to
the specific terms used for each topic listed in the rows below. For grey literature searches
using internet search engines there are always an almost infinite number of hits, and so only
relevant web pages were investigated, from at least the first ten pages of hits.

Biodegradable Municipal Waste (BMW), biowaste and Municipal Solid Waste (MSW) were in
some cases used as search terms, as these materials tend to be composted in-vessel, and
are terms used to describe a range of wastes depending on the country from which the
publication arises. Where appropriate, searches were made both with the words spelled out
in full and abbreviated (e.g. nitrogen and N).

In order to provide a UK regulatory context regarding composting, compost storage and
application to land, documents regarding permits, exemptions and legislation were obtained
from the www.gov.uk website, with documents regarding PAS100 and the compost Quality
Protocol (CQP) obtained from the WRAP website (www.wrap.org.uk).

a) In-vessel composting systems

Topic Search terms used and combinations thereof
In-vessel composting / IVC / food waste compost /

General search terms used for" | gmw / MSW / biowaste / stability / England /
Scotland / Wales / UK

Oxygen Oxygen

pH pH / acidity / lime

Aerobic & anaerobic Microorganisms / aerobic microorganisms /

microorganisms anaerobic microorganisms / bacteria

Odour Odour / smell / ammonia

Other processing factors Temperature / moisture / C:N

! Web of Science: http://wok.mimas.ac.uk/. Locate: http://cov-primo.hosted.exlibrisgroup.com/primo_library/libweb/action/search.do
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b) The impacts of compost stability on compost storage

Topic Search terms used and combinations thereof
Mature / immature / fresh compost / food waste
compost / BMW / MSW / biowaste / England /
Scotland / Wales / UK

Storage / in-field storage / pile in field / odour /
leaching

Bag(ged) compost /odour / smell / complaint /
horticulture / growing media

General search terms for this
section

In-field compost storage

Bagged compost storage

c) The impacts of compost stability on compost end use

Topic Search terms used and combinations thereof
Immature / fresh compost / food waste compost /
General search terms for this BMW / MSW / biowaste / agriculture / horticulture /

section England / Scotland / Wales / UK /
Rottegrad / Kompost / Frischkompost*
Crop growth & yield Crop growth / crop yield / crop response
Ground and surface water Compost application / field / leaching / pollution /
pollution runoff / nitrate / heavy metals / PTEs
od Odour / smell / ammonia / compost application /
our !
spreading
N lock-up Nitrogen /N mineralisation / nitrogen / N lock-up
Soil / microorganism / activity / enzyme / bacteria /

Soil microorganism activity diversity

Emissions / greenhouse gas / methane / carbon
dioxide / nitrous oxide

Greenhouse gas emissions

* Searches in Google.de
d) Compost stability tests in the UK and further afield
This section involved contacting EU experts directly, in addition to some literature searching

specifically regarding stability test methods, using the searching methodology described
above. Further details can be found in Section 8.0.
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2.0 In-vessel composting systems

This section firstly highlights relevant UK legislation regarding IVC composting systems, and
then examines the results of the literature searches on the influence of the various
processing factors and operational conditions of IVC systems on the stability of the resulting
composts.

The fundamental concepts of IVC systems are well understood, and a basic flow diagram of
the process is provided in Figure 2, while the regulatory context is fully explained by Defra
guidance (Defra, 2008).

Figure 2 A flow diagram of an IVC tunnel process (IGD, 2012). This example is for the
treatment of catering waste to national animal by-product regulations (ABPR)

Delivery into waste |

reception area {
: In order to achieve rapid processing it is very important to
Sh'i,d:ﬂ';"’:"d reduce the particle size, blend and optimise the moisture
| content of the feedstock
N
Loading into first
barrier tunnels
£
First barrier Once the tunnel is full, temperature probes are inserted and
intensive the monitoring of the composting process begins. The
composting f waste must all reach a temperature of 60°C for two days

i (ABPRreguirement)

Loading into second
barrier tunnels

Second barrier The processing waste is moved to a second composting
\ intensive | tunnel where it is again monitored to ensure that it reaches
i { 60°C for two days (ABPR requirement)

———

Loading into
maturation area

Windrow After testing for pathogen destruction, the material
‘ Maturation | undergoes its second phase maturation composting. This
. Composting | process can take place in open windows

Screeningand | To ensure product is suitable for intended applications it is
l grading { screened and graded

There are many different IVC systems, as highlighted in a range of publications (Kokkora,
2008; The Composting Association, 2004), but they can be generally categorised into six

types:

1. Containers

2. Silos

3. Agitated bays
4, Tunnels

5. Rotating drums
6. Enclosed halls
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In-vessel systems are primarily used to compost materials that include food wastes defined
as Animal By-Products (ABP). Such materials include kitchen wastes from households, as
well as slaughterhouse residues and other low-risk material. Composting in-vessel helps to
retain the heat necessary to comply with the regulatory sanitisation regimes required by the
Animal By-Products Regulations (ABPR).

In general, it is well known that compost stability typically increases with composting time
and effective process management (Short and Wallace, 2004) and this is also true for
different enclosed composting systems. However, the relationships between process
management and the characteristics of the composting waste as it passes through the
various stages of IVC systems to achieve an acceptable stability are less well defined.

In the UK composting operations are regulated by the Environment Agency, and where ABPs
are included, the Animal Health and Veterinary Laboratories Agency (AHVLA?). Details
regarding these regulations are described below.

2.1  Environment Agency regulations for in-vessel composting

As a waste management (treatment) operation, composting sites need to obtain firstly
planning permission from the Local Authority and then (depending on scale and intended
feedstocks) either an Environmental Permit or Exemption from permitting from the
Environment Agency. In 2012, 323 composting sites in the UK were operating under an
environmental permit (WRAP, 2013c). A range of standard permits are available to fit
different types of composting operation (see Table 2), although bespoke permits are also
available to meet site-specific circumstances.

Table 2 Exemptions and permits relating to the operation of open and closed composting
systems in the UK

Permit or Compostin
exemption P 9 | Feedstock quantity and notes Reference
system

code

T23 <80t/yr .

exemption Open & closed Only specific wastes are allowed (Environment Agency, 2014b)

SR2008No16 .

25kte permit Open <75,000t/yr (Environment Agency, 2013b)

SR2008No17 .

75kte permit Closed <75,000t/yr (Environment Agency, 2013c)

SR2012 No3 <75 t/day .

permit Closed — 27,000 t/yr (Environment Agency, 2010b)

SR2012 No7 <75 t/day .

permit Open — 27,000 t/yr (Environment Agency, 2012a)
<500t stored, treated & composted

SR2011No1l on-site at one time*. .

500t permit Open & closed Only using the wastes listed in (Environment Agency, 2010a)
exemption T23

SR10No14 <500t stored, treated & composted .

500t permit Open & closed on-site at one time* (Environment Agency, 2013e)

*The total quantity of waste that can be in storage, physical treatment and composting at any one time under
these standard rules may not exceed 500 tonnes.

2 Please note that at the time of writing AHVLA were merging with the Plant Health Inspectorate to become APHA
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Box 1 Excerpt from the Standard Rules for composting in closed systems (Environment
Agency, 2013c)

Operating techniques:

1. The storage, physical treatment and composting of wastes shall take place on an
impermeable surface with sealed drainage system.

2. Each composting batch shall undergo an identifiable sanitisation and stabilisation
stage.

3. The sanitisation of wastes shall take place in a closed system incorporating a bio-filter
and/or equivalent abatement system.

4. The bio-filter and/or equivalent abatement system shall be specifically designed,
operated and maintained to minimise the release of odour, bioaerosols and micro-
organisms.

5. The storage, physical treatment and composting of wastes under anaerobic
conditions shall be prevented.

2.2  The Animal By-products Regulation and the compost sanitisation process

IVC systems, treating source segregated household waste or equivalent which include animal
based materials, must comply with the ABPR (Anonymous, 2011). The current EU regulation
requires Category 3 ABP with a maximum particle size of 12 millimetres to be treated at
70°C for one hour (European Union, 2009). For composting plants treating only catering
waste, and not other types of ABP (except manure, digestive tract content, milk, milk based
products and colostrum), alternative national composting treatment standards have been
established, termed Authorisation D6, as shown in Table 2 (Defra, 2013a). Further
information on the ABPR can be found in the AHVLA guidance (AHLVA, 2012).

Table 3 The time-temperature requirements for composting of catering waste in England
(Defra, 2013a). National composting treatment standards for catering waste require that two
stages (barriers) are used, but that both stages need not employ the same approach. This
means that any of the three options listed can be used in combination with any other

System Composting | Composting | Composting in housed

in aclosed |in aclosed windrows

reactor reactor

(option 1) (option 2)
Maximum particle size [ 400mm 60mm 400mm
Minimum temperature | 60°C 70°C 60°C
Minimum time spent | 2 days 1 hour 8 days (during which the windrow
at the minimum shall be turned at least 3 times at
temperature no less than 2 days intervals)

The Standard Rules for both open and closed composting systems state that “each
composting batch must undergo an identifiable sanitisation and stabilisation step” (see Box
2) (Environment Agency, 2010a). In addition, the Rules state that for IVCs “the sanitisation
of wastes shall take place in a closed system”
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Box 2 Standard Rules requirements and definitions for sanitisation and stabilisation stage for
all permits listed in Table 2

It must be noted that these are the requirements for compliance with standard
rules environmental permits — these are in addition to (not instead of) any
requirements for compliance with the Animal By-Products Regulations.

Each composting batch shall undergo an identifiable sanitisation and stabilisation stage.

Definition of sanitisation: The actively managed and intensive stage of composting, lasting
for at least five days, characterised by high oxygen demand and temperatures of over 55°C,
during which biological processes, together with conditions in the composting mass,
eradicate human and animal pathogens or reduce them to acceptably low levels.

Definition of stabilisation stage: The stage of composting following sanitisation, during which
biological processes, together with conditions in the composting mass, give rise to compost
that is nominally stable.

Monitoring requirements for each batch:

m Monitoring equipment shall be available on-site and used as required to maintain aerobic
conditions and ensure compliance with these standard rules.

m During sanitisation: Daily temperature measurements using a temperature probe.

m During stabilisation: Weekly temperature measurements using a temperature probe.

Operators typically tend to compost material in IVC systems for a minimum of one or two
weeks until the particular sanitisation requirements of the regulations are achieved, with
both one and two barrier systems in use.

3.0 Processing factors

In 2004 the then Composting Association in the UK produced a comprehensive guide to in-
vessel composting (The Composting Association, 2004). This summarised the most suitable
processing requirements for managed composting to achieve a stabilised compost output,
including: aeration (oxygen content), moisture content, pH value, aerobic and anaerobic
micro-organisms and other factors. Indeed, the main properties affecting the composting
process have been highlighted by many compost researchers to include oxygen availability,
temperature, moisture content, bulk density and porosity (Cooperband, 2002; Mohee and
Mudhoo, 2005). The literature also makes some links between compost stability and odour.
Odours are often due to ammonia (NH3) and volatile organic acids (VOAs) that are more
abundant in the early stages of composting (Brinton 1998). These are discussed in more
detail below, in the context of IVC composting of food wastes.

Crouch (2014) highlighted that:

‘Care needs to be taken in interpreting the results of the many studies described in the
literature as there is often a difference in composting technique, feedstock, climate, or scale
between the conclusions drawn from a particular study and the composting operation in
question. Due to the relative ease of operation and additional control possibilities, much of
the work to date has been done using lab- or pilot-scale setups. Whilst these studies serve
an important purpose in answering specific questions, the results can sometimes be of
limited use when applied to full-scale composting operations. Due to the complex
interactions occurring between the vast array of biological, chemical, and physical processes
within the composting mass, it is often not possible to study just one parameter in isolation.’
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3.1  Processing factors: Oxygen content and aeration

The supply of oxygen is a fundamental requirement for managed aerated composting,
alongside other important factors such as carbon to nitrogen (C:N) ratio, structure and
porosity, and moisture. Oxygen dissolved in the liquid layer surrounding the particles is used
by the composting microbes. The ability of oxygen to dissolve is influenced by the oxygen
concentration in the air spaces and temperature, with lower oxygen concentrations and
higher temperatures reducing dissolved oxygen concentrations (Environment Agency,
2012b). The feedstock particle size will affect porosity, airflow and hence oxygen availability,
with smaller particles having more surface area per unit volume, although if particles are too
small porosity decreases and airflow within the compost pile will be restricted. A combination
of feedstock particles sizes is recommended to create the most porous pile (Cooperband,
2002).

Aeration occurs naturally in well-constructed windrow systems with adequate structure and
porosity in which warm, moist air convects from the top of the compost, thus drawing fresh
air in from the sides and base (Litterick et al., 2003). To enhance aeration and oxygen
availability, as well as ensuring that all material achieves desired sanitisation temperatures,
windrows are turned. This improves the pile structure, and the oxygen introduced is
consumed rapidly. As a general consideration, aerobic conversion of biological material is
considered more efficient than anaerobic mechanisms, hence it is more likely that a stable
product without significant odour potential will be produced at a site running under
predominantly aerobic conditions than a site running largely anaerobically (Crouch, 2014;
Michel and Reddy, 1998).

As highlighted in Box 1, a condition of the Standard Rules is that “the composting of wastes
under anaerobic conditions shall be prevented”. Moreover, the Standard Rules define a
closed composting system (IVC) as “a closed composting reactor or closed area (such as a
building) in which waste is fully contained, and efficient air management abatement systems
are demonstrated” (Environment Agency, 2010b; Environment Agency, 2013c). Hence in IVC
systems air may be forced upwards or downwards through the material, and the material
may be turned or agitated either within the enclosure or when emptying and filling — but
whichever approach is used, the material must be kept in an aerobic state.

In systems that rely on forced aeration, the aeration rate is the major factor influencing the
stability of the resulting compost, and naturally an increase in aeration would normally be
expected to increase the oxygen concentration within the compost (Guo et al., 2012). The
air should be provided in such a way that it is uniformly distributed through the composting
mass and at a sufficient rate that it maintains aerobic conditions within the material itself.
The oxygen concentration may need to be above 7% in the air spaces in the composting
mass to avoid the generation of offensive anaerobic odours (Envar Ltd, 2010) and to ensure
the water films surrounding the material are adequately oxygenated. While turning assists
with the distribution of moisture and nutrients, it may result in a short term increase in
microbial activity and a reduction in dissolved oxygen levels in these water films to 0.1ppm
within a few hours of turning, with levels returning to 1-2ppm within a few days (Sauer and
Crouch, 2013).

Recommended aeration rates for in-vessel composting plants were found to vary within a
very wide range (6-24m’ tonne h!) in the academic literature (Environment Agency,
2013a). Data from UK composting sites has shown that where dissolved oxygen levels are
generally above 1 ppm, there are few odour problems, whereas sites with dissolved oxygen
levels predominantly below 0.5 ppm are more likely to have odour problems during
composting (Sauer and Crouch, 2013). However, an EA technical guide suggests that wet
material such as food waste may require a dissolved oxygen concentration of at least 3 ppm
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to prevent anaerobic conditions (Environment Agency, 2012b). Further information regarding
odour during composting can be found in Section 3.8.

In a Japanese bench scale IVC study (Lu et al., 2001) composting of dog food, sludge, and
woodchip was assessed at two different forced aeration rates. Aeration of 0.05-0.1 | min™*
condition was deemed better than 0.2-0.4 | min~?, as the higher flow rate of air cooled the
composting mixture significantly, as well as causing significant moisture loss through
evaporation. The authors observed that the usual thermophilic composting process occurred
at the 0.05-0.1 | min™* air flow rate, whereas composting at 0.2-0.4 | min™* air flow mainly
resulted in a mesophilic process.

The initial carbon to C:N ratio of the feedstock is also an important factor (Michel et al.,
1996). A summary of the C:N ratios of a wide range of feedstocks highlights the high (>100)
C:N ratios of paper, cardboard and wood as compared to <55 for green waste including
grass and leaves, and <20 for mixed food waste (Tompkins, 2005). Initial C:N ratios of 25—
30 are considered ideal for composting (Kumar et al., 2010), although some studies
demonstrate that lower initial C:N ratios are possible. For example, in a Chinese study, pig
slurry and corn stalks were co-composted at different aeration rates (AR: 0.24, 0.48, 0.72 |
kg™* dry matter (DM) min™), different C:N ratios (15, 18, 21), and different moisture
contents (MC: 65%, 70%, 75%) in 60 litre aerated vessels (Guo et al., 2012). A compost
was considered stable when CO, emissions were <1 mg CO,-C g DM d*. A compost was
classed as mature when the germination index was >80% (via a petri dish cucumber
bioassay using a compost extract).

The thermophilic phase (>50°C) with all treatments lasted longer than 7 days, being long
enough to meet the Chinese national standard sanitisation requirements. The oxygen
content and N losses (predominantly ammonia) increased with increasing AR from 0.24-0.48
| kg~! DM min~!, although no significant differences were observed between the moderate
and high treatments (AR 0.48 and 0.72 | kg~* DM min™'). The compost with the lowest initial
C:N ratio had the lowest germination index (53-66%), being significantly lower than the
other treatments. AR was found to be the main factor influencing compost stability, while the
C:N ratio mainly contributed to compost maturity. The MC (moisture content) had an
insignificant effect on the compost quality. To economically treat pig manure, composting
with an AR of 0.48 L kg™ DM min™ and a C:N ratio of 18 was recommended with a MC
ranging from 65% to 75% (Guo et al., 2012).

3.2 Processing factors: pH and VFAs/ VOAs

Food waste contains readily biodegradable materials which are broken down into compounds
with shorter carbon chains. Many of these are volatile organic compounds (VOCs). Amongst
these compounds are volatile organic acids (VOASs), also sometimes termed volatile fatty
acids (VFAs), many of which are odorous. During the initial phase of composting the
microorganisms start to degrade the readily decomposable materials, with VOAs
accumulating (including acetic, formic and butyric acid), thus causing the composting waste
to be acidic until they are either decomposed themselves or volatilised (Brinton, 1998; Eklind
et al., 2007). The PAS100 stability limit will not be achieved until the majority of the readily
biodegradable materials in the feedstocks and their secondary metabolites have been
biodegraded by the microorganisms. Normally, the initial acidic conditions that tend to form
change to neutral/alkaline as a result. More information regarding VOCs can be found in
Section 3.9.

Gajalakshmi and Abbasi (2008), in their analysis of solid waste management by composting,
highlight that pH is a parameter that greatly affects the composting process. The range of
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pH values suitable for bacterial development is 6-7.5, while fungi prefer an environment in
the range of pH 5.5-8.

Low pH during the initial composting phase, specifically of food wastes, has been highlighted
as prolonging the composting process and being correlated with high odour levels. A well-
managed aeration system will help to create conditions that enhance the decomposition and
volatilisation of the acidic compounds, and the pH of the compost will therefore rise above
pH 7.

A poorly aerated in-vessel system, or even a badly constructed windrow that is not turned
adequately, may remain largely anaerobic leading to acid conditions persisting. This can
result in odour emissions when the materials are removed from the vessel for further
processing / maturation. Thermophilic bacteria are less able to cope with acidic conditions
than mesophilic organisms — which means that if temperatures rise too fast, acidic
compounds may not be broken down. This can give rise to putrefaction of material, a
subsequent release of foul odours and a delay in composting until stability is achieved
(Gajalakshmi and Abbasi, 2008). Aeration at this stage can be as important for the cooling it
provides as for providing oxygen (Sundberg et al., 2004).

3.3  Processing factors: pH and ammonia

Following the initial composting phase, as discussed above, there is a subsequent evolution
of CO, and utilisation of VOAs. As stability increases during the stabilisation phase, the pH
begins to rise and may exceed pH 8, which can in turn cause loss of N as ammonia.

Ammonia is a typical by-product of the aerobic decomposition of materials containing high
levels of N, especially those with a low C:N ratio (<15:1). Under acidic conditions, the
ammonia remains in solution as ammonium ions but as the pH rises and becomes alkaline,
and if temperatures remain elevated above 45°C, the ammonia volatilises (Pagans et al.,
2006) and may be emitted to the atmosphere unless scrubbed through the use of suitable
technology. Therefore, if the in-vessel stage of composting remains acidic there is the
potential for most of the ammonia to be emitted during a subsequent aerated phase on the
windrow pad when the pH rises and if temperatures remain high.

Beck-Friis et al. (2001) investigated gaseous emissions during lab scale IVC of a mixed
feedstock of BMW and chopped straw. They showed that the dynamics of NH3; emission
during composting were affected by the occurrence of VOAs, which seemed to control the
pH and the microbial activity, and thereby the dynamics of immobilization and re-
mineralisation of NH," in the material. Despite intensive aeration of the compost, VOAs
remained during the first week of composting. When they disappeared, the thermophilic
phase started and the pH increased rapidly to about 9, the microbial activity and NH3
emissions simultaneously increased and the temperature increased above 45°C (Beck-Friis et
al., 2001). This research may indicate the need for the microbial community to adapt to
conditions, which takes time. A rapid increase in temperature may result in an imbalance,
for a period of time, between the microorganisms able to survive higher temperatures but
preferring non-acid conditions to be most active and the microorganisms that are able to
degrade the VOAs, which might prefer lower temperatures.

3.4  Processing factors: Use of additives to influence pH
A combination of high initial aeration rates and the use of additives such as wood waste or

recycled compost has been observed to rapidly overcome the low pH phase (Sundberg et al.,
2013). These additives promote good structure and aeration, with the added benefit of the
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recycled compost providing pH buffering — as well as the inoculation of the feedstock with
appropriate compost microbes.

Addition of sodium acetate has been suggested as a way of increasing microbial activity
during in-vessel composting of food waste, increasing pH from 5.2 to 5.5 due to its inhibition
of the production of VOAs (Yu and Huang, 2009). This increase in pH and microbial activity
increased the rate of degradation.

A recent study investigated the performance and feasibility of using different buffer agent
combinations, with K;HPO,/MgSQ,, KH,PO,/MgS0, (added at the start of the composting
process) and NaOAc (sodium acetate, added on day 4), in composting of food waste in 30 |
bench scale vessels (Li, 2013). The food waste was a mixture of potato, carrot, ground pork,
steamed rice and cooked soybean, with leaves and soil.

The KH,P0O,/MgSO, treatment had the lowest pH at the start of the trial of 5.3, with
K;HPO4/MgSO, having the highest pH of 6.5. In all treatments, the pH decreased initially
during the first four days to below 4.5, due to the production of organic acids. All three types
of agents were found to prolong the thermophilic stage. At the end of the trial (day 25, when
all composts were at ambient temperature), the compost pH ranged from 9.3 for the NaOAc,
8.5 for the K,HPO.,/MgSO, treatment and control (no additives), and 7.6 for the
KH,PO,/MgSQO, treatment. Moreover, application of K;HPO4/MgSO, or NaOAc (the two
alkaline additives) resulted in higher cumulative oxygen uptake rates than the other
treatments, and a higher total organic degradation rate. The amendment of NaOAc resulted
in a higher ammonia loss than the other two agents and the control. The authors concluded
that K;HPO./MgSO, addition showed the most favourable influence on composting
performance of food waste, demonstrating a pH buffering capacity during the composting
process, and the potential to lead to the formation of struvite which would absorb ammonia
into the compost and reduce ammonia emissions.

An American study investigated the composting of a mixture of 0%, 5% and 20% (w/w)
biochar (produced from pine chips) with poultry litter (Steiner, 2010). Water was added to
the feedstocks to achieve a MC of 60%. Composting was undertaken in a bench-scale
aerated IVC system for 42 days. The 20% biochar treatment achieved a maximum
composting temperature of 65°C more quickly than the other treatments, which only
achieved <60°C. The 20% biochar treatment increased pH more rapidly during the 7 weeks
of composting, with lower ammonia and H,S emissions than the other treatments.

In summary a range of additives offer the potential to overcome the low pH phase more
rapidly and allow the compost to achieve stability more rapidly, although the majority have
only been trialled in bench-scale systems.

3.5  Processing factors: Moisture content

WRAP guidance for production of compost intended to be used as a constituent in growing
media recommends that the feedstock moisture content should be 51% m/m or greater
immediately following batch formation (WRAP, 2011b). Guideline values suggested in PAS
100’s Annex B are equal to or greater than 51% m/m during the sanitisation phase and at
least 40% m/m during the stabilisation phase. Moisture content should not be greater than
65% m/m in order to ensure the composting pile has enough air available for the aerobic
microbes (WRAP, 2011b).

Makan et al. (2013) evaluated the effect of initial moisture content of BMW in Morocco on
the composting process in sealed 15 L IVC units over ten days. Air was injected into the IVC
to reach the desired air pressure, and gases formed during composting were removed daily,

Wr@p Literature review: Compost stability — impact and assessment 24



and fresh air added again to again reach the desired pressure. In the first phase of this
study, five experiments were conducted to evaluate the initial air pressure effect (0.2, 0.4,
0.6, 0.8 and 1 bar) on the composting process. Secondly, experiments with different initial
moisture contents of 55%, 65%, 70%, 75% and 85% were carried out. Relatively high
moisture contents of 70-75% achieved the highest temperatures of >45°C and retained
them for the longest time, compared to the other treatments. The authors highlighted that
there is no single ideal moisture content for compost feedstocks, due to varying physical,
chemical and biological characteristics which will each affect the relationship between
moisture content and factors such as water availability, particle size, porosity and
permeability. However, for the BMW used in this experiment, the initial feedstock moisture
content of 75% and air pressure of 0.6 bar greater than atmospheric pressure was deemed
most suitable for efficient composting, as it achieved a maximum temperature of 50°C
(higher than the other treatments (but low compared with a commercial system due to the
small scale of the reactor used)) and resulted in a final compost material with good
physicochemical properties (pH of 6.2-7.2, EC of 2.5 mS/cm, ammonium content of 221
mg/kg DM, C:N ratio of 12.2). Due to these properties, the final compost was considered
sufficiently mature to be used for agricultural applications by the authors (Makan et al.,
2013).

A lower optimal moisture content is recommended by other authors but greater initial water
content could be advantageous in a dry climate. In an industry guide for the prevention of
and control of odours at biowaste processing facilities, a moisture content of 55-65% is
considered optimal (The Composting Association, 2007). At below 40% moisture,
decomposition is slowed down as it is too dry for microorganisms to function, and above
60% the material is too wet, air spaces are reduced and the heap becomes anaerobic (Miller
and Jones, 1995). At other than optimal moisture conditions, the rate of stabilisation of the
material is likely to be slowed. Moreover, high moisture levels will make the material very
heavy and prone to structural collapse, thereby restricting air flow and causing channelling in
production-scale systems. Also, a lot of energy is required to raise the temperature due to
the high specific heat of water (Haug, 1993).

Moisture content also has effects on the passage of air through the material. For example,
the relationship between compaction and permeability of various materials was modelled and
with a moisture content of over 60%, air space can be less than 30%, requiring extra energy
to force air through (Das and Keener, 1997). Where feedstock material is very wet, forced
aeration in IVC systems may not provide sufficient oxygen for the whole mass, allowing the
potential for pockets of very moist dense material, unless agitation is employed
(Environment Agency, 2013a).

In the USA a two month trial compared two types of IVC forced aeration systems: Positive
(air is blown up through the compost) and negative (air is drawn down through the
compost) aeration (Nicoletti and Taylor, 2005). A range of factors were compared during the
composting of a mixture of biosolids, sawdust and recycled compost. However, the aeration
system did not influence the compost temperature, with rapid heating occurring initially in
both systems, and achieving 55°C for 15 days. Moreover, there were no differences in
oxygen levels and no H,S was observed, suggesting that the composting process was not at
all anaerobic. Further technical advantages and disadvantages (e.g. capital costs, energy
requirements, operational and maintenance considerations) of the two systems are
discussed, with neither system being highlighted as significantly better than the other in all
circumstances.
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3.6  Processing factors: Feedstock

The type of feedstock used has also been found to influence the composting process and
achievement of stability, although feedstock-specific issues tend to relate to their impacts on
other factors (such as moisture, porosity and pH) rather than any more particular properties.
As food waste contains greater amounts of readily available carbon and nitrogen, with lower
C:N ratio, ammonia emissions and possibly also VOCs (including VOAs / VFAs) would be
expected to be greater than with pure green waste. Greater MC and risk of putrefaction
before managed composting starts, such as prior to and during collection, and in waste
transfer storage, could be expected. More information regarding VOCs and ammonia can be
found in Sections 3.9 and 0.

A UK study found that when the proportion of kitchen waste to the more fibrous green waste
was increased to above 30% or alternatively the organic fraction of MSW was co-mingled
with the kitchen and green waste, the bulk density was increased to such an extent that
there was a limitation to the airflow during the IVC phase, which slowed down the overall
composting process and rate of stabilisation (Fowles, 2010). The residence time in the
composting vessel was therefore increased to address this. Mohee and Mudhoo (2005)
analysed the physical properties of an IVC matrix, demonstrating a marked decline in pore
space and increase in bulk density as the compost developed.

Moreover, slow decomposition during prolonged low-pH conditions was highlighted as a
frequent process problem in food waste composting in Scandinavia (Sundberg et al., 2013),
and also in general due to the presence of short-chain organic acids (Yu and Huang, 2009).
The presence of these acids, and hence acidic conditions, leads to a reduced rate of
composting and hence a delay in the attainment of suitable degree of stability until
conditions change through e.g. enhanced aeration as seen in Section 3.2.

3.7  Processing factors: Micro-organisms

During composting the microbial community grows and changes in composition as the
process progresses from mesophilic to thermophilic and then to the cooling phase. These
changes in compost microbiology during the composting process are summarised below
(based on Trautmann and Krasny (1997).

‘Different communities of microorganisms predominate during the various temperature
phases. Initial decomposition is carried out by mesophilic microorganisms, which thrive at
moderate temperatures. These microbes rapidly break down the soluble, readily degradable
compounds, and the heat they produce causes the compost temperature to rise rapidly.
Once temperatures exceed 40°C, the mesophilic microorganisms become less active and are
replaced by thermophilic, or heat-loving microbes. During the thermophilic stage, high
temperatures accelerate the breakdown of proteins, fats, and complex carbohydrates like
cellulose and hemicellulose, the major structural molecules in plants. As the supply of these
compounds becomes exhausted, the compost temperature gradually decreases and
mesophilic microorganisms once again take over for the final phase of “curing,” or
maturation of the remaining organic matter. In a well-managed IVC system, temperatures
are controlled by the removal of heat during the thermophilic stage using forced aeration,
although this can lead to drying of the material.’

Microbial abundance, composition and activity change substantially during composting and
compost maturity can be correlated with high diversity and low activity (Ryckeboer, 2003).
The processing factors described above will all influence the activity of microorganisms, as
summarised in Table 4; if conditions for microbial activity/diversity are optimised at each
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stage of the composting process, then the fastest rate of stabilisation of the material will be

achieved.

Table 4 Examples of literature (bench scale studies) regarding the effects of processing
factors during composting on micro-organisms

Processing
factor

Influence on microbial community

Reference

Oxygen

Lower levels of oxygen result in slower increases in
microbial populations, including thermophilic bacteria
(predominantly Bacillus and Thermus)

Steger et al. (2005)

pH

Low pH and high fatty acids during the thermophilic
phase of household waste composting reduced the
microbial tolerance to thermophilic temperatures,
thus slowing down microorganism activity

Smars et al. (2002)

pH

Low pH (and high odour) conditions altered
microorganism composition to include anaerobic or
facultatively anaerobic species rather than typical
thermophilic composting aerobic species

Sundberg et al.
(2013)

pH

Low pH due to the short-chain organic acids
contained in food waste (and generated as
composting begins) will inhibit microbiological
activity

Yu and Huang
(2009)

Temperature

For maximum bacteria species diversity, optimum
temperatures below 60°C were recommended

Strom (1985)

Temperature

At temperatures of over 60°C most aerobic
microorganisms will die and anaerobic decomposition
takes over

Ohio EPA (1999)

Moisture
content
(MC)

The ideal MC for microorganisms during composting
is 55-60%, as, if higher, conditions may become
anaerobic. Even at ideal MCs, anaerobic conditions
are likely if compaction or small particle sizes lead to
inadequate free space for air flow (porosity).

Ohio EPA (1999)

Feedstock

Feedstock type may influence populations of both
thermophilic and mesophilic microorganisms

An et al. (2012)

Nitrogen

Too much nitrogen can cause accelerated microbial
growth which will use up available O, and cause
odours

Ohio EPA (1999)

Of course these processing factors do not influence the microorganisms independently but
often in combination with one another. For example, during a Swedish bench scale trial
focussing on the initial phase of food waste composting, high temperatures (46°C) and an
initial pH of less than 6 were found to inhibit thermophilic microbial activity (Sundberg et al.,
2004). However, by regulating the rise in temperature to only 36°C in a temperature-
controlled water bath and raising the pH using sodium hydroxide to above 6.5, the
composting rate was improved. At 46°C, the pH reduced further whereas at 36°C pH
increased as the acidic compounds were able to be degraded by mesophilic microorganisms.
Gajalakshmi and Abbasi (2008) observed similar effects, with the growth of active
microorganisms inhibited by temperatures above about 40°C where short-chain fatty acids
and low pH were present.

A recent study focussed on potential correlations between low pH, odour and microbial
composition during food waste composting. Samples were obtained from both laboratory

composting experiments and two large scale forced aeration composting plants in Sweden
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and Norway (Sundberg et al., 2013). For the laboratory experiments, a 200 litre aerated
compost reactor was used, with controlled temperature and oxygen. Two different
temperature strategies were used: For the self-heating strategy the substrate was allowed to
self-heat and when self-heating decreased, the material was externally heated to 55°C
(thermophilic temperatures). In the cooling strategy, the substrate was allowed to self-heat
to 38°C, and was then cooled by passing the recirculating air through a heat exchanger to
maintain a temperature just below 40°C (mesophilic temperatures) until the pH of the
condensate increased above 6. The temperature was then allowed to rise to 55°C. For both
strategies 16% oxygen concentration was used in the reactor, and in addition one test was
performed with the cooling strategy at 1% oxygen.

Commercially, the cooling can be achieved through increased aeration rate as long as
moisture is not significantly reduced. On combining the results of the commercial and
laboratory scale systems, there was a large variation in odour, with two basic groups
identified, as shown in

Table 5. Samples of both groups were dominated by the typical composting microbes
Bacillales and Actinobacteria (Group B, see Table 5). However, in the high-odour group
(Group A, see table 5) the dominant microbes were anaerobic or facultatively anaerobic
species (e.qg. Flavobacterium spp. and Sphingobacterium spp.), which are not thermophilic
composting species. Samples with high odour also contained lactic acid bacteria and
Clostridia, which are known to produce odorous substances. Moreover, Group A, with a
higher odour concentration had significantly higher total VOCs and acid concentrations than
Group B.

Table 5 Comparison of compost samples with odour concentrations of 74,000 oug/m® and
higher (Group A) and 41,000 oug/m?> or lower (Group B). (Sundberg et al., 2013)

For variables marked with *, Group A and Group B were significantly different at 95%
confidence level.

Group A Group B
No of samples 11 10
Odour concentration (OUg/m°) 566,000 + 425,000 16,600 + 10,200
DM (% of fresh weight)* 46.3 £ 3.9 51.6 £6.3
pH 5.0+ 0.4 8.0 £ 0.7
Tot-C (% of DM) 40.8+ 5.4 37.3+9.3
Tot-N (% of DM) 1.73 £ 0.16 1.84 £ 0.16
NH4-N (g/kg DM) 1.3+ 0.6 1.3+0.8
NO3-N (mg/kg DM)* 93 + 58 8 + 15
C/N-ratio 23.9 £ 4.8 20.1 £ 4.5
Total VOC**® 630b + 213 43 £ 62
Acetic acid in material (mmol/kg compost)* 46 + 47 o°
Lactic acid in material (mmol/kg compost)* 131 £ 28 0°
Total acid in material (mmol/kg compost)* 190 + 68 o°

@ Not measured at NSR, only 7 samples in Group A.
® All samples were below the detection limit of 9 mmol/kg compost for acetic acid and 6 mmol/kg compost for
lactic acid

Thus it is possible if the temperature rises too rapidly in commercial IVC systems, or if
aeration is insufficient — that the pH may remain low, adversely affecting the composting
process and producing material with high odour concentrations. On the other hand, a well-
managed IVC system takes all factors, physical and microbial, into account and optimises the
composting process and hence the rate of stabilisation.
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3.8  Links between stability and odour

The Environmental Permitting (England and Wales) Regulations 2010 (Anonymous, 2010a),
considers an odour to cause pollution when “an activity which may give rise to an offensive
smell noticeable outside the site where the activity is carried on”.

Defra has published ‘Odour Guidance for Local Authorities’ (Defra 2010) with a useful
summary that refers to Section 79(1)(d) EPA, which defines any statutory nuisance
(including offensive odours), as: “Any dust, steam, smell or other effluvia arising on
industrial, trade or business premises and being prejudicial to health or a nuisance”.

An industry guide for the prevention and control of odours at biowaste processing facilities
(Jacobs et al., 2007) provides practical guidance on ways of minimising the generation of
odorous compounds, controlling emissions of these odours, and managing the impact of
odours on the environment on site. This guide does not specifically cover field storage of
composts. The Standard Rules regarding odour at compost sites are shown in Box 3. This
highlights the need for IVC sites to include an odour abatement system such as a biofilter to
minimise odour levels outside the site. A review regarding odour treatment options at
composting sites can be found in Border (2002).

For many years, higher levels of odour (or odour intensity) have been noted to be most
prominent during the first few weeks of composting (Brinton, 1998; Day, 1998). Odours
identified during composting include ammonia and various VOCs, including VOAs (which are
also termed volatile fatty acids VFAs) and volatile organic sulphur compounds (VOSCs) many
of which are odorous. The following sections consider the dynamics of these compounds
during composting, with a focus on IVC and food waste.

Odour during composting has been observed to have a relationship with biological stability
(Scaglia et al., 2011), temperature and feedstock composition. Odour has been associated
with at least three stages during the composting of source segregated household waste, with
the odour derived from different compounds at each stage as summarised below (Delgado-
Rodriguez et al., 2010; Environment Agency, 2013a):

1. Shredding and mixing of feedstock

W Volatilisation of terpene compounds (a-pinene, 3-carene, and D-limonene) from botanical
material and xenobiotic compounds (such as |,1,I-trichloroethane, toluene and
ethylbenzene).

2. Initial composting
B Aldehydes, alcohols, carbonyl compounds, carboxylic acids, esters, ethers, ketones,
sulphides and terpenes.

3. Thermophilic composting

B If feedstock has a high N content =& Ammonia.

W If anaerobic conditions occur due to incomplete or insufficient aeration =» Reduced
sulphur compounds.

B If incomplete aerobic degradation processes occur = Alcohols, ketones, esters and
organic acids.
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Box 3 Standard Rules regarding odour at closed compost sites

Regarding odour, the Standard Rules (Environment Agency, 2013c) state:

The bio-filter and/or equivalent abatement system shall be specifically designed, operated
and maintained to minimise the release of odour, bioaerosols and micro-organisms.

Emissions from the [composting] activities shall be free from odour at levels likely to cause
pollution outside the site, as perceived by an authorised officer of the Environment Agency,
unless the operator has used appropriate measures, including, but not limited to, those
specified in any approved odour management plan, to prevent or where that is not
practicable, to minimise, the odour.

3.9 Volatile organic compounds emitted during composting

VOCs which have been recorded during the composting of materials containing a proportion
of food waste include: VOAs (e.g. formic acid, butyric acid (also known as butanoic acid),
and iso-valeric acid), reduced sulphur compounds (e.g. dimethyl disulphide (DMDS), H,S,
thiols), hydrocarbons (pentene, hexane, benzene, toluene, ethylbenzene, p,nm-xylene,
styrene, o-xylene), ketones (acetone, butanone, 2,3-butanedione), aldehydes (3-
methylbutanal), esters (methyl acetate, ethyl acetate, ethyl hexanoate), and terpenes (a-
pinene, B-pinene, limonene, p-cymene, -myrcene, 3-carene), many of which are common
and can be produced normally under aerobic conditions (Font et al., 2011; WRAP, 2013b;
Environment Agency, 2013a). However, some VOCs can be air pollutants, due to their
malodorous and hazardous properties.

A review of the main types of VOC emitted in organic waste treatment facilities, including
composting of BMW, found total VOC concentrations in composting halls, where food waste
was included in the feedstock, to be 0.71-10.10 mg m™ (Font et al., 2011). This study also
reviews the treatment methods applied to gaseous emissions commonly used in composting
and anaerobic digestion facilities in addition to the methods used to detect and quantify
VOCs.

In open windrow studies of biowaste and green waste, detectable VOC concentrations were

predominantly found during the first week of composting: limonene (0.09-2.7 mg m™; as a

main component), a-pinene (0.31-0.38 mg m™), B-pinene (0.10-0.11 mg m™), ethylacetate
(0.06 mg m™), ethanol (0.22-1.3 mg m™), acetone (0.06-0.27 mg m™) and 2-butanone (0—
0.39 mg m) (Amlinger et al., 2008).

A study of VOCs emitted during composting of a range of materials obtained from the
organic fraction of MSW found that yard wastes (assumed to be comparable to green waste)
primarily produced terpenes, alkylated benzenes, ketones and alkanes, while food wastes
primarily produced sulphides, acids and alcohols. Among 13 aromatic VOCs found in MSW
composting facilities, toluene, ethylbenzene, 1,4-dichlorobenzene, p-isopropyl toluene, and
naphthalene were in the largest amounts. All VOCs were emitted early in the composting
process and their production rates decreased with time at thermophilic temperatures (Komilis
et al., 2004).

In a Defra funded demonstrator project (Fowles, 2010) where the composting of BMW (a
mixture of kitchen and green waste) in IVC tunnels was investigated, 27 VOCs were
monitored during three composting phases. VOCs were observed to be highest during the
warming up stage of tunnel composting and were likely to originate from the fresh
feedstock. During this warming up phase the highest concentrations of the 23 VOCs detected
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were 2-butanone (620 mg m™), limonene (390 mg m~) and 2-butanol (66 mg m™), with all
other VOCs being <30 mg m™.

During sanitisation, 15 of the 23 VOCs detected during warming up were detected again,
with the majority at much lower levels during this second phase. A few VOCs had their
highest levels during the sanitisation stages (comprising a two stage composting process,
each with material achieving a minimum of 60°C for 48 hours), as compared to the warming
up phase: Dimethyl disulphide (0.12 mg m~ as compared to 0.10 mg m™), 2-nonanone
(0.48 mg m™ as compared to 0.35 mg m™), fenchone (0.69 mg m— as compared to 0.38 mg
m~>) and camphor (4.40 mg m~ as compared to 1.00 mg m™).

Only one VOC (trimethylamine) was isolated only at the cooling down stage, and at a very
low level (0.17 mg m™), being non-detectable during the other two phases. The total
combined concentration of the VOCs measured was 1185.9 mg m™ during the warming-up
phase, 321.59 mg m~ during pasteurisation and 6.29 mg m™ during the cooling-down phase,
showing a clear reduction in VOCs during the composting process (Fowles, 2010).

In summary, VOCs have been observed to be emitted predominantly during the early stages
of composting, with levels greatly reducing during the maturation process.

The studies discussed in the following two sections focus on specific types of VOCs, firstly
VOAs and then VOSCs.

3.9.1 Volatile organic acids emitted during composting

VOAs are most abundant in immature compost and are often formed in anaerobic pockets of
the windrow or heap, being utilised as an energy source later in the process. Transient low
oxygen conditions almost always occur even in well managed composting systems. VOAs are
often the cause of phytotoxicity. They can be detected by humans at very low concentrations
in the air (Brinton, 1998). Thus it could be inferred that, as immature composts contain
higher levels of a range of VOAs, it is more likely that there will be some odour emissions
during application of immature composts than mature composts.

VOCs, including VOAs, can be collected and analysed using a range of methods including gas
chromatography (Komilis et al., 2004; Smet et al., 1999). This currently requires specialised
equipment and technical competence to enable robust conclusions to be drawn. As VOAs are
produced generally during the early stages of composting, if there was a simple test for
operators to be able to use to indicate the progress of their composting process, this could
facilitate their ability to demonstrate that their compost is ‘nominally stable’. The principles of
the gas chromatography method used for measurement of VFAs in the PAS110 digestate
residual biogas potential test (BSI, 2010) could possibly be applied to VOA measurement in
composts.

3.9.2 Volatile organic sulphur compounds emitted during composting

VOSCs are VOCs containing sulphur and mainly include organic reduced sulphur compounds
e.g. methylmercaptan (MeSH), dimethyl sulphide (DMS), dimethyl disulphide (DMDS),
carbonyl sulphide (OCS) and carbon disulphide (CS,) (Wu, 2010). VOSCs may comprise 35-
38% of VOCs emitted during the composting of food waste (Komilis et al., 2004).

Bench scale 20 litre IVC systems were used to investigate the first 11 days of composting of
the organic fraction of MSW mixed 2:1 (w/w) with lignocellulosic materials (D'Imporzano et
al., 2008). At the end of the trial the oxygen uptake rate was below 1000mg O, kg VS™* h™.
It was found that the highest odour production (sulphur compounds — as well as odourless
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methane, and hydrogen — which are all indicative of strong anaerobic conditions) occurred
during days 3-5 of composting. This coincided with both high microbial activity and high
compost temperature, causing O, depletion in the material. Much lower odour levels were
observed thereafter, together with lower levels of microbial populations, in this case.

In a bench scale study (Wu, 2010), food waste from three separate sources was composted
for 41 days in aerated 11 litre reactors. Emission of 15 VOSCs from the food wastes totalled
409.9 mg kg™ (dry weight), with DMDS, DMS, methyl 2-propenyl disulphide, carbonyl
sulphide and methyl 1-propenyl sulphide being the five most abundant VOSCs, comprising
75.5%, 13.5%, 4.8%, 2.2% and 1.3% of the 15 VOSCs released, respectively. The emission
fluxes of major VOSCs peaked at days 2—4 and then decreased sharply until they levelled off
after 10 days of incubation. For most VOSCs, over 95% of their emission occurred in the first
10 days. The production of VOSCs was induced mainly by microbial activity during aerobic
decomposition probably due to anaerobic microsites within the waste particles.

In Belgium, aerobic composting of green/kitchen waste was compared with a two stage
anaerobic/aerobic process and the emission of volatile compounds was measured. There
were changes with time during the process. Emission of sulphur compounds occurred in the
aerobic thermophilic stage, with dimethyl sulphide being the dominant compound (Smet et
al., 1999). Anaerobic microsites were highlighted by the authors as potentially forming VOCs
including sulphur compounds during active composting.

The presence of these VOSCs are an indicator of the degree of (lack of) stability of the
material but are in themselves not an indicator of stability itself as their presence may be
related to the composition of the initial feedstocks. Material preparation may also affect the
presence of VOSCs as they tend to be produced under anaerobic conditions that can occur
within microsites, even within an otherwise well aerated composting system.

3.10 Reducing compost odour

Sundberg et al., (2013) proposed an odour reduction strategy for the composting of food
waste in which the low pH phase is rapidly overcome through high initial aeration rates and
the use of additives such as recycled compost. During the early stages of composting,
odoriferous compounds are generally present in low-pH conditions. These odoriferous
compounds are degraded by mesophilic organisms. However, where excessive temperatures
occur, the growth of these mesophilic organisms is inhibited, hence producing odours. A high
aeration rate was observed to cool the compost and help overcome this inhibition of growth
(Sundberg et al., 2013). Addition of recycled compost can help to inoculate the heap with an
effective range of microorganisms and buffer pH (Sundberg, 2011), thus assisting the
development of the mesophilic organisms and reducing odour.

Moreover, the addition of coarse, dry bulking agents such as compost oversize, is
recommended for reducing odour by increasing porosity and reducing moisture in the
feedstock (Ohio EPA, 1999).

A consideration, which has been investigated during the field and laboratory work phase of
this project, was to test the compost pH, to establish whether the measurement of acidic
conditions might indicate very unstable and potentially odorous material, whilst alkaline
conditions might indicate adequately stabilised (but still immature) material. Unfortunately,
the addition of lime at the beginning of the composting process would mask this (Chiang et
al., 2007).
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A well stabilised compost is likely to have a pleasant odour rather than an unpleasant one
and the management of the composting process to reduce offensive odours will also lead to
the production of a stable product.

3.11 Emission of greenhouse gases and ammonia during composting

Due to the difficulty in monitoring ammonia and greenhouse gas (GHG) emissions (including
methane and nitrous oxide) on a continuous basis, there are very few published studies
derived from monitoring full size composting plants, with most ammonia and GHG emissions
data obtained from laboratory-scale trials (Environment Agency, 2013a).

A summary of a recent UK composting report describes the interactions with ammonia within
the composting process as follows (Environment Agency, 2013a):

“The mechanism for ammonia emission from in-vessel composting processes using low C:N
ratio feedstocks follows this sequence. During initial stages of composting when carbon and
oxygen are often limited, ammonium ions from microbial decomposition of proteins
predominate due to the lower temperatures and acidic conditions that prevail. As both the
temperature and the pH of the composting system increase, it is normal for increased
concentrations of ammonia gas to be produced and stripped from the composting pile by
high rates of air flowing through in-vessel systems and subsequently emitted to air. At
thermophilic temperatures, the solubility of ammonia gas is only half that at mesophilic
temperatures, meaning that as pile temperatures increase, ammonia can be emitted to air
very readily. Ammonia emission from composting under well-aerated conditions is normal,
especially with highly biodegradable feedstocks such as municipal solid waste. Furthermore,
it is also typical for ammonia to be emitted to air during the early stages of composting.”

Figure 3 Gaseous emissions relative to CO, production during open windrow composting of
biowaste (Amlinger et al., 2008)
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1.8% - + 80
1.6% "—n/}—lh\_ﬁ. ""“D““"CH‘ — 70
1.4% 4 Ve = & °NH,
4% Ty 1 [
o) ; ' el \ Ko 60
O 1.2% f — &
s + 50 3
©
°\° 1.0% ]
c 40 =
= 0.8% 3
K — —
& B 30 o
& 0.6% o
0.4% - =18
: -
0.2% o N 5#437& 10
- % 0a
0.0% Hilaeessssssssstss L S— e —3 0
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45

Day

Emissions of nitrous oxide, ammonia and methane, from composting and MBT systems, have
been examined in Austria and Germany (Amlinger et al., 2008). Gas emissions from three
open windrow composting scenarios (green waste, biowaste and sewage sludge added once
at the start of composting) and one backyard composting system (biowaste added weekly:
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wooden composters 100 cm x 100 cm x 80 cm) were examined. The open windrows were
turned once or twice a week, in contrast to the backyard system which was turned up to
once every 12 weeks. The CH4 and N,O emissions were higher from the backyard
composting than for the open windrow composting. Biowaste, which contains a considerable
amount of easily degradable kitchen waste, showed a typical decomposition dynamic in the
open windrow system, with CH4 peaks observed during thermophilic degradation, with N,O
emission rates rising mainly in the mesophilic stages (Figure 3). From week 21 onwards, the
gas emissions were stable at a low level. In contrast, the more lignin-rich green waste
showed a more even and slow degradation pattern with constant gas emission levels over

the entire trial period.

Table 6 Specific measures and their effects on GHG and ammoniacal nitrogen emissions in
closed/encapsulated composting systems with waste air treatment (box, tunnel, hall, etc.)
reproduced from (Amlinger et al., 2008)

NHs. This is also
supported by:
B increased NH;

Measure CH, NH;® N,O

Enhancing turning Positive; enhances O,- | Higher aeration Potentially negative;
frequency or aeration supply suppresses CH; | (eventually turning) optimised O, supply at
rate formation may slightly increase temperatures <45°C

may enhance N,0O
formation as
intermediate product of

stripping nitrification and
W increased denitrification
evaporation

Temperature control:
< 45-65°C after
sufficient sanitisation

Positive; maximum CH,
production takes place
during the first
intensive
decomposition phase
at high temperatures
because of a
facultative O,
deficiency. CH,4
formation is clearly
minimised below
45/50°C

Positive; maximum NH;
formation during the
thermophilic phase
parallel to the CH,4
dynamics

Maximum N,O
formation at 30-45°C;
less at higher
temperatures

Humidity control:
should be maintained
at 50-60% (w/w)

Positive; prevention of
water logging and the
creation of anaerobic
zones

Excess of water may
induce deoxidising
conditions
(denitrification) and an
accumulation of NH4",
drying may then result
in increased NH3
emission

Excess of water may
result in considerable
O, deficiency during
maturation; this
induces denitrification
of NO,” and NOs™to
N,O

Biofilter

Neutral; only limited
degradation (ca. 15%)

Positive; partial to
complete degradation

Negative; considerable
formation of as
intermediate product of
NH- degradation

Biofilter with preceding
acid scrubber

Neutral; only limited
degradation (ca. 15%)

Positive; effective
elimination by acid
scrubber systems

Neutral to slightly
negative

@ NH3 emitted during the early stages of composting would no longer be available for N,O-formation at lower
temperatures during the later stages of composting

The key recommendations provided for process management practices that minimise GHG
and NH3 emissions during composting are shown in Table 6. Many of these are the same
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basic rules of compost quality management used to reduce odours and optimise
decomposition and humidity. As a result, compost stability is more likely to also be achieved
more rapidly.

Methane may be detected in the mass of material during the early phase of in-vessel
composting due to anaerobic conditions, but this would be expected to oxidise rapidly within
a well-aerated in-vessel system (Fowles, 2010).

Methane was measured at a UK IVC site with in-vessel aeration rates of 1.5 and 2.3 m’
tonne™ h™'. The authors considered these aeration rates to be low for IVC systems, with piles
likely to be oxygen-limited. The higher of these aeration rates produced a methane
concentration in the in-vessel exhaust gas of greater than 1,000 ppmyv, which indicates that
piles were significantly anaerobic (Environment Agency, 2013a).

A Canadian study compared the emissions of N,O and CH, during the in-vessel composting
of liquid pig manure and wheat straw in two systems, one with forced aeration (ground
level) and the other without (Thompson et al., 2004). The lack of aeration increased CH,4
emissions to 24 times that of composting with aeration, but had no significant effect on N,O
production. This suggests that when actively composting material is not aerated, CH4 may be
released.

In a study assessing the loss of nitrogenous compounds during the composting of mixtures
of straw and different liquid manures (poultry, pig, cattle, and mixtures thereof), the
greatest nitrogen losses, of 46.8-77.4% of the initial total nitrogen content, were caused by
gaseous emissions in the form of NH; as well as small amounts (<5%) of NO, (Martins,
1992). The main factors which were attributed to the level of gaseous emissions were the
total nitrogen content at the beginning of the composting period, the temperature of the
compost material and heap rotation (turning). The greatest nitrogen losses were found in
the N-rich poultry- and pig-straw mixtures which showed obvious temperature increases up
to 40°C during the first few days of the composting period. A high pH value of >8 was
considered to be promoting the emission of gaseous NH;.

Food waste composted in an aerated static pile was reported to have an N,O loss of <0.7%
of initial N concentration (Beck-Friis et al., 2001). However no specific data on CH4 emission
from food waste compost was cited.

A review regarding the GHG emission balance of the composting process as a whole
provided a summary of N,O and CH4 emissions from composting operations with a range of
feedstocks, predominantly manure, pig litter and straw (Brown et al., 2008). In a summary
of eight studies, half of the composting systems had methane levels recorded as comparable
to background levels or not detected. N,O emission levels varied greatly, but generally were
increased when oxygen was limiting. In all studies reviewed by Brown et al (2008), GHG
emissions were detected when the % moisture of the feedstock was at or above the
maximum level for controlling aeration.

The 2008 review also states that “although anaerobic conditions may exist in a pile, high
ammonia concentrations within the pile are sufficient to inhibit methanogenic bacteria. An
additional safeguard against the release of any GHGs formed within a pile is the active
aerobic microbial community on the surface of the pile. These organisms oxidize CH, before
it is released into the environment” (Brown et al., 2008).

Another review paper included information on GHG emissions from the composting of green
waste, manures and mushroom residues, indicating that methane is released in some cases

Wr@p Literature review: Compost stability — impact and assessment 35



during the early stages of composting, although food waste was not referred to (Recycled
Organics Unit, 2007).

In conclusion, composting can be an effective means of reducing GHG emissions from a
range of waste materials, as compared to landfilling, even in the case where some GHGs are
emitted during composting (Brown et al., 2008).

4.0 The regulatory requirements and literature regarding compost stability and
compost storage

There are specific regulatory requirements regarding compost stability and storage prior to
use. These are highlighted in Sections 4.1 - 4.3 to provide context for Sections 4.4 - 4.6.
Some rules will apply whether the compost is stored on-site or in-field, and other rules are
specifically for in-field storage. These rules are discussed below, firstly for all composts,
followed by PAS100 composts and then non-PAS composts.

4.1  Compost storage rules: All composts

Composts containing ABPs must be stored away from farm animal feed, and farm animals
should be prevented from accessing the stored compost (Defra and AHLVA, 2014b). There
are no specific additional storage requirements with regards to the ABPR, provided the
compost is either stored at the site where it was produced or where it will be used (Defra
and AHLVA, 2014a).

In England, where land is situated in NVZs there are specific rules regarding placement of
storage piles of organic amendments (termed organic manures in the NVZ guidance, which
include composts) to reduce the potential for surface or groundwater contamination (Defra,
2013b), including a maximum storage duration of 12 months in one place. The rules relating
to the temporary storage of composts in field heaps are shown in Box 4. For all farmland,
including land outside NVZs, following Defra’s Code of Good Agricultural Practice (CoGAP) is
recommended for all composts (Defra, 2009b).

In neither PAS100, the CQP, nor the Standard Rules are there specific requirements
regarding the configuration of the compost storage pile. The NVZ Regulations state that ‘The
field heap site must occupy as small a surface area as is practically required to support the
mass of the heap and prevent it from collapsing’. If a storage pile is too large for natural
aeration then the compost may become anaerobic. Moreover, if the compost is not stable
then it is likely that the compost will continue to decompose, and water may evaporate due
to the internal heat generated. There may be a small risk that the pile might produce a
leachate which is independent of rainfall but this is less likely than the effect of prolonged
periods of rain on leachate production, especially if the pile is poorly constructed. The two
predominant considerations of leaching and gas emissions from immature composts during
storage are discussed in Sections 4.4 and 4.5.
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Box 4 UK NVZ regulations regarding temporary storage of solid manure in temporary field
heaps (Defra, 2013b)

This option applies if:
= they are solid enough to be stacked in a free-standing heap, and
= they do not give rise to free drainage from within the stacked material.

If you choose to store manure in temporary field heaps, you need to comply with the
following rules.

YOU MUST ensure you do not build your field heap:
= within 10m of surface water (including ditches) or of a land drain,
= within 50m of a spring, well or borehole,
= on land likely to become waterlogged, or
» on land likely to flood.

YOU MUST also
= move any field heap at least every twelve months,
* |eave a 2 year gap before returning to the same site, and
= keep a record of the sites used for field heaps, and the dates of use.

NEW RULE - Effective from 16 May 2014
From 16 May 2014 YOU MUST:
= ot build or maintain a field heap within 30m of surface water (including ditches) if
the land slopes steeply (12 degrees (1 in 5, or 20%) or greater)
» The field heap site must occupy as small a surface area as is practically required to
support the mass of the heap and prevent it from collapsing

4.2  Compost storage: PAS100 composts

For CQP compliant composts (which must automatically comply with the requirements of
PAS100), the compost is not classed as a waste, and so the waste management rules (as
described in Section 4.3) do not apply. These composts should have a maximum stability
level of 16 mg CO,/g OM / day for agriculture and field horticulture. The CQP guidance for
storage is shown in Box 5. This includes following the Fertiliser Manufacturers Association’s
solid fertilisers code of practice (FMA, 1998). This generally includes the same rules as the
EA Standard Rules (see Box 6) and the NVZ regulations (see Box 4), and also states: 'Sites
for outdoor storage should be level and free from protruding stones. They should not be
liable to flooding.’

3 It should be noted that the FMA has now been amalgamated with the Agricultural Industries Confederation (AIC)
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Box 5 The Compost Quality Protocol guidance for storage (Environment Agency, 2012c)

B Producers, distributors and users should follow good practice for the storage, handling,
application and use of quality compost as an agricultural fertiliser and in soil-grown
horticulture.

m Follow the joint Environment Agency/Fertilisers Manufacturers Association (FMA)
guidance, Protect the environment: the essential guide for storing solid and liquid
fertilisers (Environment Agency and FMA., 2012), to ensure the compost is stored
in @ manner that protects the environment.

m Handle the compost as described in the FMA’s Code of practice for the prevention
of water pollution from the storage and handling of solid fertilisers (FMA., 1998) to
ensure that its storage and handling does not cause harm to human health or the
environment.

B If it appears that the material is being stored indefinitely with little prospect of use, the
material will revert to being a waste and waste management controls will apply

4.3  Compost storage: Non-PAS composts

For non-PAS composts the waste management requirements of the U10 and U11
exemptions, and the Standard Rules will apply, depending on the exemption or permit
applicable to the composting operation (for the list of exemptions and permits related to
composting see Table 2, and for spreading to land see Table 7). The maximum storage
duration is 12 months.

In some instances composts will be stored on agricultural fields prior to use. For non-PAS
composts (which should be at least ‘nominally stable’), the Standard Rule in permit
SR2010No4 will apply, as shown in box 6. However, ‘nominally stable’ is not defined in terms
of measurable parameters, instead a definition of stable/stabilised is provided in process
terms.

Box 6 Excerpts of the Standard Rules relevant to storage prior to landspreading SR2010No4
(Environment Agency, 2013d)

Storage of wastes pending land treatment resulting in benefit to agriculture or ecological
improvement. Limits:

m Secure storage of waste [compost], at the place where it is to be used for land treatment.
m No more than 3000 tonnes of waste [compost] shall be stored at any one time.

m Waste [compost] shall be stored for no longer than 12 months.

“Secure storage” means storage where waste cannot escape and members of the public do
not have access to it.

The activities [storage and land spreading] shall not be carried out within:

m 10 metres of any watercourse;

m 50 metres of any spring or well, or any borehole used to supply water for domestic or
food production purposes; and

m Groundwater Source Protection Zone 1.
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Emissions to air, water or land:

m There shall be no point source emissions to land, except from the sources listed in the
agreed deployment form.

m Emissions of substances not controlled by emission limits (excluding odour) shall not
cause pollution. The operator shall not be taken to have breached this rule if appropriate
measures, including, but not limited to, those specified in any approved emissions
management plan, have been taken to prevent or where that is not practicable, to
minimise, those emissions.

Odour:

m Emissions from the activities [storage and land spreading] shall be free from odour at
levels likely to cause pollution outside the site, as perceived by an authorised officer of
the Environment Agency, unless the operator has used appropriate measures, including,
but not limited to, those specified in any approved odour management plan, to prevent or
where that is not practicable, to minimise, the odour.

Box 7 Excerpt of the Standard Rules for permits SR2012No7, SR2012No3 and
SR2008No17_75kte regarding compost stability (Environment Agency, 2010b; Environment
Agency, 2012a; Environment Agency, 2013c).

Each composting batch shall undergo an identifiable sanitisation and stabilisation stage.

The stabilisation phase is defined as: The stage of composting following sanitization, during
which biological processes, together with conditions in the composting mass, give rise to
compost that is nominally stable.

The terms “stable, stabilised’ are defined as: The degree of processing and biodegradation
at which the rate of biological activity has slowed to an acceptably low and consistent level
and will not significantly increase under favourable, altered conditions.

4.4  The potential for leaching of immature composts stored in-field

Leaching of nitrate through soils into groundwater is an issue for water quality in the UK and
the EU. The Nitrate Pollution Prevention Regulations 2008, under the EU Nitrate Directive (a
part of the Water Framework Directive) has specific limits on the quantity and timing of N
fertiliser and organic matures including composts. In the UK these regulations have been
translated into the Nitrate Vulnerable Zones (NVZs) Regulations, as discussed in Section 4.1.
This includes specific rules regarding placement of storage piles of both PAS100 and non-
PAS compost at a minimum distance from water bodies including land drains to reduce the
potential for surface or groundwater contamination (Defra, 2013b).

In addition, for non-PAS composts, the U10 and U11 waste exemptions and the SR2010No4
permit for spreading the compost to land have the following condition (Environment Agency,
2014a): The place where waste that is stored or land which is to be spread must be at least
10 metres from a watercourse and 50 metres from a spring, well or borehole. More details
can be found in Box 6.

For mature composts, it is well documented that N availability is low. For example, in
biowaste composts less than 5% of the N in compost is in readily-available forms
(ammonium and nitrate) (Ebertseder and Gutser, 2003). The remainder of the N in
composts, once applied to the soil, will slowly mineralise and become available to crops over
a period of months to years (WRAP, 2011a). This indicates that during storage of mature,
stable composts nitrogen leaching is unlikely to be significant, due to the majority of N being
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bound in organic forms. Further information regarding N release following compost
application can be found in Section 6.3.

No evidence was found in the literature to assess the potential for leachate run-off during
storage of immature composts. Whilst it is difficult to exactly correlate incidents of odour and
water pollution with field-stored piles, anecdotal observations suggest that this is an issue.
However, there is information available regarding leaching during compost production.

A USA guide to composting recommended the avoidance of highly permeable soils as sites
for compost windrows when composting is performed directly on the soil surface, due to the
leaching of nitrates and other soluble nutrients which is most likely to occur during the
compost curing (maturation) phase and storage (Cooperband, 2002).

Martins (1992) examined nitrogen losses occurring during composting of mixtures of straw
and different liquid manures (poultry, pig, cattle, and mixtures thereof). During the
composting period 9.6-19.6% of the initial total nitrogen was lost as leachates, with >70%
of the leaching (predominantly ammonium-nitrogen) occurring within the first 10 days of the
composting period. The greatest nitrogen losses were found in the N-rich poultry- and pig-
straw mixtures which showed obvious temperature increases up to 40°C during the first few
days of the composting period. This does suggest that provided the initial composting phase
has been completed, leachate losses should not be significant, although the author does not
discuss the potential for changes to leachate when a compost pile is no longer turned.

A recent review of compost leachates highlighted that: ‘The exact chemical makeup of the
leachate varies with the type of feedstock as well as age and maturity of compost. The initial
leachate contains the highest concentration of dissolved and particulate matter and
nutrients, with increased amount of water passing through the compost, the amount of
leached materials decreases’ (Chatterjee et al., 2013).

In a UK review of manure storage, most of the leachate being emitted from the manure pile
was water already contained in the manure, rather than that added in the field by rainfall
(MAFF, 1999). Even immature compost is a much drier material than farm yard manure, with
lower available nitrogen, and so leaching is likely to be less of an issue for composts than for
manures. For example, typical cattle farm yard manure has a dry matter content of 25%
(Pain and Buss, 2002). For example, a recent WRAP study comparing four green waste and
three green and food waste UK composts, all with a stability level of 11.8 mg CO,/g VS/day
or less (measured by CO, evolution) found compost dry matter values of between 37 and
74% (WRAP, 2011a), which is within the range of what could be expected throughout the
composting process and thus relevant for immature composts too (Makan et al., 2013; The
Composting Association, 2007).

In summary, all composts are much drier materials than farm yard manure, with lower
available nitrogen, and so nitrate leaching is likely to be less of an issue for composts than
for manures.

4.5  Greenhouse gas and ammonia emissions of immature composts during in-field
storage

During the biodegradation of food and other similar organic wastes, water and carbon
dioxide are produced, as well as ammonia (Fowles, 2010; Murphy and Power, 2006). Some
of this water is lost as water vapour and helps to cool the material through evaporative
cooling, as the air stream is drawn through the waste. Some may be lost as leachate
(Fowles, 2010). This leachate may be acidic and have a high BOD and COD. There is the
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potential for ammonia, CO,, water vapour and leachates to continue to be produced when
the compost stored is not yet mature, but is still actively composting.

Although no specific literature was found regarding the in-field storage of immature food-
waste-based composts, information regarding greenhouse gas (GHG) or ammonia emissions
during composting in different systems was obtained, and is discussed in section 0. This
could be used to consider whether similar circumstances would arise with immature compost
heaps in-field which are not actively managed (for example, by turning).

Investigations into GHG impacts of biowaste management (Fischer and Sakrabani, 2011)
covered processing and end use of composts derived from food waste but not specifically the
storage phase. The release of N,O from compost during use is not well documented (Boldrin
et al., 2009), and it was observed that “Emissions of N,O from applications of organic wastes
will be very difficult to predict as they are dependent on a multitude of factors such as the
waste characteristics and its decomposition, the microbial processes of nitrification and
denitrification in the soil and the factors such as moisture, oxygen, and temperature that
affect these process” (Defra, 2009a).

By following CoGAP for the storage and application of composts (being the same for all
organic manures including PAS100 and non-PAS composts), GHG losses should be
minimised. As for manures, if compost field heaps are shaped to shed rainfall they should
remain drier and less likely to become anaerobic and hence release GHG, odour and
ammonia.

4.6  Storing bagged compost

Compost for retail is generally bagged and stored prior to purchase. Very little academic
literature was found specifically relating to the storage of bagged compost, with no data
specifically relating to IVC composts. The WRAP guidelines for compost use in growing media
highlights that the: ‘inclusion of food waste may increase the electrical conductivity of the
finished compost and in practice the rate of inclusion of such materials should therefore be
limited to a low percentage (<20% by volume)’ (WRAP, 2011c).

Garden Organic runs an advisory service for its 20,000 members. Issues relating to growing
media containing green waste compost as a peat alternative occur reasonably often, usually
concerning heating, mould growth or unpleasant odours in the bags (Rayns pers comm,
2013), which could be due to instability — although it is impossible to be definitive given that
green composts tend to constitute a minor percentage of growing media blends.

During the internet search on bagged compost, a number of articles were located, which
focussed on bags of compost purchased by members of the public smelling of ammonia or
just generally being very odorous (Anonymous, 2013a). It was not clear whether the bagged
‘composts’ being discussed were 100% compost or a product which included compost as one
of several ingredients.

A UK trial assessed the storage of 11 bagged growing media mixes which included green
waste compost, over a one year period. This trial showed that N is locked up (due to
conversion of nitrate and ammonium into microbial biomass) during storage, and additions of
base fertiliser prior to bagging were recommended, to adjust final N levels to those that were
consistent with market requirements (Richardson and Rainbow, 2005).

Immature composts have been reported to pose problems of malodours and fire during
storage, in addition to issues with flies and bags bursting (Mathur et al., 1993), and so it is
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possible that the issues described above could be a result of the compost being bagged prior
to being mature and stable.

The growing media and soil improver retail product supply industry is very conscious of the
need for the quality of the ingredients to be high, including that the material should be
stable during storage and not cause any of the effects noted above, which would result in
adverse publicity and sales.

The PAS100 stability limit is 16 mg CO,/g OM / day, with lower values indicating greater
stability. The WRAP guidelines for compost use in growing media recommends an upper limit
of 10 mg and a target of 8 CO,/g OM / day (WRAP, 2011c). This is still higher than the level
recommended by the authors of the ORG0020 method development report (Llewelyn, 2005),
who state that 10 mg CO,/g VS/day appears to be a critical value below which composts
can be generally considered to be complete and stable for most purposes. Stabilities of <6
mg CO,/g VS/day are desirable for growing media purposes or for any applications where
self-heating would be a problem”.

5.0 The regulations regarding compost end use in the UK

This section focuses on the use of composts in agriculture and field horticulture. The rules
and requirements for the application of composts are considered, firstly for all composts,
then PAS100 composts and finally non-PAS composts. This provides regulatory context for
Section 6, which focuses on the results of the literature searching on the use of composts
with a range of stabilities.

Composts must be *fit for purpose’, defined as having all of the properties and characteristics
necessary for their intended use(s). In the context of PAS100, ‘fit for purpose’ compost
passes all PAS 100 obligatory tests and any additional requirements the composter has
committed to fulfilling in his/her quality policy or in a written agreement with a compost
customer.

5.1  Compost end use: Rules for all composts

There are a range of regulations and controls which need to be followed when applying
composts. These include Cross Compliance Statutory Management Requirements (SMRs)
under the Single Payment Scheme (RPA and Defra, 2013), and, if applicable Environmental
Stewardship rules. The SPS will be replaced by the Basic Payment Scheme in 2015, which
will include some new greening rules. As these are currently under development these are
not considered further here (information on the new rules will be added to:
www.gov.uk/cap-reform).

The current cross compliance requirement states that ‘you must not apply any organic
manures within 2 metres of the centre of hedges, a watercourse or field ditch. This also
applies to land within 1 metre of the top of the bank of a watercourse’.

Where the land is in an NVZ, then the NVZ regulations must also be adhered to (Defra,
2013b), as outlined in Box 9. NVZs are included within Cross Compliance as SMR1
(previously SMR4). One key consideration regards the amount of N the crop can uptake and
the N already supplied through soil organic matter, crop residues and organic manure.

In addition to the regulations, there is also the Code of Good Agricultural Practice (CoGAP)
(Defra, 2009b), which details how to protect the water, soil and air. CoGAP recommends a
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maximum application rate of 250 kg N/ha /year for organic manures including composts,
with compost spreading recommendations the same as those for NVZs as shown in Box 9.

Moreover, following application of composts produced from ABPs, pigs must be prevented
from accessing the land for two months and any other farm animal for 21 days. In addition,
cut or harvested herbage cannot be used as feed for pigs for 2 months or any other farmed
animals for 21 days, from land where the ABP compost was applied, (Defra and AHLVA,
2014b).

In addition to the regulations above, RB209 includes a section on nutrient supply from
composts, which highlights than inorganic fertiliser N is still required when compost is used
(Defra, 2010):

‘The available field experimental data indicate that green compost supplies only very small
amounts of crop available nitrogen and that inorganic fertiliser nitrogen application rates
should not be changed for the next crop grown. In the case of green/food compost, the
available experimental data indicate that around 5% of the total nitrogen applied is available
to the next crop grown (irrespective of application timing). Following the repeated use of
green and green/food composts long-term soil nitrogen supply will be increased.’

Box 9 Excerpts from the NVZ regulations 2013-2016 regarding compost application to
agriculture and field horticulture (Defra, 2013b)

Spreading composts

YOU MUST NOT spread organic manure if you identify there is a significant risk of runoff
getting into surface water (the guidance explains how to assess for this risk).

YOU MUST NOT spread organic manure [compost] when the soil is:
m Waterlogged, flooded, snow-covered, or frozen for more than 12 hours in the previous 24
hours.

YOU MUST NOT spread organic manures [compost]:

m less than 50 metres of any spring or well, or any borehole.

m within than 10 metres of any watercourse; except on land managed for breeding wader
birds or as species-rich semi-natural grassland and under certain circumstances.

If you apply organic manure on bare soil or stubble (other than soil that has been sown).
YOU MUST: incorporate compost into the soil as soon as practicable, and within 24 hours
(unless it has been spread as a mulch on sandy soil) if the land is sloping and within 50
metres of surface water that could receive run-off from that land.

Application rate

For composts, up to 250 kg N/ha/year can be applied [approximately 30-35 t compost/ha],
or 500 kg N can be applied in any two year period either as a mulch or worked into the soil if
the only organic manure you apply to a field is compost.

Before you apply organic manure to a field YOU MUST decide what an appropriate

application rate would be by:

m Assessing the amount of crop available nitrogen likely to be supplied by the application of
organic manure.

m Ensuring that this addition of nitrogen does not result in a breach in the N max limit
[specified in the NVZ guidance for a range of crops].
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5.2 Compost end use: Rules for applying PAS100 composts

CQP compliant composts (which must automatically comply with the requirements of
PAS100) are deemed recovered and no longer waste, so can be supplied and used without
the need for a waste permit or exemption for spreading. All CQP compliant composts should
have a maximum compost stability of 16 mg CO2/g OM/day. The rules highlighted in Section
5.1 must also be adhered to where appropriate.

5.3  Compost end use: Rules for non-PAS composts
For non-PAS composts, which must be “nominally stable”, a range of Standard Rules apply

(including those outlined in Box 10) and a permit or exemption will need to be obtained prior
to storage on the land (see section 0) and spreading.

Box 10 UK regulations regarding the application of non-PAS compost to land (Defra, 2013b)

The U10 and U11 exemptions, and the SR2010No4 permit all state:
The place where waste that is stored or land which is to be spread must be at least 10
metres from a watercourse and 50 metres from a spring, well or borehole.

In addition, for U10 and U11 exemptions, you must not spread waste if the land is:
B Waterlogged, frozen or covered with snow.
B Has been frozen for 12 hours or more in the 24 hours before you want to start spreading.

In order to apply non-PAS composts to land a deployment form must also be submitted,
which must include a benefit statement (further details in Box 11). This involves an
assessment that shows that the compost application will result in a benefit to agriculture or
ecological improvement must be made prior to spreading. This assessment must be made by
a person with appropriate technical expertise and contain evidence demonstrating the
reasons for their opinion. For the Environment Agency permits, exemptions and Standard
Rules discussed in this and subsequent sections, the assumption is that the application of
compost meets the principles of waste recovery as set out in RGN13:

'The compost is applied to land as a form of waste recovery (rather than disposal), to
achieve a beneficial outcome in an environmentally sound manner’(Environment Agency,
2010c).

Box 11 Requirements for the benefit statement for the deployment of non-PAS composts
with a SR2010No4 permit (Environment Agency, 2013f; Environment Agency, 2011)

The benefit statement must describe how the activity will result in benefit and demonstrate
that the spreading of wastes for the purpose of recovery will not cause harm to the
environment. If the land has been treated with other wastes, slurries or manures in the last
12 months this information should be included and taken into account when carrying out
your benefit analysis.

The benefit statement uses the soil analysis, waste analysis and intended end-use of the
land (e.g. cropping regimes) to describe the benefits and improvements that the spreading
of waste provides. The statement should describe any potential negative impacts the activity
may impart to the receiving soil and surrounding environment and include the operator’s
management and operational procedures to manage and prevent such impacts before,
during and after the activity. Application rates should be in-line with relevant standards e.g.
RB209 (Defra, 2010).
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Table 7 Exemptions, permits and deployments relating to the land spreading of non-PAS
composts in the UK

Permit or
exemption | Land type Notes Reference
code
Must also apply for aLPD1 deployment.
. For the use of equipment for storing compost
Agricultural and then applying to land
SR2010No4 | & non- pplying ' (Environment
permit agricultural Max storage: 3000t Agency, 2013d)
Application: As agreed in the deployment form, !
land . .
and in any case a maximum of 250 t/ha/yr
Max application area: 50ha per deployment
Agricultural ) .
LPD1 & non- roisgglgfjisglgo%iﬁg 10No4 permit (Environment
deployment Iaagnr(ljcultural Benefit statement required. Agency, 2011)
Permitted composts:
= Compost produced only from list of waste
and in the proportion stated in the T23
u10 Agricultural exempt!on, or worm compost from T26 (Environment
exemption land only exemption. Agency, 2014c)
= Used compost from growing mushrooms !
Max storage: 500 t
Application: Max 50t/ha/yr
Max application area: Not stated
Non- .
Uil . agricultural As for U10 exemption (Environment
exemption Agency, 2014d)
land only

There is also an Environment Agency guidance note focussing on land spreading, and
complying with the regulations (Environment Agency, 2013f).

There are therefore many regulatory factors to be taken into account when storing and then
applying composted material to land. The receiving soil must benefit from the application,
and the environment must not be harmed. Therefore the composted material must be fit for
purpose. However, one benefit of applying composted material is to provide carbon as an
energy source for soil microorganisms that, in turn, improves soil structure and related
properties. The continued degradation of the carbon in the composted material when
applied to soil is a natural process. The composting process extracts much of the energy
before the material is applied to the soil and so the amount of stabilisation that occurs
dictates how much residual energy remains for the soil microorganisms. The impacts of
compost stability on compost use are reviewed in the next section.

6.0 The impacts of compost stability on compost end use

As described in Section 5, compost use in agriculture is regulated by specific annual
application limits within NVZ regulations and CoGAP, in addition to crop nutrient
requirements via RB209 guidelines. Specific application timings are not regulated for PAS100
or non-PAS composts, other than the ABPR requirements and the need for ground conditions
to be suitable. However, both UK and German guidance highlights that due to the slow
release of nutrients, composts can be applied post-harvest in the autumn (or before planting
in winter-spring), with nutrients becoming available in the spring and in subsequent seasons
(Rogasik and Reinhold, 2006; WRAP, 2004b).
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The majority of information regarding the use of composts of different maturities comes
from German studies. Approximately 33% of compost produced in Germany is
‘Frischkompost’ (fresh compost, Rottegrad II-III), 63% is mature (Rottegrad IV-V) and the
rest is used as a mulch or for growing media (Meyer, 2009). In some cases, the reports
published in German do not include specific data on the stability of the composts used, with
the exception of stating that the compost was ‘fresh’ or ‘mature’. In the discussion below,
such instances are highlighted by stating that the stability was undefined.

In the following subsections, the effects of compost stability on crop growth and yield,
nitrogen lock-up, soil physical properties, ground and surface water pollution, greenhouse
gas emissions, odour and weeds are discussed. A significant body of work is available in
German language literature, partly due to widely accepted compost stability levels
(Rottegrad) having been defined by compost quality assurance schemes for several decades.
Firstly immature compost use in growing media is explored, followed by compost application
to agriculture and field horticulture.

6.1 Immature compost use in growing media

Very little literature is currently available regarding the use of immature composts specifically
as a growing media ingredient because growing media manufacturers are unlikely to have
used unstable composts in research, since they can be associated with high EC and organic
acid content — which are undesirable characteristics for growing media constituents (WRAP,
2011b). However, research using composts with a range of maturities, including immature
composts in various plant bioassays specifically for assessing compost maturity, was
obtained and is included in section 0.

With composts considered mature and suitable for use in growing media, the compost is
always mixed with a combination of other ingredients, such as bark, wood chip, wood fibre,
coir, peat or soil to provide the physical and chemical characteristics required for good plant
growth. A maximum of 40-50% by volume of compost is recommended, depending on the
type of growing medium to be made and the plant species to be grown (WRAP, 2011b). This
should result in a growing medium with a suitable balance of nutrient supply, porosity and
aeration to support plant growth. Exploring the use of mature compost as a growing media
ingredient further is beyond the remit of this desk study but is the subject of a separate
WRAP report ‘De-mystifying the use of PAS100 compost in horticultural growing media’
(WRAP project code OMK005-002). The studies described below focus on immature
composts.

When mixed with other growing media ingredients in pot trials, immature compost has been
shown to exhibit adverse effects on plant growth to a greater extent than in the field,
because in the latter the compost is always added as a very small proportion to the soil
mass. These adverse effects in pot studies could be caused by high EC or high VOAs (WRAP,
2011b).

In-vessel biosolid compost of a range of maturities was mixed with peat and sand
(approximately 2:1:1) to achieve an EC of 2 dS/m, and used as a growing media for
sorghum-sudan grass (Brinton, 2000b; Brinton, 2002). The compost maturities were defined
as; Phase I, “Uncured” when compost is discharged after the 21-day intensively turned
phase (Rottegrad II); Phase II, “Semi-Cured” compost which has been cured for another 60-
days in windrows under cover (Rottegrad V), and Phase III, “Cured” at the end of outdoor
curing in open piles for 250 days (Rottegrad V). Immature compost (Phase I uncured)
resulted, after 20 days, in restricted root growth and smaller shoots. This was attributed to
high VOA content (2109 ppm in Phase 1 as compared to 993ppm in Phase 2 and 319ppm in
Phase 3 compost) and low oxygen levels inhibiting root growth.
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In a German pot study, fresh (70% biowaste 25% green waste, Rottegrad III, C:N 19) and
mature compost (100% green waste, Rottegrad V, C:N 13), mushroom compost, horse
manure and control (no amendment) were used to grow white asparagus (Bloom, 2003).
The amendments were mixed with loamy sand soil to achieve a final C content of 4 t C/ha. A
soil-only treatment was used as the control. The substrates were mixed nine days before one
year old asparagus seedlings were planted in 25| pots. There were no significant effects of
the organic amendments on the number of asparagus shoots. However, the fresh and dry
weights were significantly lower for both the fresh and mature composts and the control,
compared to the other amendments. The author commented that the asparagus did not
grow well in any of the treatments in the pot study, attaining only a third of the yield
obtained in a field study, which is described in section 6.2.3.

The influence of applying a layer of three MSW-biosolids composts as a mulch on the
emergence of several weed species was evaluated in a number of greenhouse pot trials
(Ozores-Hampton M, 2002). The three composts were:

B Three days old, having just exited the IVC (C:N 32:1).
B Eight weeks old, which had undergone subsequent open windrow treatment (C:N 30:1).
B Mature compost.

Both the three day and eight week old composts were considered immature due to the high
C:N. The trials included investigating a range of mulch depths (2.5, 5, 7.5 and 10cm) and a
number of weed species. Both immature composts were found to reduce the emergence of
several economically important weed species, compared to a commercial growing media and
an untreated control. The mature compost was only useful as a mulch when used at a depth
of 10cm, whereas the two immature composts succeeded in completely suppressing some
weeds when applied at a depth of 2.5cm, with an increasing thickness to 10cm resulting in
weed suppression for longer in other species. The authors recommended that immature
composts can be used to control weeds under conditions where spatial separation, for
example in row crops, is maintained between the crop and the compost and phytotoxic
fermentation products do not affect the health of the mulched plants and where odours
associated with such partially stabilized products do not pose problems.

In a pot study, fresh and mature compost from vegetable, fruit and green waste (composted
in enclosed systems) were mixed with a peat-perlite substrate at rates of 0, 10, 20 %;
compost maturity was assessed using the self heating test and fluorescein diacetate
hydrolysis to determine microbial activity (Tuitert, 1996). At the highest rate of 20%, mature
compost suppressed Rhizoctonia solani in lupins (Lupinus angustifolius), but the immature
(fresh) compost had no effect. The disease suppression was associated with high
populations of certain microorganisms in the mature compost that were absent from the
immature compost.

Pot studies regarding immature compost specifically focussing on N mineralisation are
described in Section 6.3.1.

6.2  Crop growth and yield

Composts supply nitrogen and a range of other nutrients, improve soil structure and water
holding capacity, which in many cases result in an increased yield. Plant growth can be
reduced by compost application as a result of various directly toxic effects (e.g. herbicide
contamination, VOAs, depletion of oxygen to the roots through competition from
microorganisms). Plant growth may also be affected indirectly by nitrogen lock-up. To an
extent some issues (especially nitrogen lock-up) can be ameliorated by fertiliser applications
and this may be acceptable to farmers who are seeking soil improvement through the
organic matter that compost contains.
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This section focuses on the use of immature compost in agriculture and field horticulture,
with a sub-section included specifically on German research as much of the work on fresh
composts has been undertaken there.

6.2.1 Compost use in agriculture and field horticulture

WRAP carried out a full literature review in 2004 on the benefits of the use of composts in
agriculture (Wallace et al., 2004). At that time, predominantly green waste only was
collected and composted, without food waste. The benefits of compost use were described,
ranging from nutrient supply to plants, to the provision of organic matter for soil fertility
effects and microorganisms for soil health. Constraints were also investigated such as soluble
salt levels, potentially toxic element concentrations, compost immaturity and the levels of
physical and biological contaminants in composts.

Results showed that repeated applications of green waste composts over a period of 2 to 10
years increased soil organic matter levels by an average of 12%, when compared with soils
receiving no compost. Moreover, some increases in crop yield were also observed when
compost (with or without inorganic N) was compared to untreated and inorganic fertiliser
controls (Bhogal et al., 2009; Wallace, 2009; Wallace and Carter, 2007). A review of UK field
trials in 2008 for WRAP (Wallace, 2008) highlighted that medium term, repeated compost
use can result in improved crop growth and yield increases of 7% in cereals (Wallace, 2009).

A review summarising long term trial research (3-60 years) on composts (Diacono and
Montemurro, 2010) also highlighted a range of benefits, the majority of which are now well
known within the UK composting industry:
m An improvement in soil biological functions.
m Increased soil physical fertility through improved aggregate stability and decreased soil
bulk density.
m Crop yield increases by up to 250% through long-term applications of high rates of
municipal solid waste compost.
m Soil organic nitrogen content can be enhanced by up to 90%.

In a Defra report, using more stable composts was recommended, as immature (stability
undefined) composts may continue to actively decompose when added to the soil, which
may reduce the oxygen concentration of the soil-root zone, reduce available nitrogen or lead
to the production of phytotoxic compounds (Litterick et al., 2003).

A Swiss study (Fuchs, 2008b; Fuchs, 2008a) investigated a range of six mature composts (all
Rottegrad V) with different end uses (2 for agriculture, two for horticulture and two for
protected horticulture/gardening). Composts were applied in the spring at a rate of
100m*/ha, but no information was provided regarding the time between compost application
and sowing the maize crop. Even though all composts were mature (<16 mg O,/g organic
dry matter with the AT4 test) there were differences in maize growth and yield. The general
trend was that of all of the composts tested, those which were slightly less mature resulted
in lower yields than the slightly more mature composts. With additional fertilization,
however, it was possible to compensate for this effect, which was attributed to nitrogen lock-
up. Nitrogen mineralisation is discussed further in Section 6.3.

6.2.2 Immature compost use in agriculture and field horticulture

Regarding the use of immature (or fresh) composts in agriculture and field horticulture, a
number of studies were identified from Europe and further afield, but few from the UK.
Regulations regarding the application and use of non-PAS 100 composts in the UK are
discussed in section 5.3.
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One publication observed that immature composts (generally considered to be Rottegrad II-
III), when added to the soil, will continue to decompose and utilise the oxygen in the soil.
This may starve the plant roots of oxygen and also lead to anaerobic conditions that are
conducive to H,S and NO, production and lead to the creation of organic acids that are
phytotoxic to plant roots (Mathur et al., 1993). However, the field trial data discussed below
generally demonstrates that the use of fresh composts does not detrimentally affect crop
yield when compost application and subsequent crop establishment timings are managed
appropriately.

In a UK study, the application of five composts of different origins and ages was trialled on a

barley crop and subsequent winter wheat crop (Lillywhite et al., 2009). Composts used were:

m 1 x CLO made from the organic fraction of MSW, which was two weeks old (stability
undefined but considered immature, C:N 32, NH4-N 657 mg/kg DM, NO3z-N 2 mg/kg DM).

m 2 X horizontal IVC composts with subsequent open windrowing. Both included BMW and
cardboard, had both undergone the IVC stage and subsequent open windrow composting
(stabilities undefined, C:N 16 and 13, NH4-N 237 and 30 mg/kg DM, NOs-N 88 and 297
mg/kg DM).

m 1 x vertical composting unit (VCU) compost made from green waste, fruit and vegetable
waste and cardboard. VCU for 1 week and subsequent open windrowing for 6 weeks
(stability undefined, C:N 20, NH4-N 77 mg/kg DM, NOs-N 11 mg/kg DM).

m 1 x open windrow (OW) compost made from green waste, fruit and vegetable waste and
cardboard (stability undefined, C:N 11, NH4-N 17 mg/kg DM, NOs-N 1188 mg/kg DM).

The IVC, VCU and OW composts were all obtained at the end of the composting process and
were all at least six weeks old, as compared to the CLO which was only two weeks old.
Further details regarding the composition of the composts can be found in the final project
report (Dimambro et al., 2006). Composts were applied in year one only, and incorporated
the day before sowing. The application rates were 250kg N/ha and 500 kg N/ha for all
composts. The control treatment was zero fertiliser. In the second year 100 kg/N/ha of
ammonium nitrate fertiliser was applied to all plots.

In year 1, the OW and IVC composts at both application rates increased barley yield
compared to the unfertilised control, with higher yield observed in the 500 kg N/ha
treatments in all cases. However, the VCU compost and the CLO treatment resulted in
reduced growth and yield in the year of compost application for both application rates, with
a reduction in total N uptake observed compared to the control. For the CLO this was
attributed to the high NH4-N (>2.2g/kg), high C:N (32:1) and high sodium content. The VCU
compost had a relatively high C:N of 20, which may have caused some N lock-up. The
following year, the wheat yield was better than the control for all treatments except for the
250 kg N/ha VCU compost treatment which was comparable to the control, (Lillywhite et al.,
2009).

In California, 15 crop trials examined the effect of compost feedstocks, compost maturity
(defined in Table 8), and soil texture on vegetable crops over a two year period (Buchanan,
2002). The fields were coarse sandy loam, fine sandy loam, sandy clay loam, and clay soils.
Feedstocks for the 25 composts used were either green waste only or a combination of
green waste and poultry manure (termed blend compost). The mature and/or moderately
mature (maturing) composts consistently released a greater percentage of their total N
content (assessed monthly for the duration of the trials), in comparison to immature or very
mature materials. There was no correlation between compost C:N ratio and other maturity
index parameters. No yield differences were observed in a number of trials where immature
or very immature composts were applied either months or weeks prior to a crop planting. In
other trials, reductions in yield were associated with the incorporation of immature and very
mature composts into the soil, while yield increases tended to occur with the use of mature
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or maturing materials (Buchanan, 2002). Timing and depth of compost incorporation were
stated as being important, as reductions in seedling emergence and N uptake were observed
when immature green-waste compost was incorporated only to a depth of 3 to 4 inches. The
crop response results from these trials are shown in Table 8. The author stated that: ‘The
data from 15 crop trials and 25 compost samples does not reflect the diversity of products,
crops, and locations necessary for comprehensive conclusions.’

A study in Luxemburg compared fresh and mature compost (stability undefined) and
inorganic fertiliser in a field trial over 15 years with an arable rotation of cereals, oilseed rape
and maize. No significant differences between fresh and mature compost were observed
(Figure 4), and it was concluded that as fresh compost is cheaper to produce it should be
used in preference to mature compost in agricultural applications (Gréll, 2007).

Figure 4 Yield data of the first six years of the Luxemburg trial

The treatment yields are shown as a % of the mineral fertiliser control (Anonymous, 2004)

Red = Inorganic fertiliser control Raps = Oilseed rape
Green = 17 t/ha FW fresh compost Winterweizen = winter wheat
Blue = 17 t/ha FW mature compost Wintergerste = winter barley

Silomais = forage maize

140% - B Mineralische Kontrolle
m 17 t FS/ha*a Frischkompost
120% Nettoertrag der mineralischen B 17 t FS/ha"a Fertigkompost

Kontrolle = 100%

Raps Winterweizen Wintergerste Silomais Winterweizen Wlntergerste'
1984 1995 1996 1897 1998 1999
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Table 8 Summary of crop response to composts of varied maturity status on different soils
in California (Buchanan, 2002)

Compost Type | Maturity | Crop | Yield

Sandy Soils (Coarse and Fine Sandy Loams)

Blend VM Baby lettuce 0
VM Baby lettuce -
VM Baby spinach +
VM Baby spinach 0
IM Baby spinach 0
IM Baby spinach +
IM Baby chard 0
MM Baby mustard +

Green Waste MM Baby Lettuce +
IM Baby Lettuce -
IM Baby Lettuce -
MM Baby Spinach +
IM Baby Spinach 0
MM Baby Spinach 0
M Baby Spinach -
MM Baby Spinach -
M Baby Chard 0
VIM Baby Mustard -

Loamy Soils (Sandy Clay Loam)

Blend M Lettuce +
MM Lettuce +
MM Celery +

Green Waste M Lettuce 0
IM Lettuce 0
M Celery +

Clayey Soils (Clay)

Blend MM Cabbage +
VIM Lettuce -

Green Waste M Cabbage +
IM Lettuce 0

+ = Increased yield O = No difference in comparison - = Decreased yield

VIM: Very Immature (C:N ratio is greater than 25, and/or stability test is greater than 12 C / unit OM / day
[assumed to be 12 mg CO,-C/g VS/day], and/or NH, is greater than 500ppm and there is no nitrate
present)

I: Immature (Unstable compost, odours likely, high toxicity potential, immobilization (tie-up) of available
nitrogen)

MM: Moderately mature or maturing (stability test result is greater than 6 and less than 8 C / unit OM / day
[assumed to be 8 mg CO,-C/g VS/day] and/or when nitrate is detected and is greater than 25 ppm N)
M: Mature (Cured compost, Odour production not likely, limited toxicity potential, positive impact on
available soil nitrogen)

VM: Very Mature (well-cured compost, no continued decomposition, no odours, no potential toxicity, possible
lower release of N than mature compost)

6.2.3 Fresh and mature compost use in agriculture and field horticulture: Germany

As highlighted above, the majority of work on fresh composts has been undertaken in
Germany, with some trial work discussed below. Where the research publication included
details of compost application timings and the level of maturity in Rottegrad this is
highlighted. The Rottegrad system is defined in

Table 1.
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The effects of extremely fresh (Rottegrad I, composted for 12-25 days) and mature
(Rottegrad IV-V, composted for four months) biowaste composts (75% kitchen and garden
waste, 25% green waste in both cases) were compared with inorganic fertiliser on a range
of crops (Petersen and Stoppler-Zimmer, 1999). In an arable trial, the composts were
applied at two rates (30 t/ha with mineral N, and 100 t/ha compost only) on two soils.
Compost was incorporated on the day before or the actual day of sowing. Crops grown were
cauliflower, potatoes, beetroot and winter wheat. On a sandy soil there were no differences
in yield between the mineral fertiliser and compost treatments within a four year period,
whereas on a loess soil, application of 100 t/ha of fresh compost resulted in a significantly
higher yield in comparison to mineral fertiliser and mature compost, as shown in Figure 5.
Effects of these treatments on the soil are discussed in Section 6.5.

In a second trial, the same fresh (Rottegrad I) and mature (Rottegrad IV-V) composts (75%
kitchen and garden waste, 25% green waste) were applied at 100 and 250 t/ha in a
forsythia field. Compost was incorporated on the day before or the actual day of planting the
one year old cuttings. There were no significant differences between treatments compared
to inorganic fertiliser (Petersen and Stoppler-Zimmer, 1999). It was noted that the fresh
compost at the 250 t/ha rate resulted in the greatest increase in the number of branches
and plant weight, although this was not significant.

In a review paper, the potential explanation for these positive results found in the
aforementioned Petersen & Stdppler-Zimmer studies is that fresh (Rottegrad I) compost
supplies a slightly higher level of available nutrients (N, P and K) (Amlinger et al., 2007).

Figure 5 Relative crop yield over 4 years (1992-1995) on two soil types

Key: MF = mineral fertiliser, FC = fresh compost, MC = mature compost. (Petersen, 1995)

Oloes soll Osandy soll

120
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MF 30tFC+N 100tFC 30tMC+N 100tMC

In a German review paper (Kasten, 1999), a number of compost use in agriculture trials
were highlighted. These included comparative field trials in range of locations in Hessia,
Germany. In the first year of compost application (fresh and mature composts, stability not
defined) there was no effect on quality and yield of sugar beet. In the second growing
season after compost application, however, there was a significant increase of 16% in yield
of winter wheat in the fresh compost treatment compared to the unfertilized treatment (an
average over seven sites). In one location, mature compost resulted in N immobilisation,
which reduced the yield of spring barley by 20 % below the control (Asche and Steffens,
1995).
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A German study compared the effect of 20 mm and 40 mm fresh and mature compost
(stability undefined) addition on quality and quantity of a range of crops during 1996-1997
(Hartmann, 2002). The compost was produced from a mixture of biowaste and green waste.
The fresh compost was the result of 14 days in an IVC unit, and the mature compost was at
least 100 days old. The compost application rate was 40 t/ha FW (63-79 m>/ha) in year 1
and 33 t/ha FW (40-53 m*/ha) in year 2. There was also an unfertilised control and a
standard NPK fertiliser treatment (nutrient concentrations not defined). The same six
treatments were repeated with inorganic fertiliser added in all plots. The same trial was
conducted at three sites with different soil types: Podsol, brown earth and para brown earth.

In both years, winter rye was grown in the podsol field. All of the compost treatments
performed better than the zero control, with the addition of inorganic N to the compost
treatments increasing yield further (see Figure 6).

Figure 6 Winter rye yield results in dt/ha DW from 1996 (year 1 above) and 1997 (year 2
below) from the podsol site. X axis: Control (ohne), conventional fertiliser (konv), 20mm and
40mm fresh compost (FRK) and 20mm and 40mm mature compost (FEK), +N is the addition
of inorganic N (Hartmann, 2002)
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In the brown earth field, winter rye was also grown in year 1 and winter barley in year 2. For
the winter rye the results were much less variable than at the para brown earth site, with
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the 12 treatments having yields of 68-77 dt/ha DW. However, for the winter barley, there
was a clear increase in yield from zero fertiliser to conventional fertiliser, and then composts.
The compost plus additional N treatment increased yields further, as shown in Figure 7.

Figure 7 Winter barley yield results in dt/ha DW from 1997 (year 2) from the brown earth
site. X axis: Control (ohne), conventional fertiliser (konv), 20mm and 40mm fresh compost
(FRK) and 20mm and 40mm mature compost (FEK), +N is the addition of inorganic N
(Hartmann, 2002)
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In the para brown earth field, potatoes were grown in year 1, with very little difference
between treatment, with yields varying between 380-425 dt/ha. However, in year 2 winter
wheat was grown, with clear yield increases with the use of compost, and again an even
higher yield where inorganic N was added to the compost (see Figure 8).

Figure 8 Winter wheat yield results in dt/ha DW from 1997 (year 2) from the para brown
earth site. X axis: Control (ohne), conventional fertiliser (konv), 20mm and 40mm fresh
compost (FRK) and 20mm and 40mm mature compost (FEK), +N is the addition of inorganic
N (Hartmann, 2002)
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The effects of different organic fertilizers on establishment, growth, yield and nitrogen
balance of white asparagus were investigated in Germany (Bloom, 2003). In the spring in
1997, horse manure and composts were applied to the surface and then incorporated to 30
cm. There were two application rates, both being comparable to the quantity of carbon in
the horse manure (200 dt/ha and 600 dt/ha horse manure C equivalent). In 1997 the two
composts applied were biowaste compost (Rottegrad IV, C:N 13) and fresh green waste
compost (Rottegrad III, C:N 26). Six days later, one year old white asparagus seedlings were
planted.

In spring 2000 the treatments were re-applied on the existing asparagus crop in the low
application rate plots only (200 dt/ha horse manure C equivalent) areas only, at the same
rate. The two composts being a fresh biowaste compost (Rottegrad III, C:N 19) and a
mature green waste compost (Rottegrad V, C:N 13). The whole field experiment was
amended with the standard annual mineral basal fertilizer application (P, K, Mg) used under
local farming conditions, each year.

During the first year of the trial the fresh compost caused a slight reduction in asparagus

shoots (ferns) due to N immobilisation, but this was not statistically significant. In

subsequent years there were no significant differences in yield in any of the treatments. The

author concluded that:

m Composts are appropriate organic fertilizers for use in asparagus production.

m To ensure optimal crop growth, supplemental N fertilization, adjusted for soil-N is needed
at the end of the harvest period, or at the start of fern development in the first year.

6.3  Nitrogen mineralisation

The first phase of microbial transformation of compost N in the soil is mineralisation,
followed by ammonification, nitrification and denitrification. This complex process is reviewed
comprehensively by Amlinger et al. (2003). The major part of total compost-N is bound
within the organic N-pool, and so the quantity of N available to the crop and also therefore
the quantity of N which has the potential to be leached out of the soil are both low (Husz,
1999). Hence, as highlighted in section 5.1 and RB209 (Defra, 2010), inorganic-N is
generally still required. Indeed RB209 recommends that in the first year of green waste
compost use, the total crop N requirement should be supplied with inorganic-N, or 95%
when food waste composts are used.

To evaluate the mineralisation (availability) of compost-N, a range of experimental methods
are used. Predominantly pot and field plot trials are undertaken to evaluate the N-efficiency
in terms of comparative yield or N uptake, compared to an untreated control or inorganic
fertiliser treatment. Assessments of N leaching on the field scale focus on assessing soil
nitrate at specific depths (termed the leaching horizon), or using lysimeters or suction cups
(Nortcliff and Amlinger, 2001b). A number of publications reporting on effects of immature
composts on N mineralisation are discussed below; firstly glasshouse and then field studies.

6.3.1 Glasshouse and laboratory trials: Nitrogen mineralisation

A Spanish glasshouse experiment assessed the nutrient availability of straw/horse manure
compost sampled every four days over two months and mixed with soil (Blanco, 1997). No
linear correlation was found between composting time and the potential of compost to
improve rye grass yield; immobilisation of nitrogen in ‘post-mature’ compost was suggested.

A greenhouse pot bioassay was conducted to determine the percentage of short-term
apparent bioavailable N in a highly matured organic ‘refuse’ compost (in Tenerife) and its
relative efficiency in supplying inorganic N using ryegrass as a test crop. ‘Highly matured’ in
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this study was defined by a composting time of 165 days, C:N ratio <12, cation exchange
>67cmol/kg and humic acid:fulvic acid>1:6. Overall there was a positive net N mineralization
over time but, initially, there was some immobilization of N, potentially caused by available
soil nitrogen being used by the microorganisms to breakdown the organic materials supplied
(Iglesias-Jimenez, 1993).

Spanish sewage sludge/cotton waste compost was mixed with soil at a rate equivalent to 48
t/ha, and used in a ryegrass bioassay. The compost was obtained at the end of the active
phase (41 days old, C:N 9.9, NH,"-N 208 mg/kg, NOs-N 526 mg/kg) and after maturation
(100 days old, C:N 9.4, NH,"-N 182 mg/kg, NOs-N 4192 mg/kg). The rye grass was
harvested twice, and on both occasions there was no significant difference between the yield
of the inorganic fertiliser control, and the soils amended with the two composts. The rye
grass was assessed for total N concentration, to ascertain N uptake. The rye grass grown in
the soil amended with 41 day old compost had similar total N uptake to mineral fertilizer.
The greatest N uptake, and hence N fertilizer efficiency was found in the mature compost
treatment, which was attributed to its high concentration of nitrate and, to a lesser extent,
also to its mineralizable N (Bernal et al., 1998).

Yeast and lemon tree pruning compost in Spain was added to soil at a rate of 210g soil to
4.2g compost (w/w) and tested in a ryegrass bioassay. Compost samples were taken after 0
(fresh feedstock), 4 (during the thermophilic phase, C:N 30.6), 7 (end of the thermophilic
phase, C:N 22.5), 9 (mesophilic phase, C:N 24.2), 13 (end of active phase, C:N 21.4) and 25
weeks (mature compost, C:N 16.7). There was also a soil-only treatment and a standard
inorganic fertiliser treatment. Leaves were harvested three times at 28 day intervals. In the
first harvest, the rye grass yield increased with increasing compost time, and the highest
yield was the inorganic fertiliser treatment. Yields were less variable in the second and third
cuts, with the 0 and 4 week old composts having yields comparable to the soil-only control,
with slightly higher yields for the for the more mature composts. Fresh feedstock and
immature composts (weeks 4 and 7) led to high microbial activity in the soil and initial N
immobilisation. Re-mineralisation was then observed as there was an increase in leaf N
content in the second and third cuts. Mature composts (13 and 25 weeks) promoted N
mineralization, with 1.2-2.5% of the total N in the compost being taken up by the rye grass
(Garcia-Gomez et al., 2003).

A one year incubation trial investigated N mineralisation of green and BMW composts on two
soil types (sand and clay), at a rate of 600 kg N/ ha. The N mineralisation was 0.5-21% for
fresh composts and 1-7% for mature composts (stability undefined) (Dreher, 2002).

In a pot study the effect of temperature on N mineralisation and the leaching of dissolved
organic C (DOC) and dissolved organic N (DON) were investigated following application of
fresh biowaste compost (C:N 15.4) and mature compost (C:N 9.2). A temperature dependent
delay in N mobilisation was observed in fresh compost whilst there was no delay and no
temperature effect on N mobilisation from mature compost. This suggested that application
of fresh compost would be less likely to cause leaching during the cold winter months if
applied in the autumn, yet mineral N would become available to crops in the following year
as the weather warms up (Chodak, 2001).

Finally, in @ German pot study (Scherer et al., 1996), the N mineralisation of a range of
composts with input materials of three compositions (30% green waste:70% biowaste, 70%
green waste:30% biowaste, and 100% green waste), and two stability levels (defined as
Rottegrad fresh and Rottegrad very mature) was investigated. In each pot, a mixture of
10kg of soil (para-brown earth on loam, a type of sandy-loam soil) plus the quantity of
compost to provide 1g total N was used. The 100% green waste composts had the lowest
total and available N concentrations. As the proportion of biowaste in the compost increased
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from 30% to 70%, so did the total and available N. This was observed for both the fresh and
mature composts.

The ryegrass was cut four times during the study. For the mature composts, the % green
waste in the feedstock had no significant influence on ryegrass yield, but there was a non-
significant lower yield for 100% green compost during the first cut. For the fresh composts,
there was a significant yield decrease with increasing % green waste for the first two cuts
only (Figure 9a).

With the higher quantities of green waste in the fresh compost, initial lower N uptake was
observed, but after the third ryegrass cut, the N uptake was no different to the other
treatments. The compost with the 30% green waste:70% biowaste at both maturities
resulted in the highest N uptake rate of 7%.

The authors attribute the decreased yield to increased N immobilisation for fresh composts
with C:N ratios higher than 20:1. For mature composts, only a weak correlation of yield with
C:N ratio was observed

In all cases, the addition of 250 mg N as (**NH,),SO, at the start of the trial increased yield
(Figure 9 b). This addition of inorganic N to the fresh composts resulted in a greater
increased yield response than for the mature composts, with the 100% green waste mature
compost having the lowest fertiliser response.

Figure 9 Influence of feedstock type and compost maturity on dry matter yield of ryegrass
(Scherer et al., 1996). Fertigkompost = mature compost, Frischkompost = fresh compost, g
TS/GefaB=dry matter yield in g per pot. % Grlinschnittanteil = % green waste in the
feedstock

g/GefaB g TS/GefaB
25 35

Fertigkompost Frischkompost Fertigkompost Frischkompost

+ N

30 70 100
% Griinschnittanteil °“30 70 100 30 70 100
Bl 1. schaitt [ 2. schnitt % Griinschnittanteil
El 3. schnitt I 4. schnitt
a) Ryegrass yield for each of the four cuts (Schnitt) b) Influence of additional N on the dry matter yield of

ryegrass. White bars=no additional N, black bars = +N
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6.3.2 Immature compost use as a mulch

The use of compost mulches to suppress weed growth has been investigated in a number of
studies and summarised in a WRAP review (WRAP, 2006b). The review demonstrated that
studies focussed on immature composts as mulches due to their phytotoxicity, at application
rates of more than 50 tonnes/ha. Levels of weed control comparable with those obtained
with herbicides were reported. This review also states that “There is a trend for composts
that are intermediate in age (about 12 — 15 months after composting of feedstocks started)
to be more suppressive than ‘immature’ (less than 6 months old) or ‘very mature’ (more than
2 years old) composts. Chronological age of compost may not be a reliable indicator of
‘maturity’, since this will also be influenced by the composting conditions and feedstocks.”

A German fruit fertiliser guide recommended the use of mature composts (Rottegrad IV-V) in
orchards, but stated that the use of fresh compost (Rottegrad II-III) as a fruit tree mulch
was not recommended due to the likelihood of scorch as a result of the higher electrical
conductivity (Immik and Baab, 2005). Some guidance states that even when using mature
compost as a mulch for trees and shrubs, the compost should not touch the stem, to prevent
scorching (WRAP, 2014; Anonymous, 2014).

In the USA, immature composts have been considered as alternatives to plastic mulches for
fruit and vegetable production, to both aid moisture conservation and act as a herbicide
(Composting Council, 2001). For example, in Florida immature compost was used as a mulch
to prevent emergence of several common weeds (less was needed than with stable
compost). Spatial separation of the compost and crops was recommended to prevent
damage to the crops (Ozores-Hampton M, 2002). More details regarding pot trials
investigating the use of mulches to suppress weeds can be found in Section 6.1.

6.3.3 Field trials: Nitrogen mineralisation

Highly matured composts have often been observed to increase crop yield, and a net
inorganic-N accumulation may occur in the soil (Iglesias-Jimenez, 1993; Bernal et al., 1998).
However, UK trials on compost use in wheat (WRAP, 2006a) showed that soil inorganic-N
immobilisation may occur due to compost application, even when inorganic-N is also applied,
but may only be measurable if the soil inorganic-N present from the previous crop was
significant. Two fields were used reflecting a first and second cereal; the first being a cereal
crop grown after a non-cereal crop (a break crop) with some residual N, and the second
being a cereal crop grown after a cereal crop with little residual N. Inorganic fertiliser was
applied in spring / summer at rates of 120, 150, 180, 210, 240 kg N/ha/year, with or without
the incorporation of 30t/ha compost prior to autumn sowing. Soil N was assessed in spring
(5 months after compost application) and after harvest. Where the soil started with some
available N (in the first field) the mature compost reduced available N compared to the
compost-free inorganic-N treatments. In the second year of wheat (field 2), the soil available
N was low and so little lock-up could occur. As there was less residual N in the soll
remaining after the first wheat crop for the second crop, some artificial N may need to be
applied to compensate. In that case, year 1 wheat applications of around 220-240 kg
inorganic-N/ha following compost incorporation achieved similar yields to crops grown in
compost-free soil that received the field standard rate of fertiliser (180 kg N/ha). Whereas
the year 2 wheat grown in compost treated soil required only 150 kg inorganic-N/ha to
achieve a similar yield to the crop grown in compost-free soil requiring 180 kg inorganic-
N/ha.

A series of UK trials at three sites investigated the N uptake of crops over a three year period
with a range of late summer/early autumn and green/food waste compost (stability 6.3-11.5
mg CO,/g OM/day) application scenarios:
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m Winter wheat. A single application of 250 kg N/ha compost applied in year 1.

m Winter wheat. 3 annual applications of compost at a rate of 250 kg N/ha with and
without inorganic N at the recommended fertiliser rate for each crop.

m Oilseed rape / potatoes. Singe compost application.

m All trials also had a zero fertiliser control and an inorganic fertiliser control at the
recommended rate for each crop.

The authors concluded that approximately 5% (range 3-12%) of the total compost N was
recovered by the crops in the year of compost application (ADAS, 2012). A further 3% N was
recovered the following cropping year, and 2% in the third year. This equated to an N
fertiliser replacement value of 12 kg/ha in year 1, 9 kg/ha in year 2 and 5 kg/ha in year 3.
The evidence from these trials was used to inform the revision of RB209 which recommends
that when farmers apply green/food waste compost they allow for 5% availability of the total
N supplied via the compost (Defra, 2010).

In a UK study, a single spring application of five composts of different origins and ages,
including one two week old CLO (produced from MSW) and two IVC composts was
investigated (see section 6.2.1 for details). All five composts had a slight immobilising effect
on existing soil mineral N in the year of application, as shown by a lower soil mineral N
concentration than for the unfertilised control in May and August (Dimambro et al., 2006).
However, in year 2, the control had the lowest concentration of soil mineral N in August
(Lillywhite et al., 2009).

The previously discussed field trials by Buchanan (2002, see Section 6.2.2), observed that
composts with a wide range of maturities made from poultry manure and green waste
consistently released more N than green-waste only composts, and more often resulted in
improved vegetable yield. This was attributed to poultry manure-green waste blend
composts generally having greater organic matter, total N and inorganic N, water-soluble
nutrients, and a finer particle size than green waste composts.

Two studies report on initial N immobilisation in the soil following application of fresh
composts (stability undefined) (Ebertseder and Gutser, 2003; Husz, 1999). This
immobilisation has been attributed to a specific C:N threshold in the compost. For example,
if the C:N ratio of the compost is higher than 18-20, initial N immobilisation would be
expected when applied to the soil (Amlinger et al., 2003).

The initial C:N ratio of the unamended soil itself has also been highlighted as influencing the
tendency of mobilisation or immobilisation of N following compost application. On arable
land, a C:N ratio of >14 was found to immobilise N, with < 8 releasing N, with these figures
being >10.5 and <7.5 respectively for grassland (Husz, 1999). This highlights the
importance of soil testing to determine readily available N levels, as part of hormal good
agronomic practice.

The previously discussed asparagus trial by Bloom (2003, see Section 6.2.2) involved a
single spring application of horse manure, biowaste compost (Rottegrad 1V, C:N 13) and
fresh green waste compost (Rottegrad III, C:N 26) in 1997. The application rate of the three
amendments was comparable to the quantity of carbon in the horse manure (600 dt/ha
horse manure C equivalent). The soil was not cultivated again during the trial period, just
annual harvesting of the asparagus shoots. An assessment of N mineralisation in the soil was
made at regular intervals between 1998 and 2000, as shown in Figure 10. The N
mineralisation was lower for all three amendments during the winter months, as compared
to the growing season. During the summer and winter 1998, and winter 1999, the N
mineralisation rate was higher for the horse manure. During the final winter, N
mineralisation rate was low for all three amendments, being <18 kg N/ha. In summer 1999
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the biowaste compost had the highest N mineralisation rate, and during the final summer
there were no significant differences between the amendments.

Figure 10 Cumulative net N mineralisation (kg/ha) over time. Summer (sommer) above,
winter below. Error bars show standard deviation. Letters show significant difference
(p<0.05) (Bloom, 2003). Pferdemist = horse manure, Bioabfalllompst = biowaste compost,
Gringutkompost = green waste compost
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Generally, following initial N immobilisation caused by fresh composts (stability undefined),
re-mineralization occurs in fertile soils, with the yield of crops with a longer growing period
frequently not seriously affected. In addition, there are also fresh (stability undefined)
composts, especially those that contain a large portion of N-rich biowaste, which have been
observed to have a higher N release rate (>5% N release a year) than from average mature
composts (Ebertseder and Gutser, 2003).
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A six year trial investigated N mineralisation of green (fresh and mature) and BMW (fresh
and mature) composts (stabilities not defined) on two soil types (sand and clay), at an
application rate of 30 t DM/ ha every third year, with and without inorganic N. In year six,
the N mineralisation with the fresh composts without additional N was 12 kg N/ha/year,
being 7 kg/N/ha/year for the mature composts (Dreher, 2002).

Field trials undertaken over 12 years on five sites in Germany concluded that, with an
application of fresh compost (Rottegrad II) once every three years, up to 5% N is released
each year from year four onwards (Kluge et al., 2008). In contrast, mature biowaste
composts (stability undefined) had N release rates of 5-12% from year four onwards. The
authors suggested that the lower long term N release of the fresh composts may be due to
N-immobilisation.

Using 20 fresh biowaste composts over five years on one trial site, fresh composts (stability
undefined) released 45 kg N /ha over a period of 98 days after application, which was
significantly more N compared to a standard fertiliser control. The N mineralisation rate was
observed to be significantly affected by the carbon fractions within the compost (organic,
lignin and CaCl, extractable carbon fractions) (Pape and Steffens, 1998).

Due to the potential for initial N lock-up with immature compost, some authors recommend
that the compost is applied well ahead of the next crop to allow field stabilisation
(Composting Council, 2001). Moreover, a German report recommends applying fresh
composts in the autumn (August-September) as the available N in the soil is bound by the
compost and can reduce leaching during the winter, with N release occurring in the spring,
supporting the growth of spring sown crops (Timmermann et al., 2003).

Although not specifically related to N lock-up, UK guidance recommends ‘For crops with
sensitive seeds, as with manures or NPK fertilizers, it is advisable to mix the compost with
the soil at least two weeks prior to sowing in case the germination is affected by any
temporary raised salt content of the soil’ (WRAP, 2004b).

6.4  Nitrate leaching

There are specific rules in the UK to safeguard the environment from ground and surface
water pollution, such as nitrate leaching, following the application of composts, as discussed
in Section 5. By tailoring compost and additional N fertiliser application rates to match the
requirements of the crop (Defra, 2010), nitrate leaching should be minimised. Within NVZs
the maximum compost application rate is 250 kg N/ha/year or 500 kg N/ha once every two
years (Defra, 2013b), which equates to approximately 23 to 33 t FW/ha/year and 46 to 66 t
FW/ha/once every two years for UK BMW and ‘green’ composts respectively (Defra, 2010).

Again, more information was found relating to nitrate leaching after mature compost
application in field trial situations as opposed to immature composts. However, simulations
using the Danish Nitrogen Simulation System showed that the effect of mature or non-
mature compost on nitrate leaching was small compared to cropping, soil and other site
specific effects (Gerke, 1999).

Nitrate leaching was assessed at one sandy loam site in England using porous cups over a
three year period. Green/food waste compost (stability 6.3-11.5 mg CO,/g OM/day) was
applied each year at a rate of 250 kg N/ha. There was no difference in nitrate leaching over
winter following late summer/early autumn compost applications as compared to the control
zero fertiliser treatment (ADAS, 2012).
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UK trials conducted by HDRA/Garden Organic over a four year period included a range of
treatments with mature green waste compost (C:N ratio of <20:1, a high proportion of
carbon in the form of lignin and ammonium of <10mg/L):
m No application.
Compost 250kg N annually, four years running.
Compost 250kg N once.
Compost 500kg N annually, four years running.
Compost 500kg N once.
Compost 750kg N annually, four years running.
Compost 750kg N once.
FYM 250 kg N annually.
Poultry manure 250 kg N annually.

There was no increase in nitrate leaching (over a four year period) in any of the treatments ,
even at compost rates supplying 750 kgN/ha/year (HDRA, 2000).

In recent UK field trials, nitrate leaching losses were found to be low following the
application of green/food waste PAS100 compost, which may be due to the low amount of
readily available nitrogen in the compost (WRAP, 2013a). Moreover, this compost application
did not influence the ammonium-N or phosphorus losses in the drainage water.

In a six year (1992-1997) organic farming trial in Austria, the effects of a mature (stability
undefined, C:N 13-21 depending on year) biowaste and green waste compost on the yield of
rye grass and soil N mineralisation were examined. The soil type was a molli-gleyic fluvisol.
Compost was applied in the autumn before ploughing at the following rates (all FM):

m Treatment 1. 0 application.
Treatment 2. 20 t/ha annually (except for 30 t/ha in year 3).
Treatment 3. 40 t/ha in year 1, 50 t/ha in year 3 and 40 t/ha in year 5.
Treatment 4. 60 t/ha in year 1 and 70 t/ha in year 3.
Treatment 5. 60 t/ha in year 2 and 70 t/ha in year 3.
Treatment 6. 70 t/ha in year 3.

With the exception of the one-off 70 t/ha treatment the total compost application over the
five years was 130 t/ha. Rye yields were greater in all of the compost treatments except for
the one-off 70 t/ha application which was comparable to the untreated control (Hartl et al.,
2003).

Nitrate nitrogen was determined each year in the autumn 1-2 months after compost
application, at 0-30, 30-60 and 60-90cm soil depths, and was observed to vary considerably
due to temperature and precipitation. The control treatment ranged from 55-80 kg N/ha and
the compost treatments from 60-140 kg N/ha. The lower more frequent application rates of
20 and 40 t/ha showed smaller increases in nitrate-N being comparable to the control.
However at both of the 60+70 t/ha compost application rates (treatments 4 and 5), soil
mineral N levels were raised on several occasions. At the 60-90cm soil depth, which is most
of interest when considering ground water, the soil nitrate-N was significantly higher than
the control only in treatment 4 in 1992 and 1996. The maximum increase in soil nitrate-N
above the control for treatment 4 was 49 kg N/ha. The authors considered that this level
was not of concern, given the greater economic efficiency of less frequent, larger
applications (Hartl et al., 2003).

The effect of a mature biowaste compost (stability undefined) application compared with
mineral fertilization on N leaching to the groundwater was investigated in a long-term field
experiment in Austria. The plots investigated included two treatments with compost (16 and
23 t/ha/year), two treatments with inorganic N fertiliser (41 and 56 kg N/ha/year), and
combined treatments (9 t compost + 56 kg N ha/year and 23 t compost + 22 kg N ha/year).
N leaching to the groundwater as determined using ceramic suction cups was not increased
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after 11 years of compost application, and the authors concluded that compost application
does not represent a risk in terms of groundwater pollution in the short to medium term
(Erbart, 2007).

A German field trial investigated the use of biowaste compost (75% kitchen and garden
waste and 25% green waste including trees and shrubs) in two soil types (medium clay silt
and light sandy clay) (Petersen and Stdppler-Zimmer, 1999). The two types of compost were
fresh biowaste compost (Rottegrad I, composted for 12-25 days) and mature compost
(Rottegrad IV-V, composted for 3 months). The control was a standard fertiliser (no details
provided). The composts were applied at two rates in the spring in 1992, 1993 and 1995 (30
t/ha compost + inorganic fertiliser, and 100 t/ha compost (FM)). Crops grown were
cauliflower, potatoes, beetroot and winter wheat. The composts were incorporated to 15 cm
on the day or the day before sowing. Nitrate was measured at three soil depths: 0-30, 30-60
and 60-90cm.

No differences in the soil nitrate content and movement during the winter and spring were
observed, for all three treatments. However, there was less total N in the fresh compost than
the mature compost. When fresh compost was used, they observed higher soil N
mobilisation and higher soil microbial metabolic rate than when the mature compost was
used (more details on the soil microbiology of this study can be found in Section 6.6.1). The
authors of the study attributed this to the higher activity of atmospheric-N-binding soil
microorganisms making more N available to the soil for the fresh compost treatment.

When 300 t/ha compost in total was applied over the four year period, an increase in organic
N in the clay silt soil was observed. In contrast, the inherently high permeability of the sandy
soil facilitated nitrate movement down to the lower soil layers, which was seen as a
reduction in nitrate in all three layers. This effect was seen for both the fresh and mature
composts.

In a second trial, soils were amended once in the autumn with 100 and 250 t/ha (FM) of the
same two composts in the autumn, for fuchsia production. The soil amended with mature
compost at both application rates, had a higher nitrate content in the winter than soils
amended with the fresh compost (Petersen and Stoppler-Zimmer, 1999).

Moreover, in the medium term (such as after one year), results from a number of trials have
indicated that there is generally no difference between fresh and mature composts in terms
of total N release in the soil in Germany, where standard application rates (8-10 t DM/ha) of
compost are used (Amlinger et al., 2003). However, one-off high applications of 100 t DM/ha
or more of mature compost, specifically on very light, sandy soils, were generally not
recommended due to the potential risk of N leaching (assuming compost has a DM content
of approximately 45%, this equates to 222 t FM/ha, which is much greater than permitted in
NVZs in the UK — or considered acceptable within CoGAP).

6.5  Soil physical properties

The positive influence of long term mature compost application on soil physical properties
such as bulk density, water holding capacity and aggregate stability are well documented
(Diacono and Montemurro, 2010; Litterick et al., 2003; Wallace, 2009; Wallace and Carter,
2007). An Austrian review paper summarised the results from a wide range of studies on the
impact of repeated compost applications on soil physical properties (Amlinger et al., 2007):

m Reduction of soil density.

m Increase of aggregate stability.

m Increase of pore volume and hydraulic conductivity.

m Increase of the proportion of macro-pores, predominantly at higher compost rates.
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m Reduction of erosion processes due to higher stability of aggregates and improved
infiltration.

A Defra project showed how organic matter additions, including green waste compost,
livestock manures and paper crumble, affect soil properties (Bhogal et al., 2009). Green
waste composts were observed to provide a very stable form of carbon to the soil, with 80%
of the total organic carbon classed as stable, as compared to 30% for livestock manures and
20% for paper crumble. The composts used were very stable (all below the 16 mg CO,/g
OM/d PAS100 threshold) and soil-like with an alkaline pH (7.8-8.1), low carbon content
compared with farm manures and slurries and low C:N ratio (10-13:1) compared with paper
crumble. The addition of 250 kg N/ha compost every year for two years on a humber of sites
increased soil water retention by 3-11% compared to the control. The authors provided a
general observation on compost use in agriculture, that repeated rather than one-off
applications of organic matter are needed to improve soil quality and resilience. This key
observation that compost applications need to take place over a number of years to obtain
maximum benefits for the soil and crop is highlighted by many (Lebensministerum, 2007).

German work has found that the influence of compost application on soil properties depends
on the interval of application, the soil type and the maturity of the compost (Weinfurtner,
2003). For example, in the aforementioned work by Petersen and Stoppler-Zimmer (1995,
1996 and 1999), soil structural properties were investigated after three applications of fresh
(Rottegrad I, composted for 12-25 days) and mature (Rottegrad IV-V, composted for 3
months) biowaste compost over a four year period. In a loess soil, compost maturity and
application rate did not influence aggregate stability and pore volume. However, for the
sandy soil, there was an increase in these parameters compared to the standard inorganic
fertiliser control with fresh compost applied at 100 t/ha, with an even greater increase for
mature compost (Figure 11). However the fresh compost applied at 30t/ha was comparable
to the control (Petersen, 1996; Petersen and Stéppler-Zimmer, 1999) .

Figure 11 Pore volume at different quantities and types of compost in two soils (Petersen,
1996)
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The aforementioned study by Hartmann (2002) using two biowaste composts (fresh 14 day
old compost and mature 100 day old) on three soil types over two years also examined the
effects of compost application on soil physical properties. The compost application rates
were 40 t/ha FW (63-79 m®/ha) in year 1 and 33 t/ha FW (40-53 m®/ha) in year 2, with both
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20mm and 40mm fractions of both composts used. There was also an unfertilised control
and a standard NPK fertiliser treatment (nutrient concentrations not defined). The same trial
was conducted at three sites with different soil types: Podsol, brown earth and para brown
earth. On all three soil types, a significant increase in topsoil field capacity (assessed in
terms of root accessible water content in the soil), aggregate stability and soil OM was
observed after two years for all compost treatments relative to the fertilised and unfertilised
controls. This increase was higher for the mature composts of both 20 and 40mm fractions
than the fresh composts in all cases.

Soil organic matter was reported to be significantly increased when mature biowaste
compost (Rottegrad IV, C:N 14), mature green waste compost (Rottegrad V, C:N 12) and
fresh biowaste compost (Rottegrad II, C:N 14) were applied once every three years at two
application rates of 20 and 40 t/ha over a 12 year period (Reinhold and Kluge, 2013).

6.6  Soil microorganism activity and diversity

Microorganisms (e.g. bacteria, fungi, actinomycetes and microalgae), play a key role in
organic matter decomposition, nutrient cycling and other chemical transformations in soil
(Murphy et al., 2007). Hence microbial activity in soil has long been used as an indicator of
the quality or health of the soil and soil system, with microbial biomass and enzyme activity
being the main methods of assessment (Nortcliff and Amlinger, 2001a). An increase in total
microbial biomass usually occurs when soil is amended with compost or other organic
amendments (Diacono and Montemurro, 2010; Garcia-Gil et al., 2000; He et al., 2000).

The majority of publications regarding the effects of compost application on soil
microorganisms focus on mature composts, with a summary of beneficial effects from a wide
range of studies being (Amlinger et al., 2007):
m increase of biological activity.
increase of microbial biomass.
increase of dehydrogenase activity.
in most cases increase of protease and -glucosidase activity.
in most cases increase of urease.
Respiration: significantly enhanced.
Mesofauna: higher numbers of species; and
Increase of earth worm abundance.

As these amendments contain their own distinct microbial communities, the structure and
metabolic diversity of the soil microbial community is affected by organic amendments,
although there is a tendency for the soil microbial community to gradually revert to the
original population structure over time (Litterick et al., 2003). Increasing soil microbial
activity improves soil biological characteristics and overall soil health, and has been
highlighted as being a beneficial key feature in soil restoration and reclamation schemes
(Nortcliff and Amlinger, 2001a).

The suppressive activity of certain types of compost towards plant pathogens is now well
documented (Litterick et al., 2003; WRAP, 2006b). Although there is no one specific
mechanism for disease suppression following compost application, the presence of beneficial
micro-organisms within the compost have been highlighted as providing competition for
nutrients, producing antibodies and by parasitising pathogens (WRAP, 2006b).

The effects of fresh compost application on soil microorganisms are considered in the
following section.
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6.6.1 Fresh compost: Soil microorganism activity and diversity

In a laboratory study, the effects of composts on the activity of nine enzymes concerned
with C and N cycling were determined over a period of 189 days. The two French municipal
composts used were termed immature (three months old, C:N 9.7) and mature (seven
months old, C:N 11.3). Mixtures of 10% and 30% (w/w) compost were combined with clay-
loam soil and then incubated in 500 ml jars. Enzyme activities in all cases were higher in the
compost than in the soil only controls. Enzyme activities were generally higher in the
immature compost than the mature compost. Both the mature and immature composts
increased the N cycling enzymes. However, at the 30% application rate, the immature
compost increased both N and C groups of enzymes (Serra-Wittling, 1995).

In an 18 month laboratory study, biowaste composts were mixed with two types of soil and
placed in 13 L microcosms (Leifeld, 1999). The soil types were a sandy dystric cambisol and
a loamy orthic luvisol. Each microcosm was filled with soil in the lower 200 mm and a
compost-soil mixture in the upper 100 mm, corresponding to an application volume (DM) of
70t/ha of immature and 65t/ha of mature compost, with the control being a soil only
treatment. Carbon mineralisation and microbial biomass were assessed after 0, 2, 6, 12 and
18 months.

The carbon mineralisation rates were initially up to 100 fold higher due to compost
application. Even after 18 months of incubation the rates of carbon mineralisation per day of
the compost amended soils were 5 to 15 fold higher than the soil-only controls. Thus the
effect of a single compost application on the carbon turnover of soils can be assumed to be
effective not only in the short term, but also for prolonged time periods. A much lower
carbon mineralisation rate was observed in the orthic luvisol compared to the dystric
cambisol.

Moreover, the application of both composts initially increased microbial biomass significantly,
being highest in the immature compost where a 14-fold increase was observed in month 0.
Higher activity for both composts was observed in the sandy soil. This increase in microbial
biomass was followed by a gradual decrease, and by the end of the trial the microbial
biomass was the same with or without compost. The author concluded that “in soils with low
biological activity such as the dystric cambisol, compost amendment significantly enhances
the turnover of organic matter and thus contributes to soil fertility. Therefore, the application
of compost should be aligned not only to the compost quality but also to soil characteristics
like pH and texture”.

A significant increase of microbial biomass was observed after field application with fresh
composts (high portion of easily degradable organic matter). After approximately two
months the microbial mass decreased by 60-85 % and after one year reached the level of
soils without compost application (Kégel-Knabner, 1996).

In the aforementioned Petersen and Stoppler-Zimmer (1999) study, the effects of extremely
fresh (Rottegrad I, composted for 12-25 days) and mature (Rottegrad IV-V, composted for
four months) biowaste composts (75% kitchen and garden waste, 25% green waste) were
compared with inorganic fertiliser on a range of crops. The composts were applied in years
1, 2 and 4 at two rates; 30t/ha with inorganic N, and 100t/ha with no added N. In the fourth
year of the trial, the soil was sampled twice; at the end of end of July and September. The
soil from the 100 t/ha fresh compost treatment had higher microbial activity (i.e. bacteria,
fungi, algae, protozoa) at both sampling times than the other treatments, being statistically
significant in July. In September, both the fresh and mature composts had statistically higher
microbial activity than the other treatments.
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As highlighted above, increasing soil microbial activity improves soil biological characteristics
and overall soil health (Nortcliff and Amlinger, 2001a), and so with repeated applications of
compost an improvement in soil biological functions should be observed (Diacono and
Montemurro, 2010).

6.7  Greenhouse gas emissions during and after compost application

Many references found were concerned with compost and GHG emissions when used to
cover landfill sites and so are not included here. Few references mention GHG emission
measurements being undertaken following application of food waste compost of different
ages, although GHG emissions during composting are considered in section 0.

In a review of the life cycle assessment of GHGs during compost application, it was observed
that as well as directly adding to soil carbon, the use of compost can reduce emissions from
agriculture by reducing the need for chemical fertilisers, minimising cultivations and the need
for irrigation (Favoino and Hogg, 2008).

Fresh green waste was compared with green waste compost (12 weeks old, produced in
windrows) in an Australian study (Queensland) (Vaughan et al., 2011). The organic wastes
were mixed with a tropical Black vertisol soil (clay loam) at a rate of 3 t C/ha. For each
amendment there was a 0 N and a 231 kg N/ha equivalent treatment using NH4sNOs. There
were also two control treatments with soil with or without the same quantity of N. In 28 day
laboratory incubations both organic wastes reduced the mineral N levels in a subtropical soil
that was high in available N, but only the mature compost significantly reduced nitrous oxide
emissions compared to the controls. Compost application was suggested post-harvest to
reduce leaching and gaseous N losses in subtropical horticulture in the risk period (heavy
rainfall and humid conditions) between rotations.

In a further example from Queensland (Australia), a 12 month old green waste compost was
compared to cattle manure and urea in a field trial growing sorghum (Sorghum bicolor) on a
Vertisol. The amendments were spread and immediately cultivated to 10 cm depth, with the
sorghum planted 16 days later. Sorghum grain yields showed no significant response to the
organic amendments except for a small response to fertiliser N. The compost treatment had
a lower emission of N,O than all of the other treatments, including the untreated control.
Moreover, combining the compost with the manure resulted in lower emission of N,O than
manure alone (Dalal et al., 2010).

Laboratory studies showed that 2 to 7 times more CO, was released from immature than
mature olive mill waste compost after addition to soil, but only because in the mature
compost the CO, had already been lost during the composting process (Mondini et al.,
2007). Maturity was assessed by the ratios of total organic C: total organic N and humic-like
acid carbon: total alkali extracted organic carbon.

In a German laboratory study there was a large variability in CO, emission when impacts of
mature (assumed to be Rottegrad IV-V) compost were compared to fresh compost (assumed
to be Rottegrad II-III) following application to two soil types: high C brown earth soil and
low C Kippenboden soil (K6gel-Knabner, 1996). The CO, released was quantified by
measuring the % organic C which has been mineralised to CO, over 18 months. At 14°C and
on low C Kippenboden soil the fresh compost had double the CO, release rate (17.2%)
compared to mature compost (8.7%). However, when mature compost was applied to brown
earth soil, CO, release was higher (20%), and comparable to the fresh compost (18.8%)
which suggests that CO, release is strongly affected by soil type.
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6.8  Odour during and after compost application

As part of the considerations for the use of immature composts in agriculture and field
horticulture, odour released during and after application is deemed to be of interest.
However, very little information concerning odour from compost application (as opposed to
manure application or the composting process itself) was found. No comparative studies
regarding odour emitted during the application of composts of different maturities were
obtained, although the issue was raised in passing in reviews of the need to assess maturity
(Wichuk and McCartney, 2010). Further information regarding odour during composting and
storage can be found in Section 2.6.

6.9 Weeds

Weed seeds are a potential contaminant of composts, as a potential component of green
waste feedstocks, and also as contaminants being deposited onto open windrows by wind
dissemination (Grundy et al., 1998). The complete composting process is generally
considered sufficient to kill weed seeds, and PAS100-compliant composts must contain no
viable weed seeds or other propagules (such as root fragments) (BSI, 2011). Fresh composts
containing food wastes will have undertaken the required ABPR pasteurisation stage,
although may not have undergone such an extensive maturation phase as PAS100 composts
Evidence regarding the time taken for neutralisation during composting is discussed below.

A German report discussed that when composting temperatures do not achieve
pasteurisation then there is a risk of viable weed seeds being present, with this being
observed occasionally in fresh composts (Rottegrad II-III), but never in mature composts
(Rottegrad IV-V) (Deutschen Bundesstiftung Umwelt, 2003).

In a UK study, mesh bags containing seeds of eight weed species were buried in 80 | of
mature BMW compost and subject to three temperatures (35, 45 and 55°C) to simulate the
composting process. Seed germination and viability was assessed after 3, 21 and 84 days in
the compost. Some seeds were still recoverable after 84 days at 35 and 45°C, whereas
others had disintegrated. Three days at 55°C was found to be sufficient to destroy all eight
weed species. The authors stated that had the weed seeds been added to immature
compost the germination observed at the lower temperatures may have been lower. Thus
weed growth following compost application was considered to be associated with seed
contamination during compost storage rather than a lack of seed destruction during the
composting process itself (Grundy et al., 1998).

The viability of 12 weed species was assessed after two and four weeks of open windrow
composting of a mixture of cattle manure, wood chip and straw in a Canadian study
(Tompkins et al., 1998). Weed seeds were placed in muslin bags and buried within the
windrows at the start of the study. Weed seed viability was evaluated chemically using the
tetrazolium test. Two weeks of composting with temperatures of at least 55°C was sufficient
to kill six of the weed species, with the remaining six species having a much reduced viability
of 3.5% or less compared to 100% for the uncomposted control seeds. All 12 species had
0% viability after four weeks of composting.

A German study investigated the presence of weed seeds in 41 compost samples of a range
of maturities (Kluge et al., 2008). Overall, there was an average of 0.5-0.6 weed seeds / |
compost. This relatively high value was caused by the inclusion of some fresh composts,
which had up to 2-3 weed seeds / |I. However, the incidence (viability) of weeds in trial areas
where these fresh (Rottegrad II) and mature biowaste composts (stability undefined) were
applied was not significantly different to the control trial areas where no compost was
applied. Additional research with farmers who use compost regularly confirmed these
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findings, with no evidence of compost use increasing the frequency of arable weeds found.
The authors concluded that the pasteurisation phase of composting is sufficient to kill weed
seeds, and hence the weed seeds observed in the composts prior to application must have
been rendered unviable during the composting process.

7.0 Compost stability tests in the UK and further afield

A large number of tests of compost stability/maturity have been investigated over the past
25 years. They have been used for garden waste, food waste, manure, sewage sludge and
various industrial wastes. Some papers deal with only one method but many are
comparisons of methods. Often the focus is on the methods and only a limited number of
composts are tested. Several papers review the methods (see Table 9) and such studies
have formed the basis of quality standards in some countries. Much more attention has been
paid to some methods than others.

In recent years WRAP has commissioned two studies focussing on stability tests which use
measurements of respiration (ADAS, 2005; Wood et al., 2009) and so alternatives to
respiration have mainly been examined herein. This section highlights the stability tests
currently used in the EU and also other stability which have been considered by academic
researchers as potential alternatives.

Table 9 Literature assessing / reviewing stability tests

Summary Country Reference

Review of compost stability methods UK (ADAS, 2005)

Review of compost stability methods UK (Wood et al., 2009)

Laboratory comparison of stability methods UK (Cabahas-Vargas, 2005)

Review including a discussion of the relative Spain (Bernal M.P. et al., 1998)

merits of various indices of compost maturity

Review of compost stability methods focussing | Spain (Iglesias-Jimenez, 1989)

on city refuse waste (Tenerife)

Maturity assessments by the California Compost | USA (TMECC, 2002)

Quality Council (California)

Review of compost stability methods Canada (Mathur et al., 1993)

Review of compost stability methods Canada (Wichuk and McCartney,
2010)

A review of chemical, physical and biological Nigeria (Iwegbu et al., 2006)

methods to evaluate maturity

Laboratory comparison of stability methods on Iran (Mokhtari et al., 2011)

IVC composts

There are few reports on compost maturity analyses using solid waste composts in
developing countries and there are no standard procedures for determining compost

maturity in these countries (Mokhtari et al., 2011).

Compost analyses such as C:N ratio, EC, pH, cation exchange capacity, NH, and NOs have
been mentioned in many papers and often quoted as preliminary characterisation steps to
other tests such as respirometry or spectrometry. They are discussed particularly in a recent
review (Wichuk and McCartney, 2010), where compost C:N was highlighted as not being a
suitable indicator of compost stability, with some studies observing a decrease in C:N during
composting, whereas others finding fluctuations during the composting process, such as an
increase during the thermophilic phase prior to a final reduction.
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Cooper (2004) describes four methods commonly used to measure the rate of aerobic
biological activity: The evolution of heat, oxygen uptake, carbon dioxide release, and the
Solvita test kit. These methods were reviewed extensively by ADAS (ADAS, 2005) and are
summarized in a recent WRAP report (Wood et al., 2009). The latter also discussed the
advantages and disadvantages of a range of compost stability methods in a UK context, and
provides data of the stability of a range of UK composts using a number of these methods.

7.1  Germination/ plant growth

A number of publications consider plant germination tests and bioassays as a method for
assessing compost stability and maturity. Seed germination tests often use an extract of
compost to test inhibition of seed germination, but sometimes seeds are sown in the
compost itself. For plant bioassays the compost is mixed with soil or other materials (such as
peat) and plants are grown for a number of weeks. Many different ways of undertaking
bioassays have been examined.

Seed germination tests have been trialled on a range of plant species including cress
(Cabafias-Vargas, 2005) (Brinton, 1999), radish (Makni et al., 2010), wheat (Brinton, 1999),
mung bean (Gopinathan M, 2012), pakchoi (Miaomiao, 2009), lettuce and cabbage (Lee B,
2002). In some cases, researchers have found seed germination tests to be unsuitable for
use as an indicator of compost maturity (Brinton, 2002). For example, in a Spanish study
seed germination of cress seeds was used to assess the stability and maturity of compost
tested regularly 1-18 weeks from the start of the composting process, and compared to
other stability tests (Cabafias-Vargas, 2005). They found that where other stability tests
(SOUR and Solvita) indicated that the compost was immature, the cress bioassay did not
show any phytotoxic effects, with a high percentage of germination in all ages of compost.

Ko et al (2008) developed a maturity index based on the percentage germination and the
root length of radish using a compost made from 90:10 (v/v) animal manures and saw dust.
This was developed alongside testing of the humic acid/fulvic acid (HA/FA) ratio and the
NH4/NOs ratio.

A tomato bioassay, using the PAS100 method, compared three UK food and green waste
composts, with two being mature (4.8 and 1.2 mg CO,/g VS/d) and a third immature (21.4
mg CO,/g VS/d). An increase in tomato plant fresh weights compared to the peat control
was observed with all three composts (Tompkins, 2006).

In a tomato bioassay where a range of ratios of UK CLO and peat were trialled, a two week
old CLO increased plant growth at a rate of 25% inclusion, but delayed germination and
reduced plant growth when grown in 50, 75 or 100% CLO, compared to the peat control
(Dimambro et al 2006). This could be due to a combination of high EC (2.20 mS cm™) and
C:N ratio (34) in the 100% CLO, with the latter potentially causing N immobilisation.

In a bioassay using wheat and cress, a mixing ratio of compost / peat / washed sand (2:1:1)
was used. An immature (21 days old, Rottegrad II, 0.2 CO, — C% dm) IVC biosolids compost
supressed root growth as compared to mature compost (250 days old, Rottegrad V, 0.04
C0O,-C% dm) (Brinton, 2002).

Seven types and maturities of compost were used to evaluate the sensitivity of various
bioassays to determine maturity (Warman, 1999). Test species were cress, radish and
Chinese cabbage, exposed to compost extracts or sown in pure compost or compost with
soil. Immature composts in this study were sampled from the thermophilic phase of
composting whilst raw feedstock components could be clearly identified. They concluded that
the bioassay tests used were not able to detect differences in maturity.
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Bioassay approaches would appear to offer benefits by providing an overall estimation of any
phytotoxicity problems with a compost, but there are often drawbacks. Plant bioassays are
time consuming, expensive to conduct, need to be rigorously controlled and may fail to
distinguish the actual cause of the toxicity — only some of which may be related to maturity
(salinity, extreme pH, nitrogen availability, herbicide residues, organic acids, heavy metals
etc).

7.2  Respiration methods

Variations on respiration methods are probably the most widely used approach to
determining compost stability in many countries, by measuring oxygen uptake and/or carbon
dioxide production. This can be expressed in various ways relative to fresh or dry matter,
organic matter etc., in an attempt to improve standardisation. False indications of stability
can result from excessively dry or wet samples, lack of inoculum, low pH, presence of toxic
compounds and inadequate preparation/conditioning of the samples. Respiration methods
form the basis of the current PAS 100 stability test although they have drawbacks, and
WRAP has commissioned a number of recent projects to evaluate the current tests (ADAS,
2005; Wood et al., 2009). The literature has therefore not been extensively investigated
again here.

Over 400 papers can be found with an academic search for ‘compost maturity respiration’,
including review papers of respiration techniques (Gémez et al., 2006; Komilis et al., 2004;
Lasaridi, 1998). Some examples of respiration methods are highlighted below. Sometimes
‘pre-incubation’ is used to allow microbial activity to stabilise after adjustment of MC. There
is no agreement concerning the optimal temperature for respirometric assays but mostly
they are performed between 30 and 40°C.

/.2.1 Dynamic respiration test

Dynamic respiration tests use a continuous supply of air throughout the assay. The
difference in oxygen or carbon dioxide content is measured at the inlet and outlet of the
vessel, usually over a period of several days. The dynamic respiration test (DR4) was
developed as a UK requirement of mechanical biological treatment (MBT) outputs to test for
biodegradability (Environment Agency, 2009) and the method is now used extensively to
assess MBT bio-treatment performance. The DR4 test is similar to the current ORG 0020
(PAS100) method except with the addition of an inoculum and nutrients. For both tests a
controlled air flow is passed through the sample.

/.2.2 Static respiration tests — measuring oxygen uptake

OUR (oxygen uptake rate) and SOUR (specific oxygen uptake rate) are respirometric
methods based on O, consumption by microorganisms degrading a liquid suspension of the
organic matter, expressed in terms of the organic matter (volatile solids) fraction of the
compost. There is an EN standard for OUR (EN 16087-1). For OUR the decline in oxygen
concentration in the headspace of a sealed flask containing compost is measured (Iannotti et
al, 1993).

OUR

The OUR is used as a measure of compost stability in voluntary standards in a number of EU
countries, with specific threshold values shown in Table 13. The British Standard BS16087-1

specifies the range of the OUR test as reaching a pressure between -2 and -5 kPa after three
days, with a linear pressure decrease.
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The OxiTop system is a commercial system available for carrying out the OUR test (WTW,
2006). This test is normally carried out using fresh samples equivalent to 3g or less of
volatile solids over a seven day period (Cooper, 2004). This small volume of compost may
result in issues of variability.

An OxiTop OUR study from the Netherlands included an in-depth assessment of a range of
composts of different ages and maturities, both resulting from standard composting systems
and also from a controlled laboratory system (Veeken et al., 2007). From this, a stability
index was proposed, as shown in Table 10. The index is comparable with the OUR data on
Table 1, where the OUR is compared to the Rottegrad stability index.

Table 10 Proposed compost stability index using the OUR method, with actual measured
data in the right hand column, both from controlled laboratory composting of biowaste (lab)
and organic materials from a range of sources (s) (Veeken et al., 2007)

Stability | Respiration rate | Respiration rate | Actual data
class (mmol O, kg? | (mg0O,g*OM | Respiration rate
OMh™) dh (mmol 0, kg OM h'™)
Very <4 Dark peat (s): 0.6+0.1
<5 Fresh compost stored aerobically for 5 months
stable )
(s): 3+1
411 Composted for 4 weeks (lab): 7+3
Stable 5-15 Composted for 2 weeks (lab): 7-15
Fresh biowaste compost (s): 10+£3
Fresh green waste compost (s): 1743
Unstable | 15-30 11-23 Composted for 1 week (lab): 15-25
very >30 >23 Fresh biowaste (s): 50-300
unstable
SOUR

Cabafas-Vargas et al (2005) compared several methods to assess the maturity of English
green waste compost. They found that SOUR reduced rapidly from an initial value of 5.89 to
0.51 mg/g O, VS/hour during the first three weeks of composting (whilst the windrow
temperature was still high); there was a further gradual decline over the following 14 weeks
to 0.39 mg/g O, VS/hour. The test was thus better for monitoring progress in the early
stages of composting than for determining when maturity had been reached (Cabanas-
Vargas, 2005).

A recent study evaluated a range of stability parameters in in-vessel composting of MSW in
Iran every two days over a forty day composting period. This study deemed the compost to
be mature when the SOUR had a value of less than 2 mg O,/g VS/hour (Mokhtari et al.,
2011).

/.2.3 Static respiration tests — measuring carbon dioxide production

Equipment to measure CO, production is generally simpler and more readily available than
that needed for OUR (Gomez et al., 2006).

The Solvita® test is a commercial maturity index (developed by Woods End Research
Laboratory in the USA) based on measuring carbon dioxide production (ammonia emission
can be measured simultaneously). It is very simple to use — plastic ‘paddles’ are pre coated
with reagents that change colour.

The Solvita® test is routinely used by some growing media manufacturers and their
suppliers to spot check batches of compost, as it is faster and cheaper than ORG0020. This
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is a semi-quantitative method suitable for a quick field check, but not as the basis for a
nationwide standard.

Some compost producers have indicated that, in addition to the routine PAS100:2011
stability measurements, they also use Solvita test kits to gain additional information to assist
in management of their composting operations and to identify batches of compost that are
suitable for higher value markets such as growing media (Wood et al., 2009). Training is
recommended for ensuring correct usage of the equipment and interpreting the results
(Zerkoune et al., 2002).

A WRAP study in 2004 tested a range of composts using the Solvita method at three
independent laboratories, and observed the results to be comparable between laboratories
(WRAP, 2005). The Solvita test was found to be more subtle than SOUR to indicate the
degree of maturity of an English green waste compost at the later stages of composting;
SOUR suggested that maturity was reached earlier in the process (Cabafias-Vargas, 2005).
Further information regarding comparison studies including Solvita is summarised in a WRAP
report (Wood et al., 2009).

7.3  Self-heating test

This is often called the Dewar self-heating test because of the name given to the vacuum
flasks used. There is an EN standard method for self-heating (EN 16087-2). The test itself is
simple to conduct but does take time, with maximum temperature generally recorded after
4-7 days. The method measures the temperature increase due to the heat released from the
biological and chemical activity of the compost sample and so should be closely related to
the results of respiration measurements. Accuracy of the method depends on the presence
of suitable microorganisms and on appropriate water content — failure to heat up can give a
false positive result (Brinton, 2000a).

Germany adopted self-heating as a national standard in 1984. The German Rottegrad
classification of compost maturity is based on the temperature increase in compost under
standardised conditions (Tontti et al., 2011). Further details regarding the Rottegrad system
can be found in Figure 1.

7.4  Spectroscopy

Near infrared reflectance spectroscopy (NIRS) is a useful technique for probing bulk samples
with little need for preparation. It is widely used for determining the quality of forage and
food. Rather than detecting specific chemical parameters, a profile of the sample is
compared with a standard ‘library’ with known characteristics.

Samples of sewage sludge compost were analysed by 14 conventional methods and NIRS
(Albrecht et al., 2009). Although some parameters were better correlated than others, NIRS
allowed rapid estimation of the maturity of the compost.

Fluorescence excitation—emission matrix (EEM) spectroscopy is extensively utilized to
determine protein-like, fulvic acid-like and humic acid-like substances. Fluorescence regional
integration (FRI) and parallel factor analysis (PARAFA) can be used to analyse quantitatively
data from EEM spectra.

In China, extracts of compost of various ages were scanned using a fluorescence
spectrophotometer (Tang et al., 2011). Various mathematical transformations of the results
were compared with temperature, germination inhibition, nitrate/ammonium ratios. They
concluded that FRI is suitable to assess maturity.
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A study of organic matter dynamics during in-vessel composting of an aged coal-tar
contaminated soil using fluorescence excitation—emission spectroscopy showed that the
fluorescence index can be applied to investigate the humification or maturation of compost
(Antizar-Ladislao et al., 2006).

Fourier transform infrared spectroscopy (FT-IR) spectroscopy was used to monitor the
composting process (of sewage sludge with wood chips), evaluate the degradation rate and
thus determine the maturity (Grube et al., 2006). FT-IR spectroscopy is a quick and useful
method to monitor the composting process; however any particular composting mixture
needs preliminary studies of the spectra.

EEM and FT-IR techniques were used on composts from domestic solid wastes with a range
of maturities, and seemed to produce spectra that correlated with the degree of maturity of
the compost (Provenzano et al., 2001).

The detection of long wavelength emitting fluorophores (humic-like acids) was found to be
linked to the progression of the composting process using fluorescence analysis (Richard et
al., 2009). Using sophisticated mathematics (eg PARAFAC analysis) it is possible to interpret
fluorescence EEMs to identify specific chemical components, which could be used a tool to
rapidly assess compost maturity Yu et al. (2010).

In a Chinese study, fluorescence EEM spectra were used to monitor the component changes
in the dissolved organic carbon (DOC) of swine manure and straw compost (Wang et al.,
2013). The EEM spectra produced distinct peaks at specific wavelengths which were
correlated to DOC groups, with some peaks (corresponding to protein-like substances and
soluble microbial byproduct-like materials) being greater in the initial stages of composting.
Other peaks increased at later composting stages, correlating to humic acid compounds
followed by fulvic acid compounds. The authors suggested that fluorescence EEM with data
interpretation could be used as a tool for assessing compost maturity.

A Tunisian study focussing on composting olive mill waste and manure attempted to define
the parameters for product maturity by adapting chemical and spectroscopic methods during
composting (Makni et al., 2010). FT-IR spectroscopy results revealed enrichment in aromatic
structures and a degradation of the aliphatic and alcoholic structures, indicating stabilization
of the final compost. The phytotoxic effects of olive mill wastes and animal manures was
assessed by germination index (Raphanus sativus) indicating the absence of phytotoxicity in
the majority of mature composts.

In summary, many authors have evaluated the use of various spectroscopic methods to
assess compost maturity. Some of the methods are relatively new (and have been developed
for other areas of environmental biology) and require much more expensive capital
equipment than the chemical or biological assessments described in other sections of this
review. However, they can be rapid to conduct. More work is needed to evaluate such
approaches, especially under UK conditions and to relate the results to current standards for
stability.

By comparing fluorescence characteristics of mature and immature composts, some of the
studies discussed above suggest that the appearance of specific peaks may be an indication
of the degree of humification, and hence determine compost stability. However, most of the
above studies were undertaken with specific types of waste, MC, composting system etc.
More work is needed to determine if these factors (and others) interfere with maturity
assessment using spectroscopy.
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7.4.1 Humic acid fractionation

Readily available organic matter in the feedstock is converted to stable, humic compounds by
the formation of fulvic acids (FA), later converted to humic acids (HA) during the composting
process.

A range of tests were used to assess the maturity of ten different composts (including green
waste composts) in Italy (Tomati et al., 2002). As well as all the normal chemical method
and FT- IR spectra and Solid State 13C CP-MAS Nuclear Magnetic Resonance and
genotoxicity tests on bean root cells, Sephadex gel filtration elution profiles were used to
characterize the molecular weight of HA. The authors considered that this gave a better
index of maturity than just the total amount of HA present.

A Dutch study on biowaste composts trialled extracting HA with NaOH, showing that total HA
levels fluctuated during composting. They found that this method was not suitable as an
assessment of compost maturity, and suggested that more sophisticated characterisation
and quantification of available (rather than total) HA is necessary to determine the progress
of composting (Veeken et al., 2000).

7.5 Chemical methods: Ammonium and nitrate

Generally mature compost is associated with more nitrate and less ammonium. Levels of
these forms of nitrogen can either be considered on their own or as ratio but there is little
agreement as to the values that a stable compost may have.

High concentrations of NH,~N (in the region 1.2-2.3 g kg™) in composts have been found to
inhibit grass seed germination (O’Brien and Barker, 1996). Although such high
concentrations of NH,; were found to decline 7-10 days after compost application, the initial
phytotoxic effects can damage seeds, and plants may not recover. This may be less of an
issue in the field after dilution with soil — and would be true whether ammonium were
sourced from compost or inorganic fertiliser.

In an Iranian study (Mokhtari et al., 2011) it was concluded that the NH4/NO; ratio fluctuated
too much during composting to be a good indicator of maturity; after an initial steep decline
from 1.4 to 0.1 it rose again to 0.4. In contrast, a Korean study (Ko, 2008) considered that,
in conjunction with a number of other parameters, a NH4/NOs ratio < 1.0 indicated maturity
in composts made from animal manure. The authors recommended that compost maturity
should be assessed using two or more parameters, which could include NH4/NOs ratio,
HA/FA ratio (humic acid/fulvic acid) and germination index (bioassay).

7.6  Biochemical enzyme activity and DNA analysis

Used as a microbial activity index in soil, dehydrogenase enzyme activity has been suggested
as another potential indicator of compost stability, since dehydrogenases are involved in the
oxidation or fermentation of carbon sources such as glucose (Barrena et al., 2008). A study
on MSW compost stability observed fluctuations of dehydrogenase activity over time, with
stabilised compost having the lowest dehydrogenase activity (Mokhtari et al., 2011).
However, the authors felt that dehydrogenase activity was not an ideal index of maturity,
due to several peaks and troughs being observed during the composting process.

In a Greek study, the fluorescein di-acetate (FDA) enzymatic assay, which originates from
soil studies, was examined as a potential compost stability test, by comparison with microbial
respiration and phytotoxicity in 13 composts (Komilis et al., 2011). The net fluorescein rate
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was found to correlate with all stability indices measured except for the germination index
(bioassay).

Various hydrolase enzymes (protease, urease, cellulase, B-glucosidase) and water-soluble
carbon and nitrogen (carbohydrates and phenols) have also been observed at fluctuating
levels during composting (Castaldi et al., 2008). These could be used to assess maturity but
they do vary depending on feedstock and other factors, so it is unlikely that they will be
universally useful.

An Austrian study looked at a range of 25 composts (age 7-53 weeks), mainly composted in
windrows, produced from a range of feedstocks and combinations including biowaste, tree
clippings, wood bark, anaerobically digested biowaste, sewage sludge and loam. DNA
analysis (PCR-DGGE) profiled the microbial community in these composts. The results
showed distinctions between the bacterial communities of the composts produced from the
different main inputs: biowaste and sewage sludge. There were no differences between
composts of the same feedstock type but different ages. For example, in the biowaste
composts, no significant difference was detectable between samples composted for 10, 35 or
52 weeks. The composition of the microbial communities was therefore attributed to the
input material (Klammer et al., 2008). The authors state: “we could not produce a standard
DGGE pattern that could serve for inter-laboratory comparisons. As long as there is no
certainty about key indicator organisms, microbial communities can only serve as an
additional parameter indicating the status of the degradation process, but cannot replace
chemical parameters”. Hence DNA analysis of microbial communities is not deemed suitable
as a stand-alone tool to assess compost stability or feedstock materials.

7.7  Dissolved organic carbon

Stable compost tends to have lower levels of water-soluble organic compounds, including
dissolved organic carbon (DOC), because readily available sources of nutrients (particularly
those that are water-soluble) have been used up. Using a variety of composted materials
(including sewage sludge and municipal waste) in Israel, DOC concentration decreased to
less than 10g/kg after 14-28 days, and reached a stable level of < 4g/kg within less than 50
days of composting (Zmora-Nahum et al., 2005). As this is simple to measure, it was
recommended as an indicator of compost stability, with the potential to use a simple
spectrophotometric technique to measure concentration in solution (based on absorbance at
465 nm).

For a range of ‘biosolids’ composts in Florida (including food waste), various tests to assess
compost stability were undertaken including pH, electrical conductivity, CO, evolution rate,
seed germination rate and DOC (Wu et al., 2000). DOC (determined using absorbance at
420 nm) was observed to be promising as a simple but comprehensive index for compost
stability and maturity.

7.8  Other chemical stability methods

A Spanish study recommended using chemical stability degree (SD) to assess compost
stability (Lopez et al., 2010). Determination of SD consists of two consecutive sulphuric
hydrolyses applied to dry and ground samples. The first, in cold and concentrated sulphuric
acid, destroys celluloses and more labile carbonaceous compounds, while the second, in hot
and diluted sulphuric acid, hydrolyses the remaining polysaccharides as well as
hemicelluloses and proteins. The remaining residue includes resistant organic matter and
non-hydrolysable N, which are then determined via loss on ignition (for organic matter) and
the Kjeldahl method (for N). This method may overcome some of the disadvantages of self-
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heating or respirometric methods, as SD is not affected by certain sample conditions such as
temperature, water content and particle size.

7.9  Summary of stability test methods

The advantages and disadvantages of the various methods described in the previous
sections are summarised in Table 8. Many authors suggest that more than one type of test is
necessary to draw firm conclusions regarding the stability/maturity of a particular sample.
For all methods, some degree of training and quality assurance are prerequisites for accurate

results.

Table 11 Summary of key stability test methods

Test type

Advantages

Disadvantages

Germination/plant
growth in either
extracts or whole
compost

Analytical equipment not
needed
A *holistic’ test

Takes days to weeks depending
on plant species — may require
glasshouse facilities

Plants may be inhibited by
factors (e.g. high salts, PTES)
unrelated to stability

Different species may give
different results

Respiration — O,
uptake

UK standards relate to this
method
Testing kits are available

Specialised equipment may be
needed

Time consuming — takes a
number of days depending on
method

Sensitivity depends on water
content etc.

Many variations with methods
make comparisons difficult

Respiration — CO,
production

Simple equipment can be used
— kits also available

Time consuming — takes hours
to days depending on method
Sensitivity depends on water
content (CO, highly water
soluble)

CO, can be produced by
anaerobic respiration

Abiotic sources and sinks of CO,

Self heating

Straightforward to set up

Long incubation, with maximum
temperature usually reached
within 4-5 days, with the
standard suggesting up to 10
days

Sensitivity depends on water
content etc.

Spectroscopy

Analysis quick — multiple
samples can be tested to give a
more representative result

Specialised capital equipment
required

Calibration of results needed to
relate them to standards defined
using other more established
methods

Influence of feedstock, MC etc.
on results not fully understood
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Chemical methods Chemical test. No prolonged Individual parameters may not
including pH, C:N monitoring be enough on their own
ratio, cation
exchange,
conductivity,
nitrate:ammonium
Enzyme activity e.g. Theoretical link to degradation Less commonly used in this
dehydrogenase of organic matter context than other methods
Humic acid Theoretical link to degradation Results may differ between
fractionation of organic matter feedstocks

Specialised equipment needed
Dissolved organic Theoretical link to degradation Not widely used
carbon of organic matter

8.0 EU stability tests

In this section, stability tests currently employed and recommended by compost quality
assurance schemes in Europe are described. In order to identify the most commonly used
compost stability test methods and country specific requirements, the most recent updates
published by the European Commission (Anonymous, 2013b) (Anonymous, 2013c) were
reviewed, as well as fairly recent systematic country-by-country reviews produced on behalf
of the European Commission (Barth et al., 2008) and the Irish Environmental Protection
Agency (Prasad and Foster, 2009).

In a parallel effort, members of the European Compost Network (ECN) as well as experts
from the European Framework for Compost in Agriculture were contacted by email and/or
phone. The information obtained through this method did not highlight substantial changes
to the recent systematic reviews, but did provide some further details regarding limits for
specific end uses.

While there are not a large number of test methods enshrined in EU regulation or compost
quality assurance schemes, suggestions of compost producers (Carlsbaek and Broegger,
1999) and current method proposals (Prasad and Foster, 2009) are also described below.

For each stability test identified, the baseline stability limit for composts, and any
differentiation on limit according to a range of factors was investigated. For example, any
differences in baseline limit for compost use in different markets were identified, such as in
agriculture, land restoration or horticulture (including field horticulture and growing media).

8.1  Proposed EU-wide compost stability criteria

Recently there have been in-depth discussions regarding the inclusion of a stability criterion

for proposed EU-wide End-of-Waste (EoW) criteria for compost. The opinions from the

Technical Working Group experts remained divided and an extensive list of pros and cons

was generated (Anonymous, 2013b). In 2013 the suggestion by the Joint Research

Committee (JRC) was to introduce the following EU wide stability criteria (Anonymous,

2013c):

B Oxygen update rate (OUR) of maximum 15 mmol O,/kg OM/h, measured according to
method EN 16087-1, or

B Minimum Rottegrad IV measured with the self-heating test method EN 16087-2
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However, in 2013 the ECN suggested that the stability limit values be changed (ECN, 2013),
to the values which were finally agreed in the 2014 proposal by the JRC (JRC, 2014):

B OUR 25 mmol O,/kg organic matter/h (instead of 15 mmol O,/kg OM/h), or
B Rottegrad III (self-heating test) (instead of IV)

8.2 UK compost stability criteria

The current PAS100 compost stability method is the ORG 0020 test based on CO, evolution,
which was first incorporated into PAS100 in 2005. The rationale and details of the
development of this test are included in a WRAP report (Llewelyn, 2005). The stability limit
has always been 16 mg CO,/g OM/day as a baseline for all markets. Markets can set more
stringent limits, but not more relaxed limits compared with the baseline (if the compost is to
continue to be accredited to the PAS100 specification). For example, an upper limit of 10 mg
is recommended for compost used in growing media (WRAP, 2011c).

A WRAP review considering the PAS100 stability limit in 2009 (Wood et al., 2009) concluded
that they could find no justification for reducing or increasing the baseline PAS 100:2005
stability limit of 16 mg CO,/g OM/day for compost going to any market.

8.3  EU country-specific stability requirements

The JRC workshop report from February 2013 (Anonymous, 2013c) contains the most up-to-
date list of compost stability limits and test methods for the majority of EU members. It is
noted that AT and ES do not require measurement of compost stability levels (within either
regulation or quality assurance schemes), while BG, EE, FI, MT, RO and SI are listed as
“N/A"” (indicating that there are currently no requirements with regards to compost stability I
those states). For BE, DE, DK, FR, IE, IT, LU, NL, SE and the UK, current, proposed or
recommended methods are listed in the JRC report (and in the table below). Responses to
emails and/or phone calls (as described in section 8.0) were obtained from the following
countries: AT, BE, CZ, DE, DK, EE, GR, IE, IT, LU, NL and SE.

Below are compost stability analysis methods listed by country. It must be noted that DE, BE
(Flanders only), UK and IE are the only countries in which stability limits are defined (either
through regulation or quality assurance schemes). In all other countries stability levels
must/can simply be declared.

Regulations for analytical methods required for composted waste (CLO) from MBT plants
that is destined to be landfilled have been excluded from this review.

The Greek expert, in common with the experts from EE and CZ, replied that stability
requirements did not apply in their countries.

In Denmark, the compost producer Solum recommends a combination of 2 out of 4 stability
test methods. The list of recommended test methods include a self-heating test, Solvita,
Oxygen uptake and C/N ratio (Carlsbaek and Broegger, 1999). Recent certificates display
total oxygen uptake over four days as well as the results of a self-heating test (Solum,
2013).

For Ireland, in parallel to a voluntary upper limit defined by 1.S. 441, composting plants
conform to waste license conditions that permit them to carry out their activities. The
licensing conditions of 14 sites are published. Licensing conditions regarding compost
maturity are typically as follows (Anonymous, 2010b):
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“Compost shall be deemed to be mature if it meets two of the following groups of
requirements or other maturity tests as may be agreed with the Agency:

1.

Respiration activity is 10mg 0,/g dry matter or Dynamic Respiration Index is 1000mg
0,kg VS/h.

Germination of cress (Lepidium sativum) seeds and of radish (Raphanus sativus) seeds
in compost must be greater than 90 percent of the germination rate of the control
sample, and the growth rate of plants grown in a mixture of compost and soil must not
differ more than 50 percent in comparison with the control sample.

Compost must be cured for at least 21 days; and

Compost will not reheat upon standing to greater than 20°C above ambient
temperature.

Or

Compost must be cured for a six month period and offensive odours from the compost
shall be minimal for the compost to be deemed mature”.

Table 12 Compost stability test methods listed by country

Listed here are methods defined within regulations, voluntary compost quality assurance
schemes as well as optional stability test methods suggested by compost producers.

Reference Principle

JRC-IPTS | EN 16087-1:2011 Oxygen Uptake Rate

JRC-IPTS | EN 16087-2:2011 Self-heating test

BE FPS (2013a) Self-heating test

BE FPS (2013b) Oxygen Uptake Rate

DE Kehres and Thelen-Jingling (2006) Self-heating test

DE Kehres and Thelen-Jingling (2006) Respiration activity (AT4)

DK Carlsbaek and Broegger (1999) Org C/N ratio in water extract

DK Carlsbaek and Broegger (1999) Oxygen demand in 96h

DK Carlsbaek and Broegger (1999) Self-heating test

DK Carlsbaek and Broegger (1999) Solvita compost test

FR Anonymous (2013c) Biochemical fractionation of organic material
(prXP U 44-162)

IE IS 441 Oxygen Uptake Rate

IE Anonymous (2010b) Respiration activity (e.g. AT4)

IE Anonymous (2010b) Dynamic Respiration Index

IE Anonymous (2010b) Self-heating test

IT pers. comm. 2013 Dynamic Respiration Index

LU Kehres and Thelen-Jingling (2006) Self-heating test

NL Stichting (2009) Oxygen Uptake Rate

NL Anonymous (2013c) Self-heating test

SE Anonymous (2007) Self-heating test

SE (Anonymous, 2007) Solvita compost test

UK Llewelyn (2005) Microbial respiration rate (as CO, evolution)

AT, IT, ES ,SI, RO, MT, BG, FI, EE, PL, PT, CY, | No compost stability test method requirements

LV, LT, GR, SK, HU, CZ identified.
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8.4  Current compost stability limits and corresponding end uses

In this section, definitions of compost stability limits are listed, together with the end use to
which these limits apply.

The most stringent compost regulatory stability limits were found in BE, where OUR limits of
<10 mmol O,/kg OS/h are required for all end uses. IE has a voluntary limit of <13mmol
0,/kg OS/h. Most other countries do not have any stability limits defined by the regulator,
however appropriate labelling (Tables 13-16) is required as part of voluntary quality
assurance schemes.

Most EU countries do not distinguish between end uses in terms of compost stability.
Exceptions are DE and LU, where the quality assurance scheme BGK stipulates that fresh
compost is used in agriculture, mature compost in horticulture, and substrate compost is
used in growing media (Table 15).

In NL, the RHP quality assurance scheme for growing media produced from composts
requires a minimum stability level of <15 mmol O,/kg OS/h. (Table 13). In SE, the end use
influences labelling requirements. Compost for agriculture does not require a stability
statement on the compost documentation, as opposed to compost for direct or indirect use
in soil mixtures in the “green area sector” (gardening and hobby cultivation), which does.

8.4.1 Oxygen uptake rate

Table 13 Compost stability limits measured using oxygen uptake rate

Uses Stability limits

BE All end uses Federal Public Service, Health, Food chain safety and Environment
(Flanders only) (FPS, 2013b):

Oxitop®: <10 mmol O,/kg OS/h (in combination with required self-
heating test, maximum temperature 30°C - 50°C)

IE All end uses Voluntary standard 1.S. 441:
<13mmol O,/kg OS/h
IE Compost as soil Dynamic Respiration Index: As part of waste license condition for
improver some composting sites (Anonymous, 2010b):
<1000 mg O,/kg VS/h (equivalent to £31.25 mmol O,/kg VS/h)
NL All end uses No regulatory requirements.
NL Growing media Quality assurance scheme RHP (Stichting, 2009):

Oxitop test: < 15 mmol O,/kg OS/h

8.4.2 Solvita Test

Table 14 Compost stability limits measured using Solvita test

Uses Stability limits

DK All end uses No regulatory requirements.
Producer labelling (Solum) (Solum, 2013).
The stability is correlated to a colour code on the Solvita

chart:

Not ready: 1
Fresh: 2-3
Stable: 4-5

Very stable: 6-8
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SE

Farming

No regulatory requirements.

SE

Direct or indirect

use in soil mixtures in
the green area sector,
gardening, and hobby
cultivation

Voluntary certification SPCR 152 (Anonymous, 2007):

Labelling requirements:
Not ready / Fresh / Stable /Very stable

8.4.3 Self-heating test

Table 15 Compost stability limits measured using the self-heating test

use in soil mixtures in the
green area sector,
gardening, and hobby
cultivation

Uses Stability limits
BE All end uses Federal Public Service, Health, Food chain safety and
Environment (Flanders only) (FPS, 2013b):
Either:
Maximum temperature reached <30°C
Or both of the following conditions are met:
Maximum temperature reached 30°C - 50°C
(in combination with Oxitop®: <10 mmol O,/kg OS/h)
DE Agriculture Voluntary scheme by BGK
“Fresh compost” (Kehres and Thelen-Jiingling, 2006):
Rottegrad II or III
Maximum temperature reached 40.1°C - 60°C
DE Horticulture Voluntary scheme by BGK
“mature compost” (Kehres and Thelen-Jiingling, 2006):
Rottegrad: IV or V
Maximum temperature reached <30°C - 40°C
DE Growing media Voluntary scheme by BGK
“substrate compost” (Kehres and Thelen-Jiingling, 2006):
Rottegrad: V
Maximum temperature reached <30°C
DK All end uses No regulatory requirements.
Producer labelling (Solum) (Solum, 2013) of maximum
temperature reached:
Not ready: >60°C
Fresh: 40.1°C - 60°C
Stable: 30.1°C - 40°C
Very stable: <30°C
IE Compost as soil improver As part of waste license condition for some composting
sites (Anonymous, 2010b):
Compost will not reheat upon standing to greater than
20°C above ambient temperature;
and
compost must be cured for at least 21 days.
LU Same as DE Same as DE, in practice composts are Rottegrad IV or
better.
SE Farming No regulatory requirements.
SE Direct or indirect Voluntary certification SPCR 152 (Anonymous, 2007):

Method described in bgk II :10 98:4 (Rottegrad)
Labelling requirements:
Not ready / Fresh / Stable /Very stable
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8.4.4 Respiration Activity (e.g. AT 4)

Table 16 Compost stability limits measured using respiratory activity

Uses Stability limits
DE Agriculture. Voluntary scheme by BGK
“Fresh compost” (Kehres and Thelen-Jingling, 2006):

Rottegrad II or III

30.1 — 80.0 mg O,/g organic dry matter
DE Horticulture. Voluntary scheme by BGK
“mature compost” (Kehres and Thelen-Jiingling, 2006):

Rottegrad: IV or V

< 30.0 mg O,/g organic dry matter

DE Growing media. Voluntary scheme by BGK
“substrate compost” (Kehres and Thelen-Jiingling, 2006):
Rottegrad: V

< 20.0 mg 0,/g organic dry matter
DK All end uses. No regulatory requirements.

Producer labelling (Solum) (Solum, 2013):
Total oxygen demand in 96 hours :

Not ready: >40.0 mg O,/g OM

Fresh: 40.0-16.1 mg O,/g OM

Stable: 16.0-6.1 mg O,/g OM

Very stable: £6.0 mg O,/g OM

IE Compost as soil improver. | Respiration activity: As part of waste license
condition for some composting sites (Anonymous,
2010b):

<10 mg O,/g dry matter

9.0 Conclusions

The project was initiated due to questions about the PAS100 stability test, which were
prompted by structural changes in the composting industry since its introduction. Over the
last 10 years, an increasing amount of food waste has been collected and composted
through in-vessel systems, and economic pressure has resulted in shorter processing times
followed by the field storage and spreading of younger, less mature composts either within
or outside the PAS100 scheme.

It was therefore important to understand how processing factors and operating conditions of
IVC systems may influence compost stability, whether compost stability has an impact on
compost storage, and to also understand which stability tests are used in other EU countries.
The main conclusions of the literature review, which concentrated on composts produced in
IVC systems are summarised below, focussing on the four key research objectives.
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Objective 1. The influence of the various processing factors and operational
conditions of in-vessel systems on the stability of the resulting composts

The majority of the literature obtained in this area used bench scale composting systems
with one or two feedstocks. Hence drawing specific conclusions on the resultant compost
stability for the range of UK feedstock types and composition, and operational conditions is
not possible. However, where one or more processing factors are not creating the ideal
composting conditions, the potential for a delay in the composting process can occur.

Wastes containing animal by-products (ABP), such as source-separated kitchen waste, must
be treated according to the ABP Regulations and achieve one of the required
time/temperature regimes. Managed aeration is one of the important processing factors,
alongside C:N ratio, porosity, structure, moisture, etc. During the early phase of composting,
volatile organic acids are produced and the pH of the waste falls. With adequate aeration,
these acids are either broken down as a food source by the adaptive microorganisms or
volatilised. However, with poor aeration and the development of anaerobic conditions in part
or most of the waste, these acids may persist, delay composting and cause offensive smells
(odours) when the material is moved and spread on fields. An excessive initial rate of
increase in temperature may not encourage the establishment of the correct thermophilic
microorganisms required to degrade these acids and, unless suitable aeration is provided to
moderate temperatures and allow mesophilic organisms to degrade them, the composting
process itself can be inhibited. In addition, in acid conditions, while ammonia is not
volatilised, it may be released at a later time — such as when pH rises or when temperatures
enter the thermophilic range during subsequent windrowing or storage. Feedstocks
containing greater amounts of food wastes are likely to present these problems to a greater
extent than feedstocks containing green waste only, since they contain greater proportions
of water and readily-degradable organic matter.

Phase two of this project (site and laboratory work) therefore considered aeration (to
provide oxygen and contribute to cooling the compost) in conjunction with characteristics
such as feedstock type, C:N ratio, pH, ammonium (and other nutrients), microbial activity
and diversity, and stability over time.

Objective 2. The impact of compost stability on compost storage, with an
emphasis on agriculture and growing media

No direct evidence was found in the literature to suggest the potential for run-off during in-
field storage of immature composts, or pollution incidences resulting from this scenario.

Objective 3. The impact of compost stability on compost end use, with an
emphasis on agriculture and growing media

Across the EU, composts with a similar range of stabilities are applied to land. Agricultural
and field horticultural trials have not shown significant agronomic problems when less
mature composts have been used. Yield effects may be linked to changes in soil available
nitrogen relating to microbial activity and the C:N ratio of the compost, or the particular soil
it is applied to. Some nitrogen lock-up has been experienced but this is considered to be
temporary, and effects on crop yield can be avoided by applying the compost well in
advance of sowing the crop, such as in the autumn before a spring sown crop. This timing
strategy would also reduce any salt induced effects on plant establishment, as can also be
found from artificial fertilisers. In a field, little compost is applied in relation to the amount of
soil present due to loading-rate restrictions, but in growing media compost may be used at a
third or even more as part of a mixture and nitrogen lock-up effects are more readily seen
unless corrective nitrogen is applied. In the field situation, composts supply both carbon, as
a source of energy for soil microorganisms, and nutrients leading to increased soil microbial
activity. When adequate quantities of compost are applied over time, this in turn improves
soil conditions and plant growth and yield when conditions are otherwise limiting.
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For the UK regulator, there is a need for a definition of ‘treatment’ within the Standard Rules
relating to composting permits. This relates to the distinction between the soil utilising
applied organic materials such as compost as energy (carbon) and for nutrients versus the
soil ‘treating’ the materials. This is linked to the purpose of adding organic matter to soil and
whether the compost has been sufficiently treated so as to be *fit’ for this purpose. A simple
pH or stability test of the material might indicate its condition and likelihood of causing a
pollution incident either in storage or after spreading, although lime addition may mask this.

Ground water pollution and GHG emissions are not considered to be a cause for concern if
compost is used in accordance with the Standard Rules, NVZ Regulations, CoGAP and RB209.

Objective 4. The range of compost stability tests in use in the UK and elsewhere —
with particular reference to those required by compost specifications other than
PAS100 in Europe

A large number of tests of compost stability/maturity have been investigated over the past
25 years. They have been used for composts derived from garden waste, food waste,
manure, sewage sludge and various industrial wastes. The most commonly cited tests have
been highlighted, but not extensively reviewed here as this has already been undertaken in
earlier WRAP reports (2005 and 2009). The two tests found to be used most often in the EU,
and also proposed for EU-wide End-of-Waste stability criteria for compost are self-heating
and oxygen uptake rate. Thus these two stability tests were included in Phase 2 of this
project, for comparative purposes.

For the majority of EU countries, there are no legal requirements with regards to compost
stability testing, except for Flanders. Specific voluntary stability limits are defined in
Germany, Flanders, Ireland and the UK. The UK'’s PAS100 stability limit is 16 mg CO,/g OM /
day, with an upper limit of 10 mg and a target of 8 CO,/g OM / day recommended for
compost used in growing media (WRAP, 2011c). The only other countries which have a
distinction between compost end use and stability are for a specific quality assurance
scheme (BGK) in Germany and Luxembourg, with fresh compost used in agriculture, mature
compost in horticulture, and substrate (very mature) compost used in growing media. This is
not a legal requirement.
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