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Life Cycle Inventory and Life Cycle Assessment
of Windrow Composting Systems

The NSW Department of Environment and Conservation has undertaken a study on the life cycle
assessment (LCA) of windrow composting systems to inform the management of organic materials
diverted from landfill in NSW.

The Department’s Sustainability Program Division delivers programs, which support the achievement
of waste reduction and resource recovery outcomes identified in the NSW Waste Avoidance and
Resource Recovery Strategy.

LCA is a tool that can assist in evaluating the environmental impacts of different resource recovery
options. It measures the environmental impact of a product or process by assessing individual impacts
at each individual stage of its life cycle. For the recycling of municipally generated organic materials,
this typically involves source separation by the householder, collection of organics from the kerbside,
transport of material to a composting facility and processing. The composted products are sold to a
range of markets for use in improving soils, plant growth and the environment.

One of the barriers preventing an assessment of the full environmental benefit of composting in NSW
has been a lack of life cycle inventory data, that is, measures of impacts and benefits at each stage of
the life cycle described above. In particular, data has been lacking on the actual benefits composted
products provide to soils and plants. It is known that the use of such products can reduce the need for
fertilisers, watering and herbicides, and can improve plant growth, but these benefits have been
difficult to quantify / calculate. Previous LCA studies have therefore underestimated the full
environmental benefit of composting, because the ‘post application benefits’ have not been fully
accounted for.

This is the first study internationally that has attempted to fully assess the environmental benefit of
source separated collection, composting and application of the resulting recycled product to the
environment. The study clearly demonstrates that this approach offers substantial benefits to the
environment. Much of this benefit is achieved when quality composted products are applied to soils to
enhance soil health, fertility and productivity.

The study confirms the environmental benefits associated with recycling of organic materials diverted
from landfill, being an important service provided to the community by numerous local councils across
NSW. The report also provides valuable support data for local councils considering and assessing
options for improving the recovery of organics from landfill in NSW.

6 Department of Environment and Conservation NSW
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Executive summary

Abstract

Numerous local government, industry and state government agencies have expressed a need for Life
Cycle Assessment to inform environmental decision making in relation to the streaming and
management of solid waste. However, comparative studies to date have not in any significant manner
addressed the impacts resulting from the use of recycled organics products such as composts once
such products have been applied. As a result, previous comparative studies have tended to exclude
such post application impacts from the analysis, effectively excluding a range of significant
environmental benefits and reducing the relative environmental value of biological treatment systems.

This study provides a comprehensive Life Cycle Inventory (LCI) for commercial composting systems in
Australia, and models the environmental impacts of the commercial composting systems in NSW
using rigorous Life Cycle Assessment (LCA) modelling. This study is the first time, internationally, that
LCI data for the post-application impacts of composting systems has been developed in any significant
or comprehensive manner. The study has been extensively reviewed by relevant technical experts in
Life Cycle Assessment, and by relevant agricultural and environmental scientists in NSW Agriculture
and the CSIRO.

The results of this study indicate significant environmental benefits arise from the commercial
composting system, including net greenhouse benefits, even where composts are transported
significant distances (in this study 600 km) for agricultural application.

Whilst this LCA study is valuable in its own right in identifying and quantifying the environmental
externalities of the composting system, the LCI data in this study is also transparently developed and
documented to allow for application in future comparative LCA studies.

Background and scope of the study

The Waste Avoidance and Resource Recovery Act 2001 requires consideration of life cycle
assessment as a tool to assist in the assessment of new technologies and to inform government policy
and strategy.

As a result, the Department of Environment and Conservation (DEC) has commissioned the Recycled
Organics Unit of UNSW to conduct a study on Life Cycle Assessment for Windrow Composting
Systems, given the importance that large scale composting plays in recovering a significant proportion
of organic material diverted from the waste stream in NSW.

Life cycle assessment (LCA) provides a structured framework and methods for analysing and
assessing the environmental issues and the potential impacts (both beneficial and detrimental) of a
material, product or service over the entire period of its life cycle. Life cycle inventory analysis (LCI) is
a technical process that identifies and quantifies energy and resource consumption, and
environmental releases to air, water and land throughout the life cycle of a product or system (AS/NZS
ISO 14041, 1999). Life cycle impact assessment (LCIA) characterises and assesses the affects of
resource consumption and environmental loadings identified in the inventory stage on environmental
impacts.

The Goal of this LCA study is to quantify and evaluate the total environmental impacts of windrow
composting systems, including the production of mature compost products, transport, and application
of composted products to agriculture as a option for managing compostable organics materials

Department of Environment and Conservation NSW 7
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generated in NSW. The boundaries of windrow composting system considered in this study include
receival of municipally collected source separated garden organics materials, processing of these
materials, transportation and subsequent agricultural application of composted products (Figure 1).

Importance of assessing post-application environmental benefits

Significant environmental impacts result from the use of recycled organics products such as composts
once such products have been applied. Such post application impacts have been developed in this
study for two categories of compost product, and two agricultural contexts. The study has focused on
composted mulches and composted soil conditioners that comply with the specification documented in
Australian Standard AS 4454 (2003). In the broadacre agriculture context, the study has modelled the
application of relevant application rates of composted soil conditioner to irrigated cotton production. In
the intensive agriculture context, the study has modelled the application of relevant application rates of
composted mulch to irrigated grapevine production. The environmental impact categories associated
with windrow composting systems that have been considered in this study include energy
consumption, greenhouse effect, photochemical oxidant formation, human and eco-toxicity, resource
depletion, eutrophication, and land use. This has enabled a full environmental assessment of the
windrow composting system, which has not previously been possible.

The LCI data for the production of quality compost products is derived from literature, site visits and
interviews. The LCI data for the post application of quality compost products is derived from extensive
review of scientific literature.

The post application LCI data has been developed from a comprehensive literature review and
analysis for agricultural production systems using a novel line of best fit method. This method
analysed the results of compost applications of varying rates to establish the relationships between
compost application rates and environmental impacts arising from the application of composted
products in agriculture. This report contains the supporting technical data from published journal
papers, reports, and books.

The LCI data was then used to model, via LCIA, a range of application rates and defined scenarios to
establish environmental impacts associated with the commercial composting system. The application
of composted products has been modelled in 7 modelling scenarios, and results reported in the
context of these impact categories. The major variables considered in the LCIA modelling per
application area included:

e compost product type;
e application rate;
e transport distance to application sites; and

e the backloading or empty return (non-backloading) of vehicles transporting composted
products to application sites.

8 Department of Environment and Conservation NSW
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System boundaries

The system boundary for the life cycle assessment of the windrow composting system included the
production of composted products, transport, application to agricultural production systems and post-
application impacts. The system model is graphically represented in Figure 1.

Figure 1. Graphical overview of the system model used in this study. The system model is explained
in more detail in Section 4.2 of this report. Note: Dotted lines represent the system boundaries of this
LCA study.

Raw materials Inputs Main components

Department of Environment and Conservation NSW 9
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Summary results

a) Life cycle inventory

Life cycle inventory of windrow composting systems, including post application impacts has identified
relevant environmental issues (impact categories), and quantified data for production and application

of composted products.

Life cycle inventory data suggests that most environmental issues arising

from production and transportation to application sites and application on agricultural land are related
to production and consumption of diesel fuel and electricity required during all stages of these

processes (Tables 1 and 2).

Table 1 Fuel, electricity and water consumption during a composting operation.

Operation Consumption (per tonne of feedstock)

Diesel (litres) Electricity (kW) Water (litres)
Receival 0.48 0 0
Composting process (including shredding, 5.02 (3.65+0.58+0.79) 0.13 0
windrow formation and screening)
Dispatch 0.03 0 0
Total 5.53 0.13

Table 2 Fuel consumption during transportation and spreading of composted products at application

sites.
Operation Product type Distance travelled (km) Backloading/non- Fuel consumption per tonne
backloading of composted product
(litres)
Transport Composted muich 175 Backloading 0.74
Transport Composted muich 275 Backloading 1.15
Handling and Composted mulch Not applicable Not applicable 0.66
spreading
Transport Composted soil 600 Backloading 2.47
conditioner
Handling and Composted soil Not applicable Not applicable 1.06
spreading conditioner

In contrast, LCI data relating to post application of compost relate to a wider range of issues including:
reduction in use of irrigation water, electricity, fertilisers, and herbicides for agriculture (Table 3). In
addition, LCI data relating to the post application impacts has identified a reduction and/or
improvement in processes responsible for land degradation, including:

e reduced soil erosion;

e improved carbon sequestration in the soil;

e improved soil structure; and

o the potential to reclaim saline-sodic soils (Table 3).

10

Department of Environment and Conservation NSW




Life Cycle Inventory and Life Cycle Assessment for Windrow Composting Systems

Note that land degradation has been identified the most severe environmental problem in NSW State
of Environment Report (NSW EPA, 1997).

Table 3

Summary of post-application impacts resulting from application of composted soil

conditioner (25-50 t ha™) to cotton and composted mulch (10 cm deep) to grapevine. (Note: Results in
this table refer to a single application).

hectare per season in irrigated cotton

e Savings of 37,006-45,370 ML of water to
cotton industry per season of irrigated
cotton.

Impact Tangible (potential) benefits Tangible (potential) benefits
Composted soil conditioner to cotton Composted mulch to grapevine

Water use ¢ Increasing water holding capacity of top | e Increasing moisture retention of top

(Section 0-15 cm soil layer by 2.4-3.0 %. 0- 15 cm soil layer by 9.82%.

7.2.8) e Savings of 0.13-0.16 ML of water per ¢ Savings of 0.95 ML of water per

hectare per season in irrigated

viticulture, if it is available to plants.
e Savings of 23,750 ML of water per

season of irrigated viticulture.

Fertiliser use

e Savings of 34-68 kg of N, 29-57 kg of P,

e Savings of 27-40 kg of N, 46-68 kg

(Section and 24-48 kg of K per hectare during the of P, and 72-108 kg of K per hectare
7.3.4) first year of application during the first year of application

e Savings of 90-180 kg of N, 75-150 kg of | e Savings of 72-108 kg of N, 120-180
P, and 30-60 kg of K per hectare during kg of P, and 90-135 kg of K per
3-5 years. hectare during 3-5 years after

application.

Herbicide ¢ Soil conditioners do not suppress ¢ Replacing the total herbicide
use weeds. requirement in a vineyard. i.e 2-6 L
(Section of glyphosate per hectare.
7.4.4)
Biocide use | e Potential to control Fusarium wilt in ¢ No data available
(Section cotton, which is spreading at epidemic
7.5.3) levels in NSW. There is no known

biocide that can be replaced with

compost.
Carbon e Sequestering about 2.9-5.9 tons of e Sequestering about 11.56 tons of
sequestration carbon per hectare after 10 years. This carbon per hectare after 10 years.
(Section figure may be taken for carbon This figure may be taken for carbon
7.6.2) accounting process. accounting process.

e Sequestering about 1.8-3.5 tons of e Sequestering about 7.056 tons of
carbon per hectare after 100 years. This carbon per hectare after 100 years.
figure is relevant to LCI studies. This figure is relevant to LCI studies.

Sodicity ¢ Potential savings of 2-5 tonnes of ¢ No data available.

(Section gypsum per hectare in affected lands.

7.7.3) No such data available yet.

Erosion e Preventing a soil loss of 2.3 to 4.2 ¢ Preventing a soil loss of 17.5 tonnes
(Section tonnes per hectare annually. per hectare annually.

7.8.3)

Soil structure | ¢ Bulk density decreased by 4.1 to 7.6% ¢ No data available.

(Bulk

density)

Section 7.9.3

Yield ¢ Increasing the cotton yield by 19.5 to ¢ Increasing the grape yield by 27%.
response 21.5%

(Section

7.9.1)

Department of Environment and Conservation NSW 11
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b) Life cycle impact assessment

Life cycle impact assessment of environmental issues arising from production and application of
composted products (Table 4) has shown a net environmental benefit for impact categories including
global warming potential (GWP), human toxicity potential (HTP), ecotoxicity potential (ETP) (terrestrial
and freshwater) and eutrophication potential (EP) (in case of soil conditioners only). The beneficial
results are largely due to the reduction in use of fertilisers, herbicides, water, and electricity resulting
from compost applications, and therefore reducing release of GHGs, nutrients and toxic chemicals to
environment (air, water, and soil) during production and use of these avoided inputs. These beneficial
impacts offset the GHGs, nutrients and toxic substances released into environment during production
and use of diesel and electricity required for production and application of composted products.

Life cycle impact assessment however has shown either a negligible or a small net detrimental
environmental impact (Table 4) from the composting system for impact categories such as ecotoxicity
potential (ETP) (marine water), photochemical oxidation potential (POCP) and abiotic resource
depletion potential (ARDP). The oxides of nitrogen, sulphur, and carbon (that produce photochemical
oxidants) released during production and consumption of diesel fuel and electricity used in compost
production and transport are currently calculated to be greater than the reduction in release of these
oxides during production and use of fertilisers, herbicides, and electricity resulting from post compost
application to agriculture. This study could not however include a number of reductions in agricultural
inputs (such as fertilisers and water) and improvements in soil conditions due to absence of
characterisation/equivalency factors required for LCIA, and the absence of a range of data, which
would be expected to result in improved environmental performance of the composting system in
these detrimental impact categories. Note characterisation/equivalency factors are derived from
characterisation model relevant to environmental mechanism of each impact category, which are
applied to convert the assigned LCI results to the common unit of the category indicator (AS/NZS ISO
14042:2001).

Composted mulches cause detrimental environmental impact with respect to EP (Table 4). Mulches,
being lower nutrient products compared to soil conditioners, often require normal quantities of fertiliser
to support plant growth. Thus, the impacts arising from the use of fertiliser are not offset from the use
of mulch. This highlights the importance of considering nutrient budgeting in specifying suitable
composts for agriculture. Where compost products are selected that provide maximum nutrient value
to a crop (over the life of the application), this will result in maximum environmental benefit arising from
reduced fertiliser use. This principle applies also to avoided irrigation, herbicide and biocide
applications. It should be pointed out that eutrophication potential from diesel production will be mainly
confined to coastal water resources and not to inland water resources (river systems) because
refineries that produce diesel are generally located in coastal areas associated with significant port
cities.

The results of the LCIA with respect to ETP have shown beneficial environmental impacts for
terrestrial and freshwater ecosystems but a negligible detrimental environmental impact for ETP
(marine water) (Table 4), suggesting that ecotoxicity, like eutrophication, will be mainly confined to
coastal water resources and not to inland water resources (river systems) because production of
diesel fuel occurs near coastal areas releasing toxic chemicals in marine water thereby causing a
minor net detrimental environmental impact with respect to ETP (marine water).

12 Department of Environment and Conservation NSW
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Table 4 Summary of LCIA results for production and application of total composted products on
100 ha of land (E-Beneficial impact; x-Detrimental impact; Note- General comment).
Impact Categories | Environmental impacts
Global warming Beneficial environmental impact for composted mulches and soil conditioners.
potential Note | Application rates of composted products had greater influence on GWP than
(tCO2 eq) transport distance, and whether or not backloading was practiced.
Eutrophication Beneficial environmental impact for soil conditioners.
potential x Detrimental environmental impact for composted mulches. Note this impact will
(t02eq) be mainly confined to coastal water resources and not to inland river systems.

Note | Application rates of composted products had greater influence on EP than

varying transport distance, and whether or not backloading was practiced.
Human toxicity Beneficial environmental impact for composted mulches and soil conditioners.
potential Note | Application rates of composted products had greater influence on HTP than
(tDCBeq) transport distance, and whether or not backloading was practiced.
Ecotoxity potential- Beneficial environmental impact for composted mulches and soil conditioners
(t DCBeq) with respect to ETP for terrestrial and freshwater environment.

x Negligible detrimental environmental impact for composted mulches and soil
conditioners with respect to ETP (marine water) compared to beneficial
environmental impact of ETP for terrestrial and freshwater ecosystems.

Note | Application rates of composted products had greater influence on ETP than
variation in transport distance, and whether or not backloading was practiced.

Photochemical x Small detrimental environmental impact for composted mulches and soil

oxidation potential (t conditioners.

ethylene eq) Note | Application rates of composted products had greater influence on HTP than
transport distance, and whether or not backloading was practiced.

Abiotic Resource x Small detrimental environmental impact for composted mulches and soil

depletion potential conditioners. Note a number of reductions in agricultural inputs and

ntimon improvements in land conditions could not be included for this category in

(t antimony eq) i ts in land diti Id not be included for this cat in LCIA
due to absence of a range of data.

Note | Application rates of composted products had greater influence on ARDP than
transport distance, and whether or not backloading was practiced.

Land use Note | Data not available
Avoided loads
Irrigation water (ML) Net environmental benefit from composted mulches and soil conditioners.

Note Mulches produced greater benefit than soil conditioners.

Fertilisers (tonnes) Net environmental benefit from composted mulches and soil conditioners.

Note | Soil conditioners produced greater benefit than mulches.

Herbicides/pesticides Net environmental benefit from composted mulches.

savings (litres) Note | Soil conditioners do not produce this benefit.

Reduced erosion Net environmental benefit from composted mulches and soil conditioners.
(tonnes) Note | Mulches produced greater benefit than soil conditioners.

Carbon sequestration Net environmental benefit from composted mulches and soil conditioners.
(tonnes) Note | Mulches produced greater benefit than soil conditioners.

Note | Soil conditioners produce this benefit faster than mulches.

Soil structure Net environmental benefit from composted mulches and soil conditioners.
improvement. Note | Mulches produced greater benefit than soil conditioners.

(% decrease in bulk - " : -

density) Note | Soil conditioners produce this benefit faster than mulches.

Increased plant Net environmental benefit from composted mulches and soil conditioners.
productivity

(% increase in yield)

Department of Environment and Conservation NSW 13
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Higher application rates of composted products produce greater net environmental benefits (Figure 2),
as higher application rates reduce the need for other farm inputs. Higher application rates per unit
area produce higher post application benefit, and greater net environmental benefit.

However, it should be mentioned that post application benefits do not increase linearly with increasing
application rates. At certain application rates, most post application benefits will tend to maximise.
Excessive application rates may cause detrimental affects suggesting a limit for net environmental
benefits. Therefore, to achieve maximum environmental benefit, composts should be applied at a rate
S0 as to maximise:

o Weed suppression,
e Soil moisture available for plant use,
o Manufactured to suppress crop/region specific pest and diseases, and

e Selected to maximise contribution to crop nutrient requirements when applied at the
appropriate application rate.

Varying the transport distance by 100 km produced negligible impact on all impact categories, in
particular GWP (Figure 2). However, there will be a limit for transport distance difference beyond
which impact from transport difference outweighs benefits of compost applications. Note, however,
that transport of soil conditioner to the most distant area of the state still resulted in a net
environmental benefit including with regard to GWP.

Figure 2. Global warming potential for production and application of total composted product on 100
ha of agricultural land (Note: Negative numbers represent a net environmental benefit. More negative
results represent a greater environmental benefit).

Global warming potential for total product
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Backloading or without backloading scenarios hardly have any impact on all impact categories
particularly GWP (Figure 2). The reason for this is that greenhouse gases released during backloading
journeys have not been accounted in this system because these are not considered part of this
system. However, greenhouse gases released during non-backloading journeys have been included
as a part of this system.

Limitations and gaps of this study

The main limitation of the LCA in this study is that LCIA does not present total environmental impact
assessment as it could not include a number of reductions in agricultural inputs (such as fertilisers and
water) and improvements in soil conditions due to absence of characterisation/equivalency factors
required for LCIA. This includes an absence of LCI data, which would be expected to result in
improved environmental performance of the composting system for a number of impact categories.

The main limitation of post application impacts is that the majority of data for these impacts have been
obtained from overseas studies. Also, performance does not necessarily reflect the level of
performance that could be realized from appropriate application rate of products that are specifically
tailored to the specific agricultural application context. Though relationships and trends identified for
these impacts in this study will most likely be similar for Australian agriculture, quantitative impacts
may not be entirely appropriate for Australian conditions. Australian agriculture (particularly soil and
climate conditions) is different from where (Europe and North America) most of the data in this study
has been obtained.

The establishment of performance data from applications relevant to the needs of the crop, soil and
region, and applied at a rate to achieve maximum benefit will markedly improve the quality of LCI data,
and provide a more accurate indication of the associated post-application environmental impact.

The gaps in LCI data for post application impacts and LCIA identified in this study are listed below:

o Life cycle inventory data in this study could not be quantified for Australian gypsum production;
biocide used in cotton and grapevine cultivation in NSW that can be replaced to control diseases
suppressed by compost application; and gypsum that can be replaced with composted soil
conditioners to ameliorate sodic soils.

In the case of composted mulches, post application performance benefit relationships have been
derived for mulch application depth without considering mulch application width because benefits from
mulch application in literature are cited mainly for application depth. Though mulch application depth is
responsible for producing post application benefits, nevertheless changing mulch application width
also changes mulch application rate, which is likely to change post application benefits. This study
also could not identify the impacts of composted mulch application on soil bulk density and sodicity.

The relationships could not be determined from existing LCI data between post application benefits to
plant available water in the case of composted mulches and to ecological integrity and biodiversity for

composted products.

¢ In relation to LCIA, characterisation/equivalency factors were not available to assess ARDP in
relation to fertilisers, water, and land use.

Department of Environment and Conservation NSW 15
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Options for further work

Basic recommendations of this study are:

16

It is recommended that an economic assessment should be conducted to calculate dollar
values associated with identified environmental benefits to inform and justify future policies
and strategies for organics recovery, management, and agricultural compost use.

That this report to be distributed to ensure that LCI data and LCA results is available for
future studies, and for related policy and strategy development across Australia.

That the results and identified gaps of this study should be integrated into other NSW
Department of Environment and Conservation projects, including field research trials to
address gaps identified in LCI data for post application impacts of composted products and
life cycle impact assessment.

That future LCA studies should be commissioned in a manner such that LCI data is
transparently documented and is made available in a form suitable for use in future LCA
studies.

Maximising beneficial environmental impact of composts to a particular crop across the life of
a compost application are significant in terms of maximising the nutritional, irrigation
efficiency and disease/weed suppression value. It is therefore recommended that soil testing,
nutrient budgeting and other related crop requirements be integrated into the development,
specification and selection of compost products for crop specific applications.

That future compost production application trials should assess the performance of products
that are specifically designed to best meet the crop and environment performance
requirements of the particular crop and growing region.

That the NSW EPA Alternative Waste Technology Selector and Handbook should be
updated to incorporate data and information arising from this study.
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Section1 About this report

1.1 Background and objectives

With the current national environmental focus on greenhouse gas issues, a tendency has developed
to compare technologies on this basis, and provide financial incentives for technologies that claim
superior greenhouse performance.

However, a policy based on a single environmental impact is flawed, as there are many other
environmental impacts, which could be more detrimental to the environment. It can be argued that the
current implementation of greenhouse gas programs and incentives is distorting priorities and
compromising ecologically sustainable development (ESD) in the resource recovery sector.

Two primary principles of ESD are the ‘conservation of biological diversity and ecological integrity’,
and ‘intergenerational equity’. Soil and water resources are finite, and need to be protected for future
generations. Currently the majority of compostable organic materials generated in urban areas in
Australia are sent to landfill disposal sites. Such practices diminish soil and water resources, and are
inconsistent with the principles of ESD. The Waste Avoidance and Resource Recovery Act (2001)
defines an explicit objective of encouraging the most efficient use of resources and to reduce
environmental harm in accordance with the principles of ESD.

Composting of organic materials (e.g. food organics and garden organics) is one method of managing
these valuable materials, while at the same time adhering to the ideals of ESD. However, the impacts
(beneficial and detrimental) of composting need to be evaluated and compared with alternative
methods of organics management (e.g. waste to energy, landfill disposal, etc.) in order to understand
and compare the total environmental risks and impacts of these different management systems.

At the Recycled Organics: Expanding the Horizons conference in Queensland (November, 1999),
participants (particularly those from NSW state government agencies and local government)
expressed a strong desire for Life Cycle Assessment (LCA) modelling to be conducted to enable
informed comparison of the environmental impacts of various organics management systems.
Participants felt a strong need for objective informing upon which priorities could be argued,
established and defended.

Life cycle assessment is a valuable tool for the assessment of environmental impacts, giving
quantitative and qualitative information on resource consumption and environmental emissions of the
system investigated. Life cycle assessment provides a basis for making informed decisions with
regard to resource recovery priorities for the management of compostable organic materials. In the
context of commercial composting, meaningful cost-benefit analysis on a triple bottom line basis
cannot be provided until such time as comprehensive and relevant LCA studies have been conducted.

In response to expressed need, in 2000, the Recycled Organics Unit commissioned an LCA of organic
waste management systems (Shrestha, 2001). This study found that meaningful and relevant Life
Cycle Inventory (LCI) data for composting as a system had not been developed and was therefore not
available to inform environmental impact modelling. The conclusions drawn from this study are that
previous LCA studies involving composting systems should be considered inadequate, and that the
development of relevant and meaningful LCl data must occur prior to the conduct of future LCA
studies in this area.

Further in the past, LCA studies comparing composting systems with alternative waste management
technologies have not considered the post-application effects of adding compost to soil. Although
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some studies (e.g. US EPA, 1998; NSW Agriculture, 2002) have attempted to quantify carbon
sequestration effects, other beneficial effects of applying compost to soil have not been addressed
due to the complexity of these post-application effects. However, exclusion of total environmental
impact criteria from LCA devalues the key environmental benefits resulting from compost application,
and unfairly disadvantages composting systems in comparison to alternative technologies.

In the recent review of the Waste Minimisation and Management Act 1995 (NSW EPA, 2001), one of
the responsibilities identified for NSW Department of Environment and Conservation is developing a
way to assess new waste technologies.

In the subsequent presentation of the Waste Avoidance and Resource Recovery Bill 2001 to the NSW
Legislative Assembly, the current NSW Minister for the Environment, the Honourable Mr Debus, stated
(in relation to the identification of resource recovery options) that:

’

“...priority will depend on analytical tools, including cost-benefit and life cycle analysis’
(Hon. R. Debus, 2001)

To overcome identified obstacles and to implement the explicit NSW government objective of
establishing waste management priorities, this study aims to develop valid LCI data, and to conduct a
LCA study to inform government strategy for resource recovery.

Clearly there is now recognition that LCA has an important contribution to make to informed decision
making in terms of government strategy and priorities. LCA may also be fundamental to developing a
consistent whole of government approach to environment management and ESD.

The summary objectives of this study are therefore to

e Develop an LCA model for windrow composting systems to provide outcomes relevant to
decision making across NSW.

e To develop a comprehensive Life Cycle Inventory (LCI) for licensed windrow composting
systems in NSW, including the post-application impacts resulting from agricultural application
of recycled organics products, specifically composted mulch and composted soil conditioner.

e Conduct a transparent Life Cycle Assessment (LCA) of windrow composting systems for
specified application scenarios.

1.2 Who is the report for?

This report is intended for following groups:

¢ NSW government agencies responsible for the development of resource recovery policy and
strategy, primarily Department of Environment and Conservation NSW, NSW Department of
Primary Industries and Department of Energy, Utilities and Sustainability;

¢ Other government agencies responsible for natural resources management;
e Local government;

e Commercial composting industry, who stand to benefit from the quantification of the
environmental benefits of their operations; and

e Related researchers in areas of organics management, sustainable agriculture, natural
resource management and life cycle assessment.
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1.3 Scope of the report

Life cycle inventory data for post-application scenario has been obtained from the studies that have
used a range of organic soil amendments and mulches including composted products, biosolids,
manures, straw and other agricultural residues. All these materials are a source of organic
carbon/organic matter and when added to agriculture land can produce similar long term impact on
agricultural production systems as would composted products manufactured as per AS 4454 (2003).

This report covers the review of national and international studies, which always may not be directly
relevant to NSW soils and environmental conditions, but which provide overall insight into a range of
impacts of land application of organic materials and products.

1.4 How to use the report

This report documents LCIl data for windrow composting systems, including use of composted
products in agriculture. It analyses the various aspects of environmental impacts arising from the
production, transportation, application and post-application in step-by-step procedure.

This report provides quantified environmental impacts associated with the production, transportation,
and application including post-application of specific composted products to specific agricultural
scenarios using LCA methodology.

This report is complemented by a Life Cycle Impact Assessment (LCIA) calculator (MS Excel) that can
be applied to modelling of composts of varying characteristics and different application scenarios.

The quantified environment benefits can be used to; establish associated dollar values related to the
environmental impacts of the system for the purpose of comparative analysis of different waste
management/resource recovery systems; and to inform future industry and government policy and
strategy.

Appendices and a glossary annexed at the end of the report provide an overview of LCA methodology
and terms to further enhance comprehension of the report.

1.5 Terminology

Terms used throughout this report have been officially adopted by NSW Department of Environment
and Conservation in July 2000 as documented in the Recycled Organics Dictionary and Thesaurus:
Standard terminology for the recycled organics industry (Recycled Organics Unit, 2002b). This
document is freely downloadable from http://www.rolibrary.com.

Life cycle assessment terminology used in this report is nationally accepted and derived from the
relevant AS/NZS ISO 14040 series of international standards defining LCA methodology. The
definitions of LCA terminology are given in the Glossary of LCA Terms (Appendix 3).

A range of recycled organic products are described in this report including as composted soll
conditioner and composted mulch, these products are as defined in the relevant Australian Standard
AS 4454 (Standards Australia, 2003).
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Section 2 Introduction

2.1 Land degradation in NSW

Land degradation is one of the important environmental impacts associated with agriculture.
Significant reduction of soil organic matter (SOM) in most Australian soils due to continuous cultivation
is @ major contributor in land degradation. This low level of organic matter is often the limiting factor
affecting soil fertility, productivity and stability. A level of 2% organic matter is considered desirable
for maintaining good soil structure for agricultural activities (Greenland, 1971), but many NSW surface
soils have organic carbon levels less than 1% (Spain et al., 1983).

Total arable land suitable for crops, sown pastures and grasses was about 104,241 km? or 13% of
total NSW land area (ABS, 1996). This represents a comparatively small and non-renewable resource
base compared to European countries.

The 1997 NSW State of the Environment report has specifically identified land degradation as the
most serious land use issue affecting the state of the environment in NSW (NSW EPA, 1997). More
than 70% of the state is affected by at least one form of land degradation. Of this area, 29% is
severely to very severely affected by land degradation (NSW EPA, 1997). Note, the 2000 State of the
Environment report (NSW EPA, 2000) did not provide any such explicit statement on the significance
of land degradation in NSW.

Land degradation was responsible for at least $700 million a year in lost production in NSW (NSW
Agriculture, 1998). It is widely recognised that if steps are not taken to reverse the degradation of
these finite soil reserves, the long-term viability of many primary production industries will be severely
threatened, as will many aesthetic and biodiversity values in the state (NSW EPA, 1997).

In this context, application of composted products to agricultural lands can make a beneficial
contribution to address a range of land degradation problems. It can help to reverse the rapid rate of
soil organic matter and nutrient decline across the state by providing organic carbon and nutrients to
the soil, which is essential to redress these critical deficiencies. Soil erosion (various forms), structural
decline, nutrient decline, salinity, sodicity and acidity are the main categories of land degradation,
which may be addressed by the application of composted products.

Addition of compost increases SOM and electrolyte concentration, which improves soil aggregation,
stability of soil aggregates, reduces physical disintegration of soil aggregates by raindrop impact and
chemical dispersion (Agassi et al., 1990). Due to the stability of soil aggregates, which improves soil
structure, the application of compost prevents surface sealing, improves water infiltration and the
water holding capacity thus reducing runoff generation and soil erodibility (Bresson et al., 2001;
Albaladejo et al., 2000; Stocking and Albaladejo, 1994).

An increase in soil organic matter content also reduces the effect of soil sodicity by removing excess
sodium due to complexing sodium (Na) with soluble organic compounds and by decreasing
precipitation of calcium (Ca) resulting in a decrease in exchangeable sodium percentage (Kaur et al.,
2002; Slatterly et al., 2002; Wahid et al., 1998; Churchman et al., 1993; Sekhon and Bajwa, 1993).
Application of organic matter also enhances migration of Na to lower soil layers due to the increase in
porosity resulting from improved water stability of aggregates (Sekhon and Bajwa, 1993; Wahid et al.,
1998). Therefore, organic matter application effectively modifies the effect of exchangeable sodium in
soils.
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The use of compost has also been shown to ameliorate soil acidity due to its proton consumption
capacity and ability to complex aluminium (Al) ions (Mokolobate and Haynes, 2002; Van den Berghe
and Hue, 1999; Pocknee and Sumner, 1997).

Other positive effects of using composted products on agricultural soils include improvement in
biological activity (Broken et al., 2002), cation exchange capacity (Shiralipour et al., 1992), macro and
micronutrients availability (Movahedi and Cook, 2000), and the suppression of soil borne diseases
(Alvarez et al., 1995;Tilston et al., 2002).

The negative effects of using some composted products on agricultural soils can include an increase
in heavy metal contents and contamination with organic compounds such as polychlorate biphenyl,
phenols, aromatics and organic acids (Gallardo-Lara and Nogales, 1987). However, this report
addresses only composts that comply with the requirements of the relevant Australian Standard AS
4454 Composts, soil conditioners and mulches (Standards Australia, 2003) and are considered
suitable for unrestricted application (NSW EPA, 1997a), therefore heavy metals and other chemical
compounds referred to here are not considered relevant to this study.

2.2 Windrow composting systems

Turned windrow composting systems are the dominant form of composting in Australia, particularly for
garden organics material. However, at least eight different forms of composting systems are available
for processing a wide range of compostable organic materials. Nevertheless, when only the
composting process itself is considered, most systems are variations of a common theme (Recycled
Organics Unit, 2002a).

The composting process is a complex process of biological transformation governed by the activity of
naturally occurring microorganisms, and involving highly variable heterogenic substrates (materials).
In the process, organic materials provide the substrate to produce fully mineralised products such as
carbon dioxide (CO,), water (H,O), ammonium (NH,"), and stabilized compost products (organic
matter dominated by humic substances) that are heavily populated with competitive microbial biomass
and ash (Chefetz et al., 1996). Hence, the aim of all composting systems is to efficiently manage this
process of biological transformation by manipulating temperature, oxygen and moisture of the
composting mass through a variety of mechanisms.

Windrow composting is a process for aerobic (aerated) and thermophilic (hot) biological transformation
of organic materials. The process generates heat that destroys pathogens and produces stabilized
compost products for use as a mulch, soil conditioner and topsoil additive. It involves the formation of
horizontally extended piles of organic materials by a front-end loader, and the periodic turning of the
piles by loader or purpose built windrow turner to mix materials and reduce the density of the
composting mass, thereby allowing increased passive air movement (via convection and gaseous
diffusion) into the composting mass. Extended piles are generally 1.5 to 3 m in height, 3 to 6 m wide,
and up to any length, length being limited by the scale of composting facility (Recycled Organics Unit,
2002a). The mass of organic material (windrow) is then monitored, and managed only by watering
and periodic mechanical turning for aeration. This method is simple, non-intensive, has relatively low
capital cost, and is commonly used by farmers, municipalities, and waste processing centres in
Australia and around the world. The generic stages in a windrow composting operation are identified
in Figure 2.1.
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Plate 2.1 Garden organics (a) can be processed in windrows (b) to make composted products.

(a) (b)

Plate 2.2 Clean garden organics are unloaded (a) and shredded by a tub grinder (b) before
composting.

(a) (b)

Windrow composting can be used to process residual garden organics, food organics (food waste),
paper and cardboard, agricultural residuals and biosolids (sewage sludge). The process of
composting begins with collecting, receiving, sorting, and storing compostable organic materials (raw
materials). These steps are then followed by size reduction, mixing and windrow formation. The
compostable organic materials must be screened or hand picked for non-biodegradable materials
(contaminants), and then chipped, ground, or shredded into acceptable particle size to increase the
rate of decomposition. The high-carbon, dry wood and paper materials are usually mixed in equal
proportion with high-nitrogen, high-moisture grass clippings and food materials to provide balanced
nutrition for the organisms of decomposition. Materials are mixed using a front-end loader, or paddle-
blade mixer to distribute the carbon and nitrogen rich materials evenly throughout the composting
mass. The material is then formed into windrows to decompose.
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Figure 2.1 Windrow based aerobic composting flow chart (modified from Recycled Organics Unit,
2001).
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Windrows can be placed directly on soil or paved area, according to requirements of the applicable
licensing regime. The land requirement for a windrow composting facility depends on the volume of
material processed. Generally, all the materials handling and windrow formation can be accomplished
with a front-end (wheel) loader. Purpose built windrow turners can provide additional size reduction
function and operational efficiencies.

Plate 2.3 Making (a) and turning (b) of windrows by specialized purpose built windrow turners.

(@) (b)

The microbial decomposition of organic waste is controlled by environmental factors affecting
microbial activity within the windrow piles. Aeration and moisture are two very important factors
influencing the microbial activity. Temperature and aeration control is managed by physically turning
the composting mass by either a front-end loader or specialised windrow turner.

Oxygen levels and temperature are maintained within a specific range to provide optimum conditions
for the microorganisms that are responsible for decomposition. The temperature must be high enough
(50-55°C) to kill pathogens and weed seeds, but not so high as to kill the beneficial organisms. The
decomposition process produces heat, and the insulation properties of the organic material results in
heat being generated at a greater rate than the rate of heat loss from the windrow. Well-aerated and
properly mixed compost piles formed from an appropriate mixture of organic materials do not produce
unpleasant odours.
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As the microorganisms start decomposing the organic fraction, they generate heat resulting in a rise in
temperature of the pile. The temperature in the middle of a windrow composting system can reach as
high as 70°C depending on the size of the pile or system, its moisture content, aeration and availability
of substrate for microbes. If the temperature reaches to 65-70°C, the microorganisms die off and the
decomposition slows down. Eventually the temperature of the pile drops due to slowing of the
composting process when microorganisms use (consume) up most of the readily decomposable
materials (“food”). The highest rate of decomposition occurs at temperatures between 50-55°C.
Therefore, aeration (by turning) is important to maintain the temperature around this range to
maximise the rate of decomposition and to ensure pasteurisation (kiling of weed seeds and
pathogens). Oxygen level of 10-14%, moisture content of 50-60% and carbon to nitrogen (C:N) ratio
of the composting mixture within an acceptable range are the other requirements to maintain a
windrow pile under optimal composting conditions (Recycled Organics Unit, 2002a).

Windrows are aerated by natural or passive air movement (convection and gaseous diffusion)
between turnings. The rate of air exchange depends on the porosity of the windrow. Therefore, the
size of a windrow that can be effectively aerated is determined by its porosity. If a windrow is too
large, anaerobic zones may form near its centre, which release odours when the windrow is turned
(Rynk, 1992).

Turning procedures used in mechanically turned windrows help to:

e Distribute materials more evenly throughout the composting mass,
e Mix materials,

e Rebuild the porosity of the windrow,

e Release trapped heat, water vapour and gases, and

e Replenish oxygen levels.

Equipment used in windrow composting operations may include front-end loaders and/or windrow
turning machines, shredding and screening equipment, and bunded pads for windrow placement.
Each of these mechanical components of the system consumes fuel and contributes to the
greenhouse gas (GHG) emissions from a facility, either during their construction and/or while they are
operated in the management of the composting facility. The equipment used in the turning process,
area available and the nature of the compostable organic material being processed determines the
size, shape and spacing of windrows (Jackson and Line, 1998; Rynk, 1992).

Following the composting period, the windrows are broken down and reconstructed into curing piles
for additional aging and drying of the material as required. Curing compost improves stability and
prevents odours or other nuisances developing while the material is stored. The curing phase
requires significantly less management than the active composting phase. Minimal odour generation
occurs during this phase.

After curing, the compost can be screened to a range of specific particle size gradings (soil
conditioner, fine mulch, coarse mulch) and/or blended with a range of amendments to produce value
added products such as potting mixes, depending on the requirement of the relevant market. The
scope of this study does not extend to the blending of value added products, this study addresses the
production of composted soil conditioners and mulches, and therefore only the process of screening
for particle size grading is included in relation to value adding processes.
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Plate 5.3 Front-end loader used for turning windrows (a) and screening of end product (b).

(a) (b)

2.21 Land application of composted materials

The windrow composting system does not end with the production of the compost, but continues with
the application of composted material to the soil, and the ongoing impacts that result from such
application. Compost has many beneficial post-application impacts, which are discussed in detail in
Section 7. These benefits primarily arise from the addition of organic matter to the soil and the
reduced need for soil chemical and other additives.

Application rates of compost vary, but in general more than 10 tonnes per ha of composted soil
conditioner is required to have some influence on soil properties.

Plate 6.2 Tractor drawn manure spreader used for the application of compost.

Department of Environment and Conservation NSW 25



Life Cycle Inventory and Life Cycle Assessment for Windrow Composting Systems

2.3 Composition of composted products in NSW

The composition of composted products varies with the composition of the raw materials from which
composts are produced. Since a variety of organic materials can be used to make compost (residual
garden organics, food organics, biosolids, wood and timber, paper products, agricultural organics,
etc.), knowledge of the physical and chemical characteristics of the specific compost products, and
their respective application rates is critical to the study their post-application impact on environment.

This study identifies the impacts/avoided impacts of the agricultural application of the following
composted products:
1. Composted mulch: a relatively low nutrient composted mulch compliant with specification in
Australian Standard AS 4454 (Standards Australia, 2003), and produced from 100% garden
organics.

2. Composted soil conditioner: a relatively high nutrient composted soil conditioner compliant
with specification in Australian Standard AS 4454 (Standards Australia, 2003), and produced
from either:

¢ A mixture of garden organics and food organics; or
e A mixture of garden organics and biosolids.

Table 2.1 shows the physical and chemical characteristics of the composted products considered in
this study. The composition of composted products for the purpose of this study is based on
commercially available mature compost products that are produced at facilities with strict quality
assurance procedures (Table 2.1), and that comply with Australian Standard AS 4454 (Standards
Australia, 2003).

Table 2.1 Physical and chemical properties of composted products.

Product types Composted soil Composted mulch
conditioner
Particle grading (mm) 0-15 15-35
pH 6.5-8.0 55-6.5
EC (dSm™) 1.0-35 1.2-2.0
Bulk density (kg/m®) 950 480 — 540
Moisture content (%) 40 20-25
Water holding capacity (%) 50 - 60 10-20
Organic matter (%dry 55-75 75-95
matter)
Total N (% dry matter) 1.0-2.0 02-04
Total P (%dry matter) 0.1 -0.9 0.1-0.3
Total K (%dry matter) 0.1-0.3 0.1-0.2
Total Ca (%dry matter) 0.3-0.9 01-04
Total Mg (%dry matter) 0.08 - 0.1 0.08 - 0.1

Source: Australian Native Landscapes Pty. Ltd. (NSW), and Natural Recovery Systems (VIC).

2.4 Compost application scenarios
Vegetable, fruit, meat, grain, oil and fibre products exported from the rural sector for consumption in

urban and metropolitan areas are produced through the management of finite soils reserves, with the
injection of fertiliser, water and other inputs. Return of these organic resources, particularly nutrients
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and organic matter, back to agricultural soils is vital if the very serious issue of widespread land
degradation and losses in farm productivity are to be reversed in NSW.

Recycled organic products categories such as surface mulches and soil conditioners have been
identified having high demand potential in agriculture (NSW Waste Boards, 1999). Utilization of
available residual organic materials in agriculture therefore provides an option to reduce fertilizer use,
promote soil remediation, improve ecological integrity and biological diversity, and avoid pollution. In
this context, composting processes should be recognised for their potential to convert organic
materials into compost products that can make a significant contribution to resolving some of the
problems facing agricultural and environmental management sectors in NSW.

The land degradation issues such as soil erosion (various forms), structural decline, nutrient decline
and salinity and sodicity are more pronounced along the Murray-Darling river basin of NSW due to the
continuous cultivation over a long period. This study therefore recognises the Murray-Darling river
basin of NSW as a potential beneficiary of the application of compost products generated in urban
areas of NSW.

The current situation (such as impacts of agricultural production systems on soils and landscape,
availability of crop residues, land area under cultivation, the value of the crop, and gross margins) and
potential of compost application in major agricultural production systems in NSW has been analysed
to prioritise agricultural production systems for this study (Table 2.2).

This analysis has identified that the application of composted soil conditioner in cotton production, and
the application of composted mulches in grape production systems as the most relevant context for
this study. This analysis has been based on the criteria provided below:

e Affordability (i.e. cost of production, crop value per hectare, gross margin);

e Area under cultivation (particularly irrigated cultivation);

e Soil remediation value to the farming system (i.e. status of soil, irrigation inefficiency and
related soil problems);

e Logistics of transport (back loading potential) and low risk associated with potential transport
cross contamination; and

¢ Availability of relevant research findings.

The main criteria for selecting cotton and grape production systems were high value crops, high gross
margin, limited crop residues and variation in transport distances. In addition, previous studies have
identified viticulture as having the greatest market potential for RO products in intensive agriculture
(NSW Waste Boards, 1999). In relation to broadacre agriculture, the high gross margin, high level of
production inputs, limited relative availability of crop residues, and variation in transport distance
(relative to viticulture) supports the selection of cotton production for the purpose of this study. This
study therefore will focus on two agricultural production systems and two product categories as
provided below. Many of the findings from this study can be extended to other agricultural systems
(i.e. cereals, oil crops, etc.).

1. The soil incorporation of 12 t ha™ per year of composted soil conditioner to broadacre

agriculture cotton production systems.

2. The surface application of a 10 cm deep and about 50 cm wide (equivalent to about 75 t ha'1)
composted mulch approximately every 3 years to intensive agriculture grapevine production
systems.

These application rates have been selected after direct consultation with key researchers and
composting enterprises directly involved in land application of compost products in agriculture, and on
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the basis of the review of literature in subsequent sections of this report. At this point, it is neither
possible, nor critical that the application rate be absolutely correct, simply that it be within a
reasonable and viable range as the resulting LCA modelling will allow for variation in application rate.

Table 2.2 Summary of application scenarios considered for this study, as relevant to criteria for
prioritising application (Source: Farm Enterprise Budget (2001/2002), NSW Agriculture and ABS,
2001).

Agricultural Current situation Viability of RO
Practice product
application
Cereals - Significant impacts on soils and landscape Unlikely

- Availability of crop residuals from stubble retention
- Low value crop with relatively low input system

- Large area under cultivation

- Area (NSW) -4,543,000 ha

- Gross margin - 100 — 800 $/ha

Oil crops and - Mostly included in crop rotations with cereals Unlikely
legumes - Availability of crop residuals from previous crops
- Low value crop with low input

- Area (NSW) - 773,000 ha

- Gross margin - 100 — 600 $/ha

Fibre crops - High impact on soil and landscape Possible
(cotton) - Depreciation of soil organic mater at high rates
- Low irrigation efficiency with salinity and sodicity trends
- High value crop under irrigated conditions
- Rising world prices
- High possibility of backloading
- Less cross contamination during backloading
- Cotton products are exposed to further processing
- Area (NSW) - 268,000 ha (irrigated), 66,000 (rainfed)
- Gross Margin - 700 — 1,250 $/ha under irrigation
100 — 350 $/ha in dryland production

Pasture & - Generally used as a part of any crop rotation Unlikely
grasses - Usually have significant levels of organic matter if
managed

- Low value crop
- Area (NSW) - 6,400,000 ha
- Gross margin — 100 — 350 $/ha

Sugarcane - High impact on soils and landscape Unlikely
- Availability of organic matter through green cane
- Harvesting and thrash mulching

- Low value crop

- Area (NSW) - 20,000 ha

- Gross margin - 150 - 350 $/ha

Grapes - Prone to soil erosion Possible
- Chemical weed control and irrigation inefficiencies
- High possibility of backloading

- High value crop

- Area (NSW) — 32,269 ha

- Gross margin — 6,000 — 14,000 $/ha

241 Cotton production

The cotton growing areas of NSW are scattered between the Queensland border and Lachlan Valley.
Most cotton is irrigated (80% of the total area under cotton). Little or no crop residue is returned to the
soils under irrigated cotton, though some measures have been recently taken in this regard.
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Cotton has poor tolerance of waterlogging, therefore cotton soil needs to have good porosity for
infiltration and internal drainage to allow adequate water entry, and to encourage root exploration by
quickly re-establishing aeration after irrigation and rainfall (NSW Agriculture, 1998). The alluvial soil
types, black earths and the better structured grey and brown clays with their extensive cracking
enabling vigorous root growth and provide favourable conditions (NSW Agriculture, 1998).

Most cotton growing areas in Australia are dominated by clay soil (black earths and grey and brown
clays). Cracking clay soils are resilient and regenerate their structure by shrinking and swelling: a
phenomenon called “self mulching” due to their high smectite content, while alluvial soils maintain the
soil structure due to their high organic matter content (NSW Agriculture, 1998). In the Macquarie
Valley, and to a lesser extent in the Namoi and Gwydir Valleys, cotton is grown on red brown earth
soils (NSW Agriculture, 1998). Red brown earths are difficult to repair due to structural decline and
limited inherent capacity to regenerate and these soils commonly develop hard setting surfaces and
saline and sodic conditions.

This study focuses its findings on the application of composted soil conditioner to red brown earth soils
under irrigated cotton cultivation for the development of relevant life cycle inventory data. It provides a
very useful case study context that is relevant to the objectives of this study, to the development of
agricultural markets for compost, and is widely relevant to the broader Australian agricultural context in
terms of the application of composted soil conditioner to broad acre cropping scenarios. The findings
of the study therefore may be readily extended to other soil types under cotton cultivation, since
problems such as structural decline, soil compaction, salinity and sodicity are common to all cotton
growing soils to a certain extent, and beyond that to other broadacre cropping systems in Australia,
particularly in the Murray-Darling basin.

24.2 Grape production

This study also considers the application of composted mulch on vineyards on the basis of affordability
(Table 2.1), soil remediation value, logistics of transport (back loading potential), and availability of
relevant research findings.

Grapes are grown throughout the state of NSW from Moree to Dayton, Tenterfield to Tumbarumba,
and Port Macquarie to Mudgee (Anthony Somers, District Horticulturist, NSW Agriculture, Tocal). Total
area occupied by viticulture in NSW was 34,559 hectares that included grapes planted after the 2000
harvest and were not fruit bearing at the time of survey (ABS, 2001).

Grapevines perform best in terms of fruit, productivity and ease of management on red soils (Browne,
1994). The ideal soil is red loam to clay loam, over well-structured red clay, but any well-drained
subsoil is suitable (NSW Agriculture, 1995).

Numerous recent studies have identified viticulture production in the intensive agriculture sector as
having high demand potential for application of composted mulches (Recycled Organics Unit, 2002c),
and increasing use of composts in the viticulture sector is currently a key project area for NSW
Department of Environment and Conservation.
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Section 3 Life cycle assessment (LCA)

3.1 LCA background

Life cycle assessment (LCA) provides a framework and methods for analysing and assessing the
environmental aspects and the potential impact of a material, product or service over the entire period
of its life cycle. The scope of the assessment encompasses extraction and processing of raw
materials, manufacturing and assembly processes, product distribution, use, re-use, maintenance,
recycling and final disposal (Kniel et al., 1996; Nash and Stoughton, 1994). Life cycle assessment is a
‘cradle to grave’ approach that reviews the environmental effect of the aforementioned processes in a
holistic manner (Barton, 1996).

The origin of the LCA methodology can be traced to the late 1960 (Miettinen and Hamalainen, 1997).
Initial studies were simple and generally restricted to calculating energy requirements and solid
wastes, with little attention given to evaluating potential environmental effects. The general framework
for the LCA methodology changed over the years. Since 1990, attempts have been made to develop
and standardise the LCA methodology under the coordination of the Society of Environmental
Toxicology and Chemistry (SETAC) (Udo de Haes, 1993). In 1993, SETAC published a ‘Code of
Practice’, which presents general principles and a framework for the conduct, review, presentation and
use of LCA findings (SETAC, 1993). An international standard for LCA put together by the
International Standardisation Organisation (ISO) has recently emerged and is undergoing evaluation
and revision (Burgess and Brennan, 2001). The methodology framework for ISO is similar to that for
SETAC with some differences for the interpretation phase, where ISO has included further analysis
and sensitivity studies. The ISO standards, recently produced are

e ISO 14040 covering LCA within environmental management,

e ISO 14041 covering inventory analysis,

e |SO 14042 covering impact assessment, and

e ISO 14043 covering interpretation.

The life cycle assessment framework identified in these 1ISO series of international standards forms the
basis of this study.

3.2 LCA methodology

The technical framework of AS/NZS ISO 14040 (1998) has been used to conduct this LCA study,
which is shown in Figure 3.1. The major components of LCA are:

e Goal and scope definition,

e Life cycle inventory analysis (LCI),

e Life cycle impact assessment (LCIA), and

¢ Interpretation phase.

These components have been widely used in the evaluation of environmental performance of products
or systems. A system is defined as a collection of operations that together performs some clearly
defined function. Phases in an LCA are interdependent, as the development and completion of LCA
studies is iterative and requires refinement at all levels as new information is generated and/or
processed.
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Figure 3.1. Phases of an LCA (AS/NZS ISO 14040, 1998)
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3.21 Goal and scope definition

The development of a clearly defined goal and scope is the first phase of an LCA. It is necessary that
the intended application of the study, the reasons for carrying out the study and the intended audience
be stated beforehand. During this phase, the context and depth of assessment of the study is
identified. This initial step also determines the boundary of the study. An accurate description of the
system boundary is very important because data collection is contingent on proper understanding of
where each stage of the life cycle begins and ends. Furthermore, a reference unit, to which all the
environmental impacts are related, has to be defined. According to the LCA terminology this reference
unit is called a functional unit. A functional unit is the function or service that a system provides — for
use as a reference point to make comparisons of environmental impacts. An appropriate functional
unit for composting processes is the treatment of a specified amount of compostable organics over a
specified period.

The goal of the LCA in this study is to quantify and to evaluate the environmental impact of windrow
composting systems. Receival, processing, transportation and the application of composted products
are the functions of the product system considered here. All the environmental impacts are related to
the processing of municipally collected, source separated garden organics materials, and the
subsequent land application of the composted products as listed below:

1. Composted mulch: a relatively low nutrient composted mulch compliant with specification in
Australian Standard AS 4454 (Standards Australia, 2003), and produced from 100% garden
organics.

2. Composted soil conditioner. a relatively high nutrient composted soil conditioner compliant
with specification in Australian Standard AS 4454 (Standards Australia, 2003), and produced
from either:

¢ A mixture of garden organics and food organics; or
e A mixture of garden organics and biosolids
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One product tonne (Mg) of municipally collected, source separated garden organics materials used in
the production of above composted products is considered as the functional unit for this analysis.
Equally, the resulting LCI data may be used for modelling using a functional unit of one tonne of
composted product. The reference system and its boundaries for this analysis are depicted in the
Figure 4.1 of Section 4. This study follows the guidelines given in AS/NZS ISO 14040 (1998) for
defining the goal and scope.

When describing components in the composting system, a number of levels/scales are considered.
These are identified in Figure 3.2. This method of classifying components in the system is used
throughout the study.

Figure 3.2 Levels/scales in the composting model.

Composting system The entire system- from collection of compostable

organics to the post-application effects of adding compost
to sail

Sub-system Feedstock receival is one example of a sub-system

: Sorting; removing contaminants, stockpiling etc.
Unit process

A clear understanding of the following aspects is very important in the goal and scope definition phase
of a LCA (AS/NZS ISO 14040, 1998):
e The functions of the product system (i.e. receival, processing, application),
e The functional unit (i.e. one tonne of source separated organic mixture),
e The product system to be studied (the summary of the system as a whole),
e The product system boundaries (what is included and excluded),
e Allocation procedures (methods of allocating data to different processes in the system),
e Types of impact and methodology of impact assessment (the main environmental impacts
considered in the study and how they are assessed),
e Data requirements (what data is required to identify the impacts of the system),
e Assumptions (assumptions made when creating system boundaries, using data sources/types
etc.), and
e Limitations (any limitation associated with the overall approach used to identify the total
environmental impact of a system).

3.2.2 Life cycle inventory analysis (LCI)

Life cycle inventory analysis (LCI) is a technical process that identifies and quantifies energy and
resource consumption, and environmental releases to air, water and land throughout the life cycle of a
product or system (AS/NZS I1SO 14041, 1999). The following description of LCl is based on AS/NZS
ISO 14041 (1999).

In LCI, the energy and resource use and emissions are considered for various processes in a system,
including:

e Acquisition of raw material from earth,

e Processing and transformation of raw materials to final products,
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e Production and consumption of intermediate products,

e Transportation of raw and finished products, and

e Final disposal of any waste produced during the processing period and at the end of the life of
the product.

An iterative process is used throughout the LCI, allowing for the refinement of system boundaries and
life cycle stages or unit processes. This will limit further data handling to significant data only
(increasing efficiency).

There are several phases to the LCl process:
e Initial preparation,
¢ Data collection, and
e Calculation procedures.

The initial preparation phase requires that a very clear understanding of the studied system be
established. For the purpose of data collection, it is appropriate to view the system as a series of sub-
systems or unit processes. Each unit process has energy and resource requirements. Likewise each
unit process contributes to environmental emissions through different activities. These need to be
clearly identified and documented.

Once the components in the system have been identified, it is necessary to describe data collection
techniques for each unit process. At this point, any special issues or irregularities in data requirements
are documented. Inventory data for the system can be obtained from a number of sources including:

e Literature,

e Specific studies/reports,

e Laboratory investigations,

e Industry organisations, and

e Government bodies.

Depending upon study data requirements (influenced by system boundary) and the accessibility of
appropriate information, collecting data comprises a major part of the LCI process. The steps required
for data collection may vary because of differences between individual unit processes. Therefore, LCI
requires clear documentation of procedures used and associated reasons for their use.

Data manipulation/calculation is a required step used to create inventory data during the LCI phase.
Often data for different components or unit processes is obtained from a range of sources that may
not be compatible with the functional unit(s) used in a study. Consequently, data needs to be modified
to suit the purpose of the study. A simple example would be having to change the units of measure of
data — if data is initially on a per kg basis, it may be necessary to convert it to a per tonne basis, as
may be used for the functional unit of the study. Similarly, measures of electricity may have to be
converted from kWh to MJ or vice versa depending upon the standard measures used throughout the
study. Data may also be aggregated where unit processes or functions result in similar impacts. The
Sections 2.1 to 2.6 (Appendix 1) give detail descriptions of phases involved in LCI.

3.2.3 Life Cycle Impact Assessment (LCIA)

Life cycle impact assessment (LCIA) is used to characterise and assess the effects of resource
consumption and environmental loadings identified in the inventory stage. The following description
on LCIA is based on the AS/NZS ISO 14042 (2001).
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Impact assessment is carried out in three different phases:
e C(Classification,
e Characterisation, and
e Valuation.

The classification phase requires the allocation of all resource inputs and environmental emissions
(identified in the LCI) to a range of impact categories depending upon what type of environmental
issues they contribute to. Internationally accepted impact categories typically include global warming,
ozone depletion, photo-oxidants formation, eco-toxicity, eutrophication, energy, acidification, and
human toxicity (Environment Australia, 2001). Where possible impact categories are also based upon
indicators of environmental health, as identified in the Environment Australia, “State of the
Environment Reporting” document (Environment Australia, 2001). Environmental indicators are
“physical, chemical, biological or socio-economic measures that best represent key elements of
complex ecosystems or environmental issues” (Hamblin, 1998). The use of nationally accepted
environmental indicators and associated terminology will facilitate comprehension of issues presented
in the LCA.

Allocation procedures need to correspond with the goals and scope of a study. In some instances LCI
emission data can be allocated to more than one impact category if it is required by the goal and
scope of the study. For example, nitrous oxide contributes to global warming as well as acidification
and eutrophication.

The characterisation phase is a quantitative process where the contribution of each type of emission
and resource consumption to different impact categories is determined. The calculation involves the
conversion of LCI results to common units and the aggregation of the converted results within the
impact category. This conversion uses characterisation/equivalency factors.
Characterisation/equivalency factors are developed from characterisation model relevant to
environmental mechanism of each impact category. Characterisation/equivalency factors have been
developed within the LCA framework to identify how much a substance contributes to a particular
environmental impact category compared with a reference substance. For example, nitrous oxide
contributes 310 times more to global warming than carbon dioxide. Thus the quantity of nitrous oxide
released by a system is multiplied by 310 to derive a carbon dioxide equivalent global warming figure.
Carbon dioxide is used as a reference substance for GWP. In some instances these converted results
are ‘normalised’ to better understand their relative magnitude.  Normalisation involves the
transformation of a result by dividing it by a selected reference value. For example, total emissions or
resource use for a given area (global, regional or local), total emissions or resource use for a given
area on a per capita basis etc.

Valuation or weighting is the last stage of LCIA phase and involves converting impact category results
using numerical factors based on value choices. Weighting is achieved by:

e Converting impact category results or normalised results with selected weighting factors; or

e Aggregating these converted results or normalised results across impact categories.

Weighting is used to facilitate decision-making processes by aiding with comparisons of overall
impacts of products or systems studied. The weighting process is, however, not widely used in LCA
methodology due to problems associated with weighting factors. Assigning weighting factors is a
subjective process and varies with geographical location, and the extent and type of environmental
problem. A detailed description of phases involved in LCIA is given in Sections 3.1 to 3.10
(Appendix 1).
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3.2.4 Interpretation phase

The objectives of the life cycle interpretation phase are to analyse results, reach conclusions, explain
limitations and provide recommendations based on the findings of the preceding phases and to report
the results of the life cycle interpretation in a transparent manner (AS/NZS ISO 14043, 2001).

The following steps are usually taken to determine and to enhance the confidence and the reliability of
the results of the study including any significant issues identified (AS/NZS 1SO 14043, 2001):

o Completeness check — ensures that all relevant information and data needed for the
interpretation are available and complete.

e Sensitivity check — assesses the reliability of the final results and conclusions by determining
whether they are affected by uncertainties in the data, allocation methods or calculations of
impact category results.

o Consistency check — determines whether assumptions, methods and data are consistent with
the goal and scope of the study

By addressing data quality and other issues (via the above checks), the following is achieved (AS/NZS
ISO 14043, 2001):
¢ I|dentification of the significant issues.
e Drawing of conclusions and checking that they are consistent with the requirements of the
goal and scope of the study.
e Making recommendations based upon the findings of the study.

A detailed description of the interpretation phase is given in Sections 4.1 to 4.4 (Appendix 1).

3.3 Selected impact categories, category indicators and models
There are a number of impact categories associated with windrow composting systems that are
considered in this study and include:

e Global warming,

¢ Human and eco-toxicity,

e Resource depletion,

e Eutrophication, and

e Landuse.
Impacts of post compost applications that could not be categorised under the above stated impact
categories have been presented as avoided loads under the following headings:

e Reduction in requirements of irrigation water,

e Reduction in requirements of fertilisers, and pesticides,

e Reduction in soil erosion,

e Carbon sequestration,

e Improvement in soil health (soil structure), and

¢ Remediation of saline and sodic soils.
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Life cycle inventory data have been developed and classified under each of these category using
existing environmental indicator classifications, as described in the State of the Environment Report by
Environment Australia (Environment Australia, 2001) and provided in Appendix 2. The use of
consistent national terminology will facilitate comprehension of impacts discussed, and support future
comparative analysis of environmental impacts of technologies and systems in an Australian context.

This study quantifies the environmental impacts associated with the composting process from the
point at which compostable organic materials are delivered to a commercial composting facility, to the
agricultural application of the resulting composted product, including post-application impacts and
benefits. If quantification is not possible, the relevant environmental impact is addressed qualitatively.

3.3.1  Energy consumption

Modern agricultural production is largely dependent
on non-renewable energy and imported resources.
Direct energies (i.e. energy carriers) are essentially
used for their energy properties and thereby assessed
on the basis of their energy content. In contrast,
indirect energies (such as fertilizers, pesticides and
machines) are assessed on the basis of the energy
required for their use according to the production
inventory. Energy could be defined into different
categories such as process energy, inherent energy,
and production and delivery energy (Audsley et al.,
1997). Process energy is the energy input required and consumed by the considered process to
operate within the process phase. Inherent energy (feedstock energy) is the extracted energy that
remains in the product after its production and delivery to its site of use. Production and delivery
energy is the energy input into the processes, which extract, process, refine and deliver energy and
material inputs to a process.

In LCA studies, energy analysis takes into consideration the energy consumed and energy gained in
the system per functional unit. The inherent energy of commonly used energy carriers is listed in
Table 3.1.

Table 3.1 Energy content in energy carriers.

Energy carrier Inherent energy
(MJ kg™)
Diesel 42.8
Hard coal 271
Natural gas 46.1
Oil 42.7
Electricity 1 MJMJ”

Source: Audsley et al. (1997)
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3.3.2 Greenhouse effect

A build up of greenhouse gases (GHG), mainly carbon dioxide
(CO,), methane (CH4;) and nitrous oxide (N,O), in the
atmosphere is causing temperature to rise due to the
absorption of long-wave radiation re-transmitted by the earth
surface by these gases (Recycled Organics Unit, 2001b).

International protocol has established carbon dioxide as the
reference gas for the measurement of the heat-trapping
potential [global warming potential (GWP)] of GHGs. Global
Warming Potentials are expressed as CO, equivalents
(relative to the GWP of unit mass of CO;). The GWP of
carbon dioxide, methane and nitrous oxide are summarised in
Table 3.2. Emissions of these gases are also converted to
their ‘carbon equivalents’ on the basis of carbon fraction in carbon dioxide (C = 12/44 CO,) (Recycled
Organics Unit, 2001b).

The GWP of gas emissions may be expressed in terms of delayed time (20, 100 or 500 years) after
initial emission. In most instances the gas impact subsides as time is projected — it is also discounted,
as future impacts are less certain.

Carbon sequestration is the opposite of GHG emissions. Carbon is removed from the carbon cycle (or
from the atmosphere) and added to a carbon sink. A carbon sink is a point in the carbon cycle where
carbon is stored for a long period of time. While carbon is stored, it is not in the atmosphere
contributing to the greenhouse effect. Examples of carbon sinks include soils, forests and oceans
(Recycled Organics Unit, 2001b).

The United Nations has established a Framework Convention on Climate Change. Only those
greenhouse gas emissions resulting from anthropogenic sources (from human activity) are accounted
for in this framework. Emissions that are generated from biogenic processes (emissions that occur
naturally, or would have happened during the natural decomposition process) are excluded from the
analysis (Recycled Organics Unit, 2001b).

Table 3.2 Global warming potential and related carbon equivalents of GHGs.

Greenhouse Quantity Global warming Carbon equivalent
gas (kg) potential (kg of carbon)
(COz eq.)
Carbon 1 1 0.27
dioxide
Methane 1 21 5.67
Nitrous oxide 1 310 83.7

Source: US EPA (1998)
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3.3.3 Photochemical oxidant formation

Photochemical oxidants are trace species that
are formed during the photo-oxidation of volatile
organic compounds (VOCs), carbon monoxide
(CO) and oxides of nitrogen (NO,). Examples
include ozone (Oj3), hydrogen peroxide (H,O,)
and peroxy acetyl nitrate (CH3C(O)OONO,, PAN)
(Kley et al.,, 1999). Among these, the pervasive
surface level of Os is considered to be the most
important (McKee, 1994; National Research
Council, 1992). Ozone is photochemically
produced in the troposphere through oxidation of
CO and VOCs in the presence of NO, (Kley et al., 1999). The gas phase chemistry of photooxidant
formation is difficult, because many VOCs of anthropogenic and biogenic origin are emitted into the
atmosphere (Kley et al., 1999).

The prevalence of tropospheric photochemical oxidants is of major international concern, because of
their adverse effects on human health and the environment (US EPA, 1996). They are respiratory
irritants that cause physiological effects, lung inflammation and disruption or death of cells along the
respiratory tract (Kley et al., 1999). They also reduce the plant growth and productivity (Kley et al.,
1999).

In urban and industrial areas, many VOCs, CO and NOy are emitted from anthropogenic sources, such
as transportation, fossil fuel-burning power plants, chemical plants, petroleum refineries, certain
construction activities, solid waste disposal and slash burning (Arya, 1999; Davis and Otson, 1996). In
addition to the anthropogenic sources, many VOCs are produced naturally by vegetation (Arya, 1999).

The concept of Photochemical Ozone Creation Potential (POCP) is used to quantify the contribution of
each photochemical oxidant to ozone formation (Andersson-Skold et al, 1992). Photochemical
Ozone Creation Potentials are expressed as ethylene-equivalents (ozone formation due to unit mass
of photochemical oxidant relative to the ozone formation by unit mass of ethylene). Table 3.3 shows
POCPs of some common emissions. As a result of changing spatial patterns of the ozone
photochemistry, POCPs are not fundamental, geophysical quantities but are derived quantities
depending on rate coefficients, solar actinic radiation, dry deposition velocities and environmental
variables (Derwent et al., 1996; Lindfors et al., 1995).

Table 3.3 POCPs for characterising photo-oxidant forming releases to air.

Substance (kg) POCP at high NO, background
(ethylene eq.)

Carbon monoxide 0.027

Nitrogen dioxide 0.028

Sulphur dioxide 0.048

Ethylene 1.0

Methane 0.006

Source: Guinée et al. (2001)
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3.3.4 Human and Eco-toxicity

3 Toxic substances released during production and application of

; :r ] compost, fertilizers, pesticides, biocides etc. may be toxic to humans

11 £ and the environment. These releases may be gaseous, liquid or solid.

E 3 Human exposure to these chemicals through food, air, water and soil

TR Il;! ; causes health problems. These chemicals also have ecotoxicological
i, impacts on aquatic, terrestrial and sediment ecosystems and could

=y decrease biodiversity. A variety of characterization methods are
available to measure the human and eco-toxicity impacts of these
substances. These impacts are generally referred to human toxicity potential (HTP) and eco-toxicity
potential (ETP). Human Toxicity Potentials and ETPs are usually based on the impact of a reference
chemical on human and ecosystems. The toxic potentials are substance-specific, quantitative
representations of potential impacts per unit emission of a substance that can be used as weighing
factors in aggregation of emissions coming from life cycle inventories (Huijbregts et al., 2000). For
example, USES 2.0 (RIVM et al., 1998) uses 1,4-dichlorobenzene as the reference chemical and
impacts are measured related to 1,4-dichlorobenzene equivalents.

The toxic potentials suitable for Western European conditions provided in the USES-LCA model and
modified for Australian conditions by Huibregts et al. (2001) have been used in this study to estimate
the human and eco-toxicity impacts of compost production and application. The adapted model,
called USES-LCA*"™@ has been used to calculate toxicity potentials for 181 substances and the
substance group carcinogenic Polycyclic Aromatic Hydrocarbons using an infinite time horizon. The
modified model has found that ecotoxicity potentials for the majority of substances did not differ for
Australia and Western Europe. However human toxicity potentials were lower for Australia compared
to Western Europe due to the smaller population in Australia and the Southern hemisphere compared
to the Northern hemisphere.

3.3.5 Resource depletion

Most of the environmental crises confronted today are direct consequences of resource use pattern
and depletion. Over the last century, the exploitation
of material resources has grown enormously in
parallel to the growth of economic activities,
resulting in depletion of limited reserves of high-
grade resources. For example, phosphorus is
concentrated in relatively few large deposits, which
are expected to be depleted within the next 100-200
years. In addition, mining of other minerals results in
depletion of other resources such as land,
vegetation, etc. and causes environmental pollution.
The above photo shows an area that has been
mined and is awaiting reclamation. Resource depletion is an important issue in life cycle impact
assessment studies to compare different production systems.

Resource depletion can be either abiotic (non-biological) or biotic (biological). Abiotic resources are
natural resources such as phosphate ore, crude oil and wind energy, which are non living while biotic
resources, are living material resources, e.g. rainforest (Guinée et al., 2001).

Department of Environment and Conservation NSW 39



Life Cycle Inventory and Life Cycle Assessment for Windrow Composting Systems

Resource depletion is one of the most frequently discussed impact categories and there are
consequently a wide variety of methods available for characterising contribution to this category. In
this study, only abiotic resource depletions are considered. Aggregation and assessment of the
impact associated with the resource depletion are measured in terms of their exergy content (Ayres et
al., 1996; Finnveden, 1996). Exergy is the energy content that can be used for work (available
energy). Factors to characterise some resource depletions are given in Table 3.4.

Table 3.4 Factors for characterising abiotic resource depletion based on exergy content.

Material Factor
(MJ kg™)
Gypsum (calcium sulphate) 1.485392
Sulphuric acid 16.0259452
Calcium oxide 6.1799058
HCI 3.0846006
NaCl 0.835692
Water 0.1711425
Urea 115.01732
Amnmonia 5.7547749
Nitrous Oxide 4.7049897
Ammonium Chloride 17.7218996
Calcium chloride 9.7556694
Calcium hydroxide 3.9789015
Fluorine 17.7180011

Source: CML LCA Operational Guide to ISO Standards, May 2001, CML Leiden University

3.3.6 Eutrophication

Eutrophication refers to the enrichment of ecosystems of nutrients via
water and air and may cause an undesirable shift in species
composition and elevated biomass production in both aquatic and
terrestrial ecosystems. In addition, high nutrient concentration may also
render surface and ground water unacceptable as a source of drinking
water. In aquatic ecosystems, increased biomass production may lead
to depressed oxygen levels, because of additional consumption of
oxygen in biomass decomposition (increased biological oxygen
demand). Eutrophication covers all of these potential impacts due to
excessively high environmental levels of macronutrients, the most
important of which are nitrogen (N) and phosphorus (P). As emissions
of degradable organic matter have similar impact, such emissions are
also treated under this impact category.
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Table 3.5 EP for characterising eutrophying releases to water.

Substance (g) EP (g 0, depletion) EP (g 0, depletion)
P-limited N-limited
Ammonia (air) 3.8 19.8
Ammonium (water) 3.6 18.6
Nitrate (water) 0 4.4
COD (water) 1 1
Nitrogen dioxide 0.13 -
Nitrogen monoxide 0.2 -
Nitrogen oxides (air) 0 6
Phosphorus (water) 140 0
Phosphorus (V) oxide P,Os 1.34 -

Source: Karrman and Jonsson (2001)

In this study eutrophication impact category is estimated from the potential oxygen demand of
emissions to water. This impact category contains the impact of water emissions on the total oxygen
consumption in the receiving water. In this study, the EPs are calculated for P-limited and N-limited
emissions and the EPs of some emissions are shown in Table 3.5.

3.3.7 Land use

Land use has received increasing attention in life
cycle assessment studies. The category impact
of land use covers range of consequences of
human land use. It is a relatively new topic in life
cycle impact assessment (LCIA) and still being
debated and developed. Land use impacts in
LCIA are related to the area of land use, generally
o - _ in combination with the time required to produce a
Rt A A A . certain output. Two aspects can be distinguished

jfﬁ: ﬁ 3 AL T e under the land use impact category. The
5 ' - (i associated changes in the quality of the land

(transformation) typically expressed in biodiversity and/or life support functions and the length of time
for the land is used (occupation) (Guinée et al., 2001).

Land transformation is the process of changing aspects of biodiversity and life support functions. i.e.
flora, fauna, soil acidity, sodicity, salinity, erosion, productivity etc. Transformation impact is
expressed in units of quality multiplied by area. Occupation refers to the time period during which the
land is unavailable for other uses. The occupation impact represents the temporary changes in the
quantity of area of land and expressed in area multiplied by time (m?x years).

In this study, the following straightforward expressions to assess the land use impact given by
Lindeijer (2000) are used. Quality differences are measured in terms of productivity (in $), i.e. an
application of compost may increase the productivity by increasing nutrient availability.

Land occupation impacts = area x time x quality
Land transformation impact = area x quality difference
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3.4 Challenges encountered in LCA

It is often reported in the literature that LCA has not yet matured into a well-defined tool (Burgess and
Brennan, 2001; Huppes, 1996). Discussion on basic principles and how methodological limitations
should be approached are ongoing. These limitations and difficulties restrict the practical application
of LCA. However, methodological proposals are never going to suit all case studies, and opportunities
exist for LCA practitioners to adapt the methodology according to their application (Burgess and
Brennan, 2001).

Despite being the more objective component of LCA, inventory analysis still lacks agreement on a
number of critical points (Udo de Haes, 1993). Furthermore, inventory results from studies with similar
systems can still vary significantly (Keoleian, 1993). Allocation of resource consumption, emissions
and waste streams into different systems sometimes leads to confusion as emission or waste leaving
a system may be used in other systems. For example, when two or more products being studied are
saleable or leave the system for beneficial use in other systems, allowance must be made for their
share of environmental burden and hence of the inventory data. This problem of co-product allocation
to multiple output streams is the subject of international discussion (Burgess and Brennan, 2001). The
problem of allocation can actually be avoided in some cases by extending the system boundaries to
include more than one product (Stromberg et al., 1997; Lindfors et al., 1995). However, this method
may require substantial additional data collection. Furthermore, the results of such a procedure are
often more difficult to interpret, with the risk of information on the life cycle under study becoming
blurred (Stromberg et al., 1997).

In defining the system boundaries, assumptions are necessary to maintain the manageability, with a
weighing of completeness on the one hand against practical feasibility on the other. The analysis
becomes meaningless and the assessment will underestimate environmental effects if boundaries are
not properly demarcated. In some studies, important life cycle stages are excluded due to pragmatic
limitations in the data collection process (Burgess and Brennan, 2001). It is often asserted in the
literature on LCA that many of the apparent contradictions between studies of similar systems arise
because the systems are defined inadequately (Clift, 1998). Furthermore, the determination of system
boundaries is dependent on individual goals and the scope of the study (Stromberg et al., 1997). For
example, processes can be excluded from system boundaries when they are common to all
alternatives compared. Lee et al. (1995) suggested that a potential method of determining the system
boundary is to evaluate the effect of a particular process or activity on the overall LCA results, and if
the effect is significant, then include it in the analysis. Therefore, it is extremely important that a
precise definition of the system boundaries is stated as part of the final results in any LCA.

The question of whether to include capital goods in LCA needs to be addressed in LCAs. Heijungs
(1992) believes that if the cost of maintenance and depreciation are a substantial part of the product
price, then the environmental impacts associated with the production, maintenance and disposal of
equipment should not be excluded from the analysis. Tillman et al. (1994) suggested that capital
goods would need to be included in the life cycle analysis if it were necessary to compare the
production and operation of new equipment with continued use of existing equipment.

The quality of the data used in LCA is a very important issue. There is a tendency to use low quality
data with the progress of the LCA methodology. Until recently, LCA practitioners have been forced to
concentrate on finding the data rather on the quality (Lindfors et al, 1995). Even though all
inventories will have data variability, uncertainties and gaps, it is important that these issues are
considered in relation to the goal of the study (Burgess and Brennan 2001). A complete record of all
data and the methods used to obtain it is important when presenting LCA results (Burgess and
Brennan, 2001). Some analyses are based on confidential information, which is not publicly available.
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These studies are inclined to be controversial due to the inability of validating the accuracy and
reliability of such data (Hendrickson et al., 1998). The lack of public data is one of the reasons why
LCA is such a time consuming and costly procedure (Udo de Haes, 1993). The normalization step is
often frustrated by lack of such data.

In LCA methodology, temporal and spatial variations of impacts are usually ignored in the impact
assessment step (Burgess and Brennan, 2001). These variations are important, as most processes
are not at steady state with the time and space. Therefore, it is important to specify the temporal and
spatial representativeness of the system at goal definition stage of an LCA (Burgess and Brennan,
2001).

While the tools needed to carry out the inventory analysis are well developed, interpretation of results
causes difficulties (Burgess and Brennan, 2001). Furthermore, the lack of a standard impact
assessment methodology compounds the problem. Assigning relative weights to each impact
category is the most contentious and subjective stage of life cycle studies, with the necessity for trade-
offs between the different environmental problems (Burgess and Brennan, 2001). There are also
difficulties with the normalization component of the impact assessment, with no internationally
accepted norms to carry out this step. The main difficulties are connected with the choice of reference
area and finding appropriate data (Udo de Haes, 1996).
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Section4 Windrow composting system model

A comprehensive model has been developed for windrow composting systems (Figure 4.1). The
inputs, outputs and emissions of windrow composting (including land application of compost product)
are defined in this model. For the purposes of the current investigation, the system boundary of the
model is from the point at which feedstock is received at a composting facility gate, to the post-
application effects of adding compost to soil.

4.1 Overview
A conventional windrow composting system results in impacts and avoided impacts from a number of
individual components (sub-systems). These sub-systems include:

e Collection of compostable organics material

e Construction of capital equipment and infrastructure

e Feedstock receival and initial processing

e Processing

e Transportation and application of end-product

e Post-application effects of adding compost to soil
These different sub-systems are described in the following sections. The scope of the study excludes
the first two sub-systems (collection of compostable organics material; and construction of capital
equipment and infrastructure), and focuses on composting facility processes, the transport and

application of composted product to agricultural land, and the post-application effects of compost on
soil. These system boundaries are detailed below.

4.2 System boundary

The system boundary for this study has been defined within the context of the windrow composting
system model, and is shown graphically as dotted line in Figure 4.1. The system boundary encompass
impacts associated with:

e The receival of feedstock material at a facility gate, short-term storage or stockpiling of feedstock
material and the removal of physical contaminants from feedstock,

e The fuel usage at a facility — from both mobile and stationary sources,
e The electricity used by a composting facility,

e The dry weight loss of the feedstock material,

e The transportation of the end-product to application sites,

e The spreading of the composted end-product onto land, and

e The post-application effects resulting from the application of compost to agricultural soil.
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Figure 4.1 System model for windrow composting. * Note: environmental impacts from embodied
energy in capital equipment and infrastructure are relevant to every stage of this model.
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4.3 Exclusions

In defining the system boundaries, the following elements were excluded from the current study:
e Collection of compostable organic materials,

¢ Emissions from the construction of capital equipment or infrastructure,

e Transportation of physical contaminants to landfill, and

e Product blending, testing, and bagging, etc.

4.3.1 Collection of compostable organic materials

Although compostable organic materials (raw materials) collection is recognised as an important
aspect of the entire composting system, it is beyond the scope of the current investigation. Collection
systems have been studied elsewhere, and is therefore not a key gap requiring additional attention
within the scope of this study.

Whilst environmental impacts associated with collection have not been included in this study, this does
not suggest that such impacts are unimportant, but rather that they are beyond the scope of this study
and are better examined in the context of complementary and comprehensive studies of collection
systems and their associated emissions.

There are a great variety of collection systems in operation It should not, however, be assumed that
the separate collection of compostable organic materials will necessarily have any significant impact in
terms of increased emissions resulting from source-separated collection systems when compared with
emissions from single bin collection of municipal solid waste. In both instances, if the total quantity of
material collected is the same, if collection frequency is unchanged (which is supported by new
technology such as the Cleanaway Bioinsert), and if trucks operate to collect ‘waste’ material until they
are full (Figure 4.2), then there should be negligible increase in fuel use or resulting emissions from
collection activities. Under such conditions, there is no difference in time requirements or distance
travelled if the composting facility is located in a similar location to the landfill site.

The resulting modelling will allow for variation in transport distance to landfill (or alternative technology
treatment site) versus transport distance to compost facility. Therefore if the same quantity of materials
is collected and transported to a treatment or disposal facility, there is no expectation that
environmental impacts will necessarily be different regardless of the nature of the processing /
disposal facility.
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Figure 4.2 Comparison between a source separate collection system (1-3)
and the regular collection of urban municipal solid waste (a-c).

Note: In both instances, a truck collects material from houses until the truck is full (1 and a). Once
the truck is fully loaded it transports the material (2 and b) to the end point (either composting facility,
landfill, or other alternative processing technology facility) (3 and c).

4.3.2 Capital equipment and infrastructure

The environmental impacts associated with the construction of windrow composting facility equipment
and infrastructure is not considered in this study. This excluded component includes emissions from
the construction of:

e Buildings, concrete or asphalt pads

e Tractors, bulldozers, front-end loaders, windrow turners, shredders, grinders, macerators,
trommel/power screens, manure spreaders (often used for compost application to land).

If this component were included, total emissions from the construction of capital equipment and
infrastructure would be divided by the expected life span (in years) of the equipment/infrastructure to
obtain yearly amounts.

Impacts associated with the construction of capital equipment and infrastructure is commonly
excluded from LCA studies as such impacts are commonly relatively insignificant compared the
emissions associated with operations across the life of the facility, particularly in less capital-intensive
operations such as composting facilities (pers comm. Sven Lundie). However, it is important to
consider that such embodied energy and impacts in relation to infrastructure will necessarily be
greater for processes involving high capital-intensive infrastructure such as waste to energy facilities
and enclosed and in-vessel biological treatment systems.
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4.3.3 Transportation of physical contaminants

The transportation of contaminants to landfill or some alternative location is not considered within the
system boundary of this study, as physical contamination of compostable organic materials in a
source separate collection system is rightly considered an externality of the collection system, which is
excluded from this study. Solid waste residuals and their transport to landfill for disposal are not by-
products of composting operations, but rather by-products of the entire collection system. Composting
of organic materials does not produce inorganic solid waste. Any such solid waste is an externality of
the collection system and its component parts including education and enforcement, and residuals
collection.
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Section 5 LCI: The composting process

5.1 Introduction

A conventional windrow composting process in a composting facility involves following two major
operations.

e Receival of compostable organic materials (raw materials) and initial processing (involving
removal of physical contamination and stockpiling of clean raw materials), and

e Composting (including size reduction, formation of windrows, composting operations, product
testing and preparation).

5.2 Receival of compostable organic materials and initial processing

Receival of compostable organic materials and initial processing includes: receiving organic materials
at the facility gate; weighing and visual assessment of organic materials; and removal of physical
contaminants such as plastic, metal and glass; stockpiling of clean materials for future size reduction
and composting.

Figure 5.1 Sub-system model for compostable organic materials receival process in windrow
composting system model.
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The physical contaminant removal procedure commonly involves the spreading of raw materials by a
wheel loader, and the use of manual labour for the removal of physical contaminants. If physical
contaminant levels are sufficiently low enough (e.g. <5%), then the contaminants are removed and the
relatively ‘clean’ feedstock is stockpiled. If contaminant levels are too high, the raw material is
rejected, and loaded back onto a truck for landfill disposal. The rejection and disposal of excessively
contaminated loads is not considered within this study, as it is an externality of a poorly managed
collection system (refer to Section 4.3.1 and 4.3.3). Compost facilities only process clean,
compostable organic materials; compost facilities are not contracted to process contaminated
materials. Hence the delivery of contaminated materials is equivalent to any other manufacturing
enterprise being delivered with materials that do not comply with supply specifications, and are
therefore rejected.

Table 5.1 LCI data for key receival processes.

Function Equipment Engine capacity / Quantity Duration
diesel consumption of materials | of use
Spreading of Volvo L120 165 224h | 15 L/hr** | 220 Tonnes | 7 hrs
compostable materials | wheel loader, kw p (@ bulk
& physical with 5 cubic density of ~
contamination removal * | metre (m°) 285 - 333 kg
bucket m)

Source: Australian Native Landscapes Pty. Ltd. (NSW), and Natural Recovery Systems (VIC).
*Note: this includes stockpiling of clean materials for future size reduction and composting.
**Volvo has provided fuel consumption data for handling light materials.

5.3 The composting processes

The composting process involves the size reduction of clean compostable organic materials (as
necessary); the mixing of different materials to form an appropriate feedstock; the addition of water to
the windrow to achieve suitable moisture content; the turning of the windrow for aeration and mixing;
and the screening of the mature composted windrow for particle size grading into soil conditioner, and
mulch. The sub-system model showing the processing stages is depicted in Figure 5.2.

There are additional ancillary management procedures including the monitoring of windrow conditions,
sampling of product for quality testing etc. These activities are very minor in terms of resource and
energy uses compared to the physical composting operations, and are not included in this analysis.

For source-separated collected municipal garden organics, the C:N ratio of the materials is reasonable
for composting without any need to blend with other materials. Clean garden organics are simply
shredded to reduce particle size, and formed into a windrow using wheel loaders. Water is added early
in the process as required to achieve suitable moisture content throughout the windrow.

Generally for garden organics composting, all the material handling, windrow formation and turning is
conducted using a wheel loader. Under good management practices a windrow usually takes 12 — 16
weeks for processing, and windrows are turned every 3 — 4 weeks.

After composting is completed, windrows are passed through a screen to grade the gross compost

into a range of graded products according to particle size. Screening can also remove remaining
physical contaminants for disposal and oversized wood particles for reprocessing.
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Figure 5.2 Sub-system model for processing stages in windrow composting system model.
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Note that runoff/leachate management is a component of licensing conditions for commercial
composting facilities, and such effluents are collected for use as a process input for adding water to
windrows as required. As a result, commercial facilities do not normally consume external water
resources, and do not produce leachate as a pollutant. Therefore, in relation to environmental impacts
resulting from water budgeting and windrow irrigation, only energy consumption resulting from the
pumping of collected water for windrow irrigation is included in this study.

As mentioned above the composting facility only uses water collected on-site i.e. from rainwater and
leachate generated from composting piles. This water is collected typically in large “catchment dam”.
High volume, low pressure electric pumps are used to pump water from the main catchment dam to a
series of “feeder dams” (@ 1200 L/min), from which water is pumped through an irrigation line to a
series of 8-10 sprinklers using smaller pressure pump (@100 L/min) which water a single windrow.
Sprinklers operate 10 hrs/day for between 7-10 days in total across the first 4 weeks of the
composting cycle after the windrow is first formed. Once this is completed, the windrow contains
sufficient moisture for the remainder of the composting cycle, which is redistributed throughout the
composting mass each time the windrow is turned.
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The changes (chemical, physical and biological) involved in the composting process are summarised
in Figure 5.3. Note that carbon dioxide is identified as the main gas released during composting, and
that this is considered as a biogenic emission.

Figure 5.3 The composting process and related emissions (from Gray and Biddlestone, 1971).
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Table 5.2 LCI data for key composting processes.

Function Equipment Engine capacity / fuel Quantity Duration
consumption* of materials | of use
Size reduction Matilda Mk 1 1200 | 200 L/hr 60 Tonnes 1 hour
operations tub grinder hp (@ bulk
density of
~309 kg m™)
CAT 322L 123 165h | 17 L/hr Dictated by Operates
excavator kw p shredder rate | continuously
whist
shredder is
operating
Windrow formation Volvo L120 165 224h | 15 L/hr 200 m* (@ 1 hour
and turning wheel loader, kw p bulk density
. . with 5 cubic of ~ 650 kg
(5 times in total per 3 -3
16 week cycle) metre (m") m~)
bucket
Windrow watering is High volume 4 kW Transfers
carried out using low pressure, water from
water collected from electric pumps catchment
rainwater and lechate damsto a
at the site in a series of
catchment dam. feeder tanks
@ 1200
L/min
High pressure
electric pumps | 2.2 kW J’vraatr;ﬁt:gsm
feeder tanks
to windrow
via 8-10
sprinklers @
100 L/min.
Screening Chieftain 1200 16 L/hr 60 m° (@ 1 hour
Power screen diesel bulk density
of ~ 650 kg
m'3)
Volvo L120 165 224h | 15 L/hr Dictated by Operates
wheel loader, kW p power screen | 70% of
with 5 cubic operations power screen
metre (m®) operation
bucket time
Dispatch Volvo L120 165 224h | 15 L/hr 480 m° (refer | 1 hour
wheel loader, kW p to Section
with 5 cubic 5.4 below for
metre (m°) bulk density
bucket (high of each
lift arms) compost
product)

Source: Australian Native Landscapes Pty. Ltd. (NSW), and Natural Recovery Systems (VIC).

*Please note fuel consumption data has been obtained from these companies.
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5.4 Changes in bulk density and moisture during composting

Upon arrival at a composting facility, garden organics can range in bulk density from ~ 165 kg m* (6
m?® per tonne) for loose drop off materials, and between ~ 285 — 333 kg m™ (3 — 3.5 m® per tonne) for
source separated kerbside collected materials that are commonly compacted either in collection
vehicle and/or transfer stations prior to receival at the compost facility (pers. comm. Australian Native
Landscapes; Natural Recovery Systems).

The size reduction (via tub grinder or shredder) of these materials results in shredded garden organics
with a reasonably consistent density (freshly shredded) of ~ 333 kg m* 3 m® per tonne). This freshly
shredded material is formed into a windrow, with the addition of water in the initial stages to achieve a
moisture content of ~50 - 55%. During the composting cycle, in particular prior to turning, the bulk
density of the mass increases to ~ 650 kg m* (pers. comm. Australian Native Landscapes; Natural
Recovery Systems).

After screening and curing, for composted soil conditioner the final bulk density is ~ 950 kg m* (~1.05
m® per tonne) with moisture content of ~ 40%. After screening and curing, for composted muich the
final bulk density is ~ 480 - 540 kg m™ (~ 2 m® per tonne) with moisture content of ~ 20 -25% (pers.
comm. Australian Native Landscapes; Natural Recovery Systems).

5.5 Energy consumption

Inputs and energy consumption (i.e. electricity and diesel fuel) during the receival, sorting, storage and
composting of one tonne of compostable organic materials is assumed to be the same for all 3 types
of raw materials used to produce composts defined within this study. Whilst there many differences in
these materials and the manner in which they are processed (e.g. biosolids do not require size
reduction, and biosolids windrows are commonly turned more frequently using a purpose build
windrow turner; food organics have a significantly higher moisture content and must be mixed with
complementary materials to form a suitable feedstock for composting), the scope of this study only
considers windrow composting systems in terms of the composting process. The range of products
included here, and the post agricultural application impacts are the key focus of this study, hence
these products are included regardless of variations in the composting process via which they are
manufactured.

5.6 Emissions

The stockpiling of the clean garden organics is not expected to release significant emissions (biogenic
or anthropogenic) or leachate due to the initial low density and low moisture content of the material. By
contrast, the stockpiling of unstable food organics may contribute to a number of problems (such as
leachate, odour and release of methane) if appropriate measures are not taken (Recycled Organics
Unit, 2001). Food organics may pose considerable odour, leachate and greenhouse gas (methane)
problems if not properly received and stored by a facility. Compost facilities commonly incorporate
raw materials such as biosolids or food organics directly into woodchip ‘baths’ in order to suppress
potential odours.

None of the literature reviewed in a recent greenhouse emissions study (Recycled Organics Unit,
2001) identified stockpiling of feedstock material (prior to size reduction and composting) to be a major
contributor to greenhouse gases. This finding is particularly relevant to garden organics, as these
feedstocks usually comprise low moisture contents (~50 %) when received by a facility and are of a
low bulk density. This open structure and low moisture content helps maintain aerobic conditions
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during the stockpiling period. In addition, litle decomposition occurs until the material is sized reduced,
moistened and piled.

The processing of organic materials may contribute to both anthropogenic and biogenic environmental
releases. Even though Australian Greenhouse Office (1999) identified the waste management sector
as a significant source of GHG emissions in Australia, contributing to 3.5% of net emissions,
Australian Greenhouse Office (AGO) considers emissions from the composting process (that is from
the composting mass as opposed to equipment operations) as biogenic. Biogenic emissions are
excluded from LCA studies (US EPA, 2002; Recycled Organics Unit, 2001b).

The anthropogenic emissions originate from the use of stationary and mobile machinery and
electricity. The process includes size reduction, material handling, composting and screening of
feedstocks. Machinery such as tractors, bulldozers, windrow turners, shredders, grinders, trommel
screens and other screening plant technologies are used. Electricity is used to run facility
infrastructure such as offices and stationary equipment (e.g. pumps for leachate collection and
aeration). For the purposes of this study, emissions are estimated from the production (e.g. drilling,
extraction, transportation and refining) and combustion of fuel used in machinery. Emissions
associated with electricity production are estimated from the total amount of electricity used by a
facility over a given period (Recycled Organics Unit, 2001b).

Poorly run compost piles may not be turned or agitated enough, leading to the development of
anaerobic conditions in the pile. Under such conditions, the rate of composting slows, as organic
material break down at a slower rate. Under anaerobic conditions (oxygen <5% v/v), methanogenic
bacteria can potentially liberate methane during the decomposition of the organic fraction (Derikx et
al., 1986). Although this is possible in poorly managed windrow systems, little evidence exists in the
literature to suggest that methane can be produced under such conditions. Reports have suggested
that the absence of methane in poorly managed windrow systems are because methanogenic
microorganisms are strongly inhibited by ammonia released during the thermophilic phase of the
composting process (Miller, 1993; Jackson and Line, 1998). In this study, therefore the methane
emissions from commercial composting facilities were not included, as they were considered to be
negligible (Recycled Organics Unit, 2001b).

Well-managed compost operations usually do not generate methane because they typically maintain
an aerobic environment with appropriate moisture content to encourage aerobic decomposition of the
materials. Even if methane was generated in anaerobic pockets in the centre of an infrequently turned
compost pile, methane is most likely to be oxidised by microorganisms by the time it reaches the
oxygen rich surface of the pile (US EPA, 2002). Furthermore, anaerobic pockets are most likely to
develop when too much water is added to the compost pile; however, this problem rarely occurs
because compost piles are more likely to be watered too little, rather than too much (Recycled
Organics Unit, 2001b).

5.7 LCI data for fuel consumption

Although it is recognized that there are a number of fuel types that could be considered in the present
study (e.g. LPG, natural gas, diesel, petrol), only diesel is considered. Diesel is the most commonly
used at composting facilities.

Amount of fuel and energy used in each operation in a composting process are given in Table 5.3.
The data in the Table 5.3 is computed from the information given in Tables 5.1 and 5.2. For simplicity,
this study only considers the amount of fuel used (and related emissions) by machines used in a
composting operation. Fuel consumption of machinery (litres) was converted to an equivalent weight
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(kg) value by multiplying the volume by its density (0.845 kg L™") (ASTM D-86). The weight of fuel was
then used to estimate associated production and consumption emissions using data given in Tables
5.4 and 5.5.

The total amount of diesel used in a commercial facility in USA is given by US EPA (2002) as an
average of 221,000 Btu of diesel to process one ton of organic materials. This equates to 5.9026 kg of
diesel per one tonne of organic material processed (assuming the density of diesel = 0.845 kg L,
43.5 MJ per kg of diesel, ton = 0.9072 tonne, and 1 Btu = 0.001055 MJ). Whilst this figure may
provide a useful ball park figure for cross reference, the study does not identify the actual operations
that are included in the calculation of this figure, the products produced, the equipment used, the types
of compostable organic materials received and processed by the facility.

Table 5.3 Fuel, electricity and water consumption during a composting operation

Operation Consumption (per tonne of feedstock)
Diesel (litres) Electricity (kW) Water (litres)

Receival 0.48 0 0

Shredding 3.65 0 0
Composting 0.58 0.13

Screening 0.79 0 0

Dispatch 0.03 0 0

Total 5.53 0.13

Life cycle inventory of diesel required to process a tonne of “feedstock” material can be computed
from the Tables 5.4 and 5.5. The data in Table 5.4 was obtained from the report on “Life cycle
inventory of biodiesel and petroleum diesel for use in an urban bus” published by Sheehan et al.
(1998). LCI data for diesel transportation is based on national average distances of crude oil and
diesel transportation in USA. This includes domestic and foreign transportation via tankers, pipelines,
rails and truckers. Life cycle inventory of use of electricity for composting operations could be
computed from Table 5.6.
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Table 5.4. LCI for diesel fuel production and transportation (for 1 kg of diesel fuel)

Material Units Production Transportation
Raw Materials:
Coal (in ground) kg 0.1475 0.00235
Qil (in ground) kg 0.00426 0.00347
Natural gas (in ground) kg 0.03938 0.00054
Uranium (U, ore) kg 3.50E-07 5.63E-08
Perlite (SiO,, ore) kg 0.000246 7.71E-07
Limestone (CaCOs, in ground) kg 0.002782 0.000448
Water use (total) L 0.000967 0.000541
Air Emissions:
Carbon dioxide (CO,, fossil) g 360.415 18.259
Methane (CH,) g 0.30982 0.20819
Nitrous oxide (N,O) g 0.00728 0.001252
Carbon monoxide (CO) g 0.25025 0.039881
Hydrocarbon (except methane) g 0.00272 0.008311
Hydrocarbon (unspecified) g 1.05653 0.006885
Benzene g 8.43E-07 7.61E-07
Formaldehyde g 1.13E-05 1.02E-05
Particulates (PM 10) g 0.008464 0.012817
Particulate (unspecified) g 0.458895 0.034011
Sulphur oxides (SO, as SO,) g 2.554930 0.056308
Nitrogen oxides (NO, as NO,) g 0.753419 0.127928
Hydrogen chloride (HCI) g 0.007873 0.001268
Hydrogen fluoride (HF) g 0.000984 0.000159
Ammonia (NH3) g 6.27E-08 2.27E-08
Water Emissions:
BODS5 (bio chemical oxygen g 0.725045 0.002305
demand)
COD (Chemical oxygen demand) g 6.135 0.019501
Metals (unspecified) g 0.009006 9.59E-05
Ammonia (NH;*, NH; as N) g 0.105987 0.000340
Nitrates (NO3) g 1.25E-05 2.01E-06
Solid waste (hazardous) kg 0.002360 7.50E-06
Solid waste (non-hazardous) kg 0.009212 0.00087
Total primary energy MJ 2.828260 0.27219
Fossil energy MJ 2.805900 0.26859
Fuel energy per kg of diesel MJ 43.5

Source: Sheehan et al. (1998)

Note: Total primary energy is energy contained in all raw materials extracted from the environment and fuel product energy is

the energy contained in the final product available to do work in an engine.
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Table 5.5. LCI for diesel fuel use (for 1 kg of diesel fuel)

Material Units Emission
Carbon dioxide (CO,) kg 3.28425
Carbon monoxide (CO) kg 0.01392
Nitrogen oxides (NO,) kg 0.038715
Nitrous oxide (N,O) kg 8.265E-05
Particulates (PM10) kg 1.7835E-03
Methane (CH,) kg 1.827E-04
Sulphur dioxide (SO,) kg 5.22E-03
Hydrocarbons kg 3.6975E-03

Source: Sheehan et al. (1998) (converted from MJ to kg basis assuming 43.5 MJ/kg of diesel).

Table 5.6 Emissions relating to the generation of 1 MJ of electricity.

Material Units Emission
Inputs:
Hard coal Australia 19,5 MJ [Hard coal (resource)] kg 2.55E-05
Hard coal Australia 22,4 MJ [Hard coal (resource)] kg 9.78E-05
Hard coal Australia 24,1 MJ [Hard coal (resource)] kg 0.147
Lignite Australia 14,1 MJ [Lignite (resource)] kg 1.35E-05
Lignite Australia 7,9 MJ [Lignite (resource)] kg 0.00027
Bauxite [Non renewable resources] kg 7.7E-08
Sodium chloride (rock salt) [Non renewable resources] kg 3.84E-08
Water [Water] kg 1.3
Natural gas [Natural gas (resource)] kg 2.92E-05
Primary energy from hydro power [Renewable energy resources] MJ 0.0765
Crude oil [Crude oil (resource)] 0.000223
Primary energy from wind power [Renewable energy resources] MJ 3.45E-05
Air Emissions:
Carbon dioxide (CO,) kg 0.26
Methane (CH,) kg 0.000734
Nitrous oxide (N,O) kg 2.31E-06
Carbon monoxide (CO) kg 5.59E-05
Heavy metals (As, Cd, Cr, Cu, Hg, Li, Mn, Mo, Ni, Pb, Se, V, Zn) kg 7.14E-07
Benzene kg 1.56E-09
Formaldehyde kg 1.35E-09
Fly ash kg 0.021
Particulate (unspecified) kg 7.1238E-05
Sulphur oxides (SO, as SO,) kg 0.00114
Nitrogen oxides (NOy as NO,) kg 0.00068
Hydrogen chloride (HCI) kg 1.8396E-07
Fluorine (F) kg 1.75E-06
Water Emissions:
Acids (calculated as H") kg 1.22E-09
BOD (bio chemical oxygen demand) kg 1.1E-06
Chloride (CI) kg 5.22E-05
Metals (unspecified) kg 1.18E-10
Sulphate (SO,”) kg 01.89E-04
Nitrates (NO3) kg 4.52E-07
Heavy metals (Zn) kg 5.51E-09
Inert chemicals (hazardous waste) kg 1.14E-10
Mineral waste (consumer waste) kg 5.13E-08

Source: Grant et al., 1999 and Gabi, 2001
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Section 6 LCI - transportation and application of
composted products

6.1 Introduction

This component of the model includes the delivery of the end-product from the composting facility to
an application site. It also includes the addition of the composted material to soil using mobile
machinery such as manure spreaders and tractors. Anthropogenic sources of GHG emissions include
those from the production of the fuel used and the combustion of the fuel. Human and eco-toxicity
issues may arise from exhaust and production emissions. Distinctions between backloading journeys
and discrete journeys to application sites are considered in this study. Where backloading is used, the
impact per nominated kilometre should reduce, as there is more efficient haulage. A typical
backloading journey is described in Figure 6.1.

Emissions arising from end-product application are dependent upon the type and size of machinery
used and also the application rates to the land.

Figure 6.1 Example of a backloading journey. 1. Mulch from a composting facility (located on the
fringe of a metropolitan area) is loaded onto an empty truck. 2. The loaded truck transports the mulch
to an agricultural enterprise (e.g. vineyard). 3. The mulch is then used by the agricultural enterprise.
4. Agricultural produce is loaded onto the (cleaned) empty truck. 5. The loaded truck transports the
agricultural produce to shipping ports in the city (6). The truck returns to the composting facility (1). In
a non-backloading journey, the truck would return empty (from the agricultural enterprise) to the
composting facility.

2
0 oS 2

Department of Environment and Conservation NSW 59



Life Cycle Inventory and Life Cycle Assessment for Windrow Composting Systems

6.2 LCI

LCI data from the transport of end-products was based on vehicle type and distance travelled. For the
purposes of this study, a Kenworth T601/T604 truck (32 tonnes = 40 m® per load) is used to estimate
emissions from the transportation of composted end-products to application sites. Consideration was
made for transport distance on urban roads (i.e. from composting facility in Sydney to periphery of
Sydney metropolitan area) and rural roads. About 20 km transport distance has been considered on
urban roads to transport composted products out of Sydney metropolitan area from composting
facility. The fuel consumption of this truck under different road conditions is given in Table 6.1.

Table 6.1 Diesel consumption of Kenworth T601/T604 truck under different road conditions.

Road type Loaded Unloaded
(kg km™) (kg km™)
Urban 0.19 0.15
(4.5kmL" (5.5km L")
Highway/Rural 0.13 0.1
(6.5kmL" (7.5kmL"

For the purpose of this investigation two different sets of machineries are considered for the
application of composted soil conditioner and composted mulch (Table 6.2). Consideration was also
made for backloading (truck empty 20% of time) and non-backloading journeys (truck empty 40% of
time). The LCI data for total diesel requirement for transport and application of one tonne material is
then estimated from the LCI data given for the production and use of diesel in Tables 5.3 and 5.4.
Please note diesel consumed for backloading journeys has not been included in environmental impact
calculations because that diesel consumption is not related to composting systems. However diesel
consumed for non-backloading journeys has been included in GHG emission calculations.

Table 6.2 Types of machinery used for spreading and respective handling rates.

Loader Spreader Handling rate
Type Engine Type Engine t/day ( 8-10 hours)
capacity/fuel capacity/fuel
consumption consumption*
hp/(L/hr) hp/(L/hr)
Soil Case 580K 120/(13.5) Mercedes 168/(10) 200
conditioner 1700 (with 100% loader
Unimog and spreader use)
°Mulch Tractor with 50/(8.3) Seymour 50/(8.3) 295
a loading vineyarder (with 100% loader
bucket with a and spreader use)
tractor

Source: personal communications, *Specialised Spreading Services, Rouse Hill, Sydney; "Seymour Rural Equipment, Seymourr,
Victoria. *Please note fuel consumption data has been obtained from respective companies.
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Section 7 LCI - post-application effects of adding
compost to soil

7.1 Impacts and avoided impacts of using composted products in an
agricultural context

The application to soil of mature composted products that comply with Australian Standard AS 4454
(2003) may result in:

e Reduced water use,

¢ Reduced fertiliser, herbicide, pesticide, lime and gypsum requirements (avoided greenhouse
gas emissions from production and transportation),

e Improved soil properties and associated plant growth,
e Sequestration of carbon in soil,

¢ Reduced soil management and maintenance, and
e Reduced environmental impacts due to reduced soil erosion, waterlogging, nutrient loss,
surface crusting, eutrophication of waterways, siltation of waterways, etc.

Although there are many advantages associated with the use of composted products that comply with
Australian Standard AS 4454 (2003), there are potential risks related to the use of non-compliant, poor
quality and/or immature pasteurised garden organics-derived products. Some problems can also
occur with inappropriate product application. Associated risks include:

e Phytotoxicity,

¢ Nitrogen drawdown,

e Chemical or physical contamination,

e Odours,

e Freeze injury or frost damage,

o Weed propagation, and

e Transfer of pathogens to plants and animals.
Each risk is defined in the Glossary. These risks are negated substantially if products are compliant
with Australian Standard AS 4454 (2003) and if the correct products are selected for application. For
greater details regarding the benefits and risks of composted products, the reader is directed to
“Buyers Guide for Recycled Organics Products” (Recycled Organics Unit, 2001a). It should be noted
that the current study addresses mature composted products that comply with Australian Standard AS
4454 (2003) and consequently the aforementioned risks are not relevant. The Environmental
Protection Authority of NSW (EPA, 1997a) also regulates the maximum permissible concentration of
heavy metals and other compounds such as pesticide residuals to ensure products that are applied

pose no risk to human and ecosystems health. Therefore, this study does not consider such issues in
the context of LCA for compost application.
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7.2 Reduced water use

7.2.1 Introduction

Water availability is generally the most important natural limiting factor for the agricultural sector in
Australia. Ineffective and inappropriate use of water in this sector can result in environmental problems
of national significance. The agricultural sector is the largest net user of water. In 1996-97 the
agriculture sector accounted for the majority of net water consumption with 8,795 gigalitres (GL) (GL=
1000 megalitres) used by livestock, pasture, grains and 6,726 GL by other agriculture, totalling 15,503
GL which comprised 70% of total net water use in Australia (ABS, 2000).

Significant net water consumption occurs within NSW-ACT out of which ACT accounts for
approximately 1% of the total NSW-ACT (ABS, 2000). Net water consumption in different agricultural
sectors in NSW-ACT is presented in Table 7.1. Most of the water supply comes from the natural river
system. However, this supply is extremely variable between seasons and between years as river
flows are highly erratic depending on the rainfall. Ground water also plays an important role by
supplying an average of one million megalitres (ML) (ML= 1,000,000 L) each year on a reliable basis
(DLWC, 2000d). NSW also accounts for almost one third of Australia’s agricultural water use.
Irrigation is clearly the largest class of water use in NSW in terms of volume. Nearly 8% of the land
use for crop and pasture production in NSW is under irrigation (Table 7.2). In recent years, the annual
value of irrigated production in Australia was around $8 billion. Of this NSW contribution was around
$2 billion (DLWC, 2000d).

Table 7.1Net water consumption in different agricultural sectors in NSW-ACT in 1996-97.

Sector Water use (ML)
Livestock, pasture, grains and other 3,404,610
agriculture

Vegetables 194,044
Fruit 279,063
Grapevines 242,288
Cotton 1,417,452
Rice 1,643,306
Total for NSW (including water use in other 8,715,663
sectors and excluding in-stream use)

Total for Australia (including water use in 22,185,731
other sectors and excluding in-stream use)

Source: ABS (2000)

NSW agricultural industry receives an average return of only $290 per ML compared with the $680 per
ML realised in the remaining Australian States, because a greater proportion of water in NSW is used
less efficiently and on lower value crops. Therefore, increased efficiency of irrigation water use is
seen as a way to balance competing demand for the NSW water resources, which are fully, or in many
instances, over committed. In addition, irrigation, as the major user of freshwater resources, has had
a detrimental impact on inland waters (reduced environmental flows, eutrophication, turbidity and
salinity). Increased irrigation efficiency is expected to reduce the extent of those off-site impacts.

Rainfall distribution in NSW also emphasises the need to conserve water. About 75% of the State’s
total rainfall occurs in costal catchments compared to 25% in the inland catchments, while 80% of the
extraction of water for irrigation occurs in inland rivers of NSW (DLWC, 1998).
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The majority of agriculture (about 90%) in NSW is dryland agriculture, which is mainly dependent on
the availability of rainfall. This dryland sector includes crops, pasture and grasses as indicated in
Table 7.2. However, rainfall distribution in NSW is highly variable and unpredictable. The
unpredictability of rainfall has already costed billions of dollars in 2002 due to prolong drought
conditions in NSW. Therefore, soil management techniques, which improve the water conservation
and water use efficiency, are vital in sustaining dryland agriculture in NSW.

There are significant opportunities for water conservation in all agricultural sectors in NSW. Measures
that can reduce demand of water in agricultural sector include efficient application and control of
irrigation water use, reducing losses in distribution and reticulating systems, conserving soil moisture
and maximising effluent reuse. Although the potential for water use efficiency in NSW Agriculture
sector is very high, it varies considerably depending on the crop and the location.

Table 7.2 Area of crops and pasture irrigated in NSW in year 2000.

Sector Area (‘000 ha)
Pasture (annual or perennial) 265
Vegetables 14
Fruit 23
Grapevines 25 (15.194)*
Cotton 268 (249.1)*
Rice 127
Other cereals 165

All other crops 36
Total area irrigated 944
Total land use for crops, 12,511
pastures and grasses

(irrigated + dryland)

Source: ABS (2001) * Figures in the brackets are for 1996-97 (ABS, 1996)

Studies have indicated that application of composted products can enhance the water use efficiency
by improving infiltration and storage in the root zone and reducing deep drainage, run-off, and
evaporation, and water use by weeds. The beneficial effects of compost application arise from
improvements in soil physical and chemical properties (Bresson et al., 2001; Albaladejo et al., 2000;
Movahedi and Cook, 2000; Wahid et al., 1998; Stocking and Albaladejo, 1994; Shiralipour et al.
1992; Agassi et al., 1990).

When used in sufficient quantities, the addition of composted soil conditioner has both an immediate
and long-term impact on soil structure. Australian soils are generally low in organic matter and poorly
structured. As organic matter decays to humus, the humus molecules binds mineral components of
the soil (such as particles of sand, silt, and clay) and organic matter into water stable aggregates and
improves soil porosity and soil structure (NSW Agriculture, 2002). Due to the aggregate stability and
improvements in soil structure, the application of composted soil conditioner reduces surface sealing,
improves infiltration and the water holding capacity thus reducing runoff generation. These
aggregates are also effective in holding moisture for use by plants. In addition, humus molecules can
absorb and hold large quantities of water. Therefore, the addition of composted soil conditioner may
provide greater drought resistance and more efficient water use. Thereby, the frequency and intensity
of irrigation may be significantly reduced in irrigated agriculture and prolonged cropping is possible in
dryland crop production. Increased porosity and decreased soil compaction may also result in
increased root penetration, resulting in deeper and more elaborate root systems to explore a larger
soil mass for moisture and nutrients.
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Increased root exploration and water holding capacity can also reduce deep drainage below the root
zone, resulting in reduced nitrate leaching and lowering groundwater tables. Low nitrate leaching can
reduce eutrophication of water resources, while deeper ground water tables can lead to reduced
salinity problems as discussed in other sections of this report (see Sections 7.3 and 7.7).

Use of composted mulch in cropping lands can also significantly increase the water use efficiency by
lowering the evaporation losses from soil surface. Mulching reduces radiation and wind speed at the
surface and hence, reduces the water evaporation from soil surface. Many researchers have reported
that surface application of mulch has resulted in reduction of between 30-70% of irrigation water
required by crops due to the reduction of water evaporation from soil surface (Abu-Awwad, 1999; Abu-
Awwad, 1998; Mahrer et al., 1984). Valzano (2000) showed that water availability was on average
10% higher in agricultural soils with a surface mulch than in equivalent exposed soils. Such effects on
soils are also applicable in urban situations (e.g. parks and gardens). Buckerfield and Webster (1995)
showed that the surface application of organic mulches to vineyard soils resulted in a 34% increase in
soil moisture content and an increase in grape yield. This reduced evaporation offers obvious benefits
for both dryland and irrigated agriculture.

7.2.2 Model for water use efficiency

The potential benefits of compost application on water use efficiency vary depending on soil type,
climate, product type, application rate and crop parameters. Figure 7.1 depicts the sub-model
showing the impacts resulting from compost application.

The compost application increases water holding capacity, resulting in a reduction in leaching and
irrigation water requirements. As a consequence, water extractions from natural waterways will be
reduced leading to increased water flows and improved water quality in natural river systems. This has
a significant impact on ecosystems associated with the natural river systems in NSW. Moreover,
reduced leaching will result in reduction in eutrophication and induced salinity. In addition, increased
water holding capacity of soil can reduce stresses due to soil moisture deficits leading to higher crop
yields.

Figure 7.1 Sub-system model for impacts on water use efficiency.

Compost application

™ Increased environmental flows

Soil type

Improved water quality

A 4

Climate s Reduces irrigation
Product type N

Application rate

i I #» Reduced induced salinity

Reduces leaching ]

______________
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% Increased crop vield

7.2.3 Soil variation

Soil physical, chemical and biological properties vary greatly among soil types. Soil types are grouped
and categorised according to their physical, chemical, morphological and biological properties. The
Great soil group concept (Stace et al, 1968) and the Australian soil classification system (Isbell, 1996)
are the two common soil classification systems used in Australia. In these classifications, a number of
properties of a soil are taken into consideration when it is placed in a relevant soil group. However, it
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is necessary to distinguish important characters, which are useful in evaluating the impact of compost
application to avoid needless complications. In this context, soil texture and profile drainage of a soil
type could be used to evaluate the impact of compost application on agricultural lands as they reflect
the soil properties accountable for water retention in soils related to agricultural production.

Among the soil categories, the impact of compost application on water conservation may be more
pronounced in sandy soils with well drained profile characteristics as compost can reduce deep
percolation by increasing the water holding capacity of the soil. Table 7.3 shows common soil types
found in NSW with their respective textural classes of the top layer and the profile drainage.

Table 7.3 Common soil types found in NSW and their respective drainage categories.

Great soil groups terminology1 Australian soil Profile Soil texture
classification? drainage (0-30 cm layer)

Black earths, grey, brown and Vertosols Poor to Clayey

red clays imperfect

Red Brown Earth Chromosols Moderate Sandy loam to clay loam

Red Earth Kandosols Well Sandy loam to clay loam

Yellow earth Kandosols Moderate Sandy to sandy clay

Alluvial Rudosols/Tenosols Free to well Loamy sand to sandy loam

Red Podzolics Chromosols/Kurosols | Well Fine sand to sandy loam

Yellow Podzolics Chromosols Moderate to Loamy sand to clayey sand
poor

Solonised Solonetzic & solodic Sodosols Moderate to Loamy sand to silty clay

soils poor

Euchrozems and Krasnozems Ferrosols Free to well Clay loam to clay

Source: 1- Stace et al., 1968, 2 — Isbell, 1996.

7.2.4 Climatic variation

Water evaporation from soil surfaces accounts for major losses of water from soils, especially in the
drier climatic regions. Soil evaporation accounts for almost half of the water lost from a soil-plant
system and contributes to a large part of evapotranspiration. The potential evapotranspiration rate of a
given area indicates the soil evaporation potential of the area and also reflects the climatic
parameters, such as temperature, relative humidity, rainfall, wind velocity and solar radiation, which
regulate the soil moisture budget. The reduction of soil evaporation resulting from the application of
compost mainly as a mulch should be more beneficial in climatic zones with higher potential soil
evaporation. Annual potential evapotranspiration rates in NSW vary from 800 mm to 2400 mm from
region to region. A map showing different climatic zones based on average annual potential
evapotranspiration rates is given in Figure 7.2.
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Figure 7.2 Average potential ET across Australia.
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7.2.5 Other variations

In addition, the magnitude of the impacts of compost application could be varied depending on the
type of crop and the source of water (irrigation or rainfall). These impacts are dependent on their
effects on the components of the soil moisture budget. The relevant components of the soil moisture
budgets are:

e  Run-off,

e Evaporation from the soil surface,
e Drainage from the root zone,

e Storage in the soil,

e \Weed water use, and

e Crop water use.

Application of composted mulch can reduce the runoff, evaporation from the soil surface, suppress the
weed growth and reduce the associated weed water use. Application of composted soil conditioner
can improve the infiltration rate, soil water storage and reduce both runoff and drainage. These
effects are also dependent on the type of crop. The effect of a surface mulch may be less expressed
under a well established perennial crop with a good ground cover, whereas the effect of incorporation
of composted soil conditioner may be less pronounced in crops with extensive and fibrous root
systems. The impacts of applying composted products may also differ depending on the cropping
system. A cropping system which practices zero tillage and stubble savings may be less benefited by
compost application compared to a system managed under more intensive cultivation. Under irrigated
conditions, adjusting the intensity and frequency of irrigation according to soil conditions and crop
requirements can effectively reduce the unproductive components of soil moisture budget. However,
in dryland agriculture, these controls are limited due to the unpredictable nature of rainfall. In this
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context, application of compost under dryland conditions can contribute to a better soil moisture
budget by minimising soil water losses via surface evaporation.

7.2.6 Literature review

Literature relating to the application of a range of composted mulches and soil conditioners has been
reviewed to inform the development of LCI data. Tables 7.4 and 7.5 provide performance data that
can form the basis for LCI for water use under different contexts relevant to the application of
composted mulch and soil conditioner. However, this literature review excluded the application of
composted soil conditioners beyond 100 t ha™ range as high application rates may cause harmful
effects to the environment by increased nitrate leaching and heavy metal contamination.

Table 7.4 Summary of impacts of application of composted products as a soil conditioner on water

use.

Study

Description

Impact

Hortenstine and
Rothwell (1973)

Investigated the effect of application of
compost at 0, 16, 32, 64, 128 tonne ha
(t ha'1) on water retention under irrigated
sorghum in a sandy soil.

Percentage of available water
(gravimetric water measured at
0.1 and 15 bar) was increased
from 1.63% of control to 1.64,
1.71, 2.05 and 2.45% by the
addition of 16, 32, 64 and 128 t
ha” respectively.

Epstein (1975)

Evaluated the effect of application of digested
sludge at 50 t ha™ on moisture retention in a
silty loam soil.

The gain in soil moisture budget
was 1.8%.

Wang (1977)

Studied the effect of application of composted
urban organic materials with sewage sludge
at 20, 40, 125 & 495 t ha™ on soil moisture
budget in a clayey soil.

Soil moisture content was
increased from 18.3% to 18.8%,
19.8%, 20.3% and 25.6% by
addition of 20, 40, 125 and 495
t ha™ respectively.

Sabrah et al.

Investigated the effect of applying urban

Plant available water content

Board (1997)

grown in a sandy loam soil.

(1995) compost at 16.5, 33, 49.5 and 66 t ha™ on soil | was increased by 1.7%, 3.1%,
moisture under irrigated wheat grown in a 3.6%, and 4.4% by 16.5, 33,
sandy soil. 49.5 & 66 t ha' treatments

respectively.

California Investigated the effect of adding composted No significant effect on soll

Integrated Waste | grass clippings at 3.5t0 3.9t ha™ (dry wt) on moisture savings.

Management soil moisture under irrigated corn/wheat

lllera et al. (1999)

Studied the effect of compost derived from
organic fraction of MSW added at 80 t ha™
(dry wt) on soil moisture retention.

Soil moisture content
(gravimetric) was increased by
3.9%.

Mamo et al.
(2000)

Evaluated the effect of urban compost
application at 90 t ha™ (dry wt) on soil
moisture under irrigated corn grown in a
loamy sand.

Water holding capacity
(volumetric) was increased by
4.4%.

Movahedi Naeini
and Cook (2000)

Investigated the effect of urban compost
addition at 50 t ha™ on soil moisture under
rainfed maize.

Increased available soil
moisture content (measured at
0 to 1500 KPa) by 2.0%.

Blair (2001)

Investigated the effect of applying manure at
45 & 60 dry matter t ha™ for two yrs on soil
moisture under rainfed sorghum/triticale
grown in a clayey soil.

Available soil water content was
increased by 1.9 & 3.8% at
application rates of 45 and 60 t
ha” respectively.
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Table 7.5 Summary of impacts of application of composted products as surface mulches

on water use.

Study

Description

Impact

Shearman et al.
(1979)

Investigated the effect of mulching at
7.5 and 15 cm with composted alfalfa
hay on soil moisture under bush
beans grown in a clay loam soil.

Soil moisture content (gravimetric
water content) of 20 cm depth was
increased by 9.9 and 11.8% with the
application of 7.5 and 15 cm muich
cover respectively.

organics on soil moisture under
irrigated orange.

Buckerfield Studied the effect of mulching at 1, 5, | Soil moisture content at 10cm depth

(1998) and 15 cm with composted garden was increased by 3.4, 6.3, & 8.1% with
organics on soil moisture under the application of 1, 5 and 15 cm mulch
irrigated grapevine. respectively over the control treatment.

Buckerfield Investigated the effect of mulching at | Soil moisture content at 10 cm depth

(1998) 1, 5, and 15 cm with composted was increased by 3.2, 5.6, and 6.4%
garden organics on soil moisture with the application of 1, 5 and 15 cm
under irrigated pears. treatments respectively.

Buckerfield Investigated the effect mulching at 2, | Soil moisture content at 10 cm depth

(1998) 5, 5.5 & 7cm with composted garden | was increased by 0.9,2.9,4.2&4.5%
organics on soil moisture under by 2, 5, 5.5 & 7cm treatments
irrigated cherries. respectively.

Buckerfield Evaluated the effect of mulching at 1, | Soil moisture content at 10 cm depth

(1998) 5, and 15 cm with composted garden | was increased by 0.5, 1.5, and 3.2%

with the application of 1, 5 and 15 cm
treatments respectively.

Pinamonti (1998)

Studied the effect of mulching at 0.5
cm with compost from organic fraction
of MSW on soil moisture under
irrigated grapevine in a sandy soil.

Increased soil water retention
(measured at -0.33 bar and 15 bar) by
0.6% after 4 months due to mulching.

Pickering et al.
(1998)

Investigated the effect of mulching at
5 and 10 cm with green waste
compost and graded bark chips on
soil moisture in a sandy clay loam.

Increased soil moisture content by 8.7,
10.4,7.5 & 8.7% by 5 cm green
compost, 10 cm green compost, 5 cm
bark chips and 10 cm bark chips
treatments respectively.

7.2.7 LCldata

There is a general lack of data for each application scenario relating to the application of composts at
varying rates and varying soil and climatic contexts. The majority of studies that have measured
changes in soil moisture content (gravimetric or volumetric water content present in the soil) or soil
water retention (relationship between the soil water content and soil-matric potential) after addition of
composted products have shown increased soil moisture content or soil water retention (Tables 7.4 &
7.5). Some investigators suggested that the increase in soil moisture retention or soil moisture content
in soils due to the application of composted soil conditioner does not necessarily result in an increase
in plant available water (Mamo et al., 2000; Turner et al., 1994; Khaleel et al., 1981) i.e. water
available for extraction by plants. It is the increase in soil moisture that can be extracted by plants or
so called plant available water (PAW), which provides the opportunity for quantification of the
reduction in irrigation water requirements.

Plant available water is the soil moisture content retained at soil-matric potential between field
capacity and permanent wilting point. The studies reviewed for this report have not evaluated the
relationship between increased soil moisture content and plant available water, which is important in
terms of the potential for reduced irrigation water usage. A few studies have shown composted soil
conditioners increased plant available soil water content (Blair, 2001; Movahedi and Cook, 2000;
Sabrah, 1995).
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The available data in the literature have been grouped to obtain relationships between the application
rates (or the depth and width of mulch cover) and soil moisture changes (Figures 7.3 & 7.4) as the
compost application rate is the most influential variable on changes on soil moisture content. Please
note in the case of composted soil conditioners, studies that have shown increases in plant available
water have been used to graph a relationship between application rates and soil moisture availability
(Figure 7.3) as it provides an indication in the reduction in irrigation water requirements. However due
to lack such data for composted mulches, most relevant data i.e. increase in soil moisture content was
used to graph this relationship.

In Figures 7.3 & 7.4, changes in the moisture content in the top soil layer (0-15 cm) is considered
since the data obtained to draw up the relationships were mostly from previous studies focused on the
changes in that soil layer. In addition, it is the most important soil layer for agricultural crop
production.

Figure 7.3 Effect of compost application as a soil conditioner on soil moisture content of
0—15cm layer.
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Figure 7.4 Effect of composted mulch on soil moisture content of 0—15 cm layer.
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7.2.8 Application scenario

Please note data on net water consumption and total area occupied by cotton and grapevines for the
period of 1996-97 have been used to calculate water use for irrigation on one hectare of cotton and
grapevine, as net water consumption data for 2000 was not available. However, total water savings for
cotton and viticulture industry have been based on total area occupied by these industries for the
period of 2000.

Net water consumption for cotton production in NSW in 1996-97 was 1,417,452 ML and total area
under irrigated cotton during this period was 249,100 ha (ABS, 1996) suggesting about 5.7 ML
(1,417,452 ML /249,100 ha) of water was used for irrigation on one hectare of cotton. According to the
relationship shown in Figure 7.3, an application of a composted soil conditioner at 12 t ha” would
expect to increase the plant available water of 0-15 cm layer by approximately 1.5%. This may result
in savings of approximately 85,500 L (5.7 ML*1.5%) of water per hectare in a cotton crop per season
in irrigated cotton. This water saving for the total cotton industry occupying a total area of 268,000 ha
in NSW (ABS, 2001) may result in savings about 22,914 ML (268,000 ha*85500 L) per year.

Net water consumption in grapevine production in NSW in 1996-97 was 242,288 ML and the total area
under irrigated grapevines during this period was 15,194 ha (ABS, 1996) suggesting about 9.69 ML
(242,288 ML /15,194 ha) of water was used for irrigation of one hectare of grapevines. According to
the relationship shown in Figure 7.4, an application of a 10 cm composted mulch cover would result in
an increase in moisture retention of 0—15 cm topsoil layer by approximately 9.82%. This could result
in savings of 951,558 L or 0.95 ML (9.69 ML*9.82%) of water per hectare under irrigated viticulture, if
this water is available for plant use. This water saving for the viticulture industry occupying a total area
of 25,000 ha in NSW (ABS, 2001) may result in savings of about 23,750 ML (25,000 ha*0.95 ML).

70 Department of Environment and Conservation NSW



Life Cycle Inventory and Life Cycle Assessment for Windrow Composting Systems

7.3 Reduced fertiliser requirements

7.3.1 Introduction

Production and use of inorganic fertiliser may result in significant environmental impacts such as
resource depletion, greenhouse gas emissions, human and eco-toxicity and eutrophication. The model
in Figure 7.5 on fertiliser production depicts some of the environmental impacts resulting from the
production process of phosphate fertiliser. Therefore, returning crop residues or adding compost to
soils can significantly reduce the adverse environmental impacts resulting from the use of inorganic
fertilisers, as composted products contain many nutrients necessary for plant growth and
development. Use of composted products in agricultural production therefore can reduce the fertiliser
cost and the environmental impacts associated with fertiliser production and its use.

Hill (1984) found that annual amendment of leaf compost reduced the fertiliser needs of vegetable
crops by 33-66% of the normal rates. However, the total replacement of inorganic fertiliser by
composted products may not be practical due to low nutrient content and slow mineralization
potentials of macro nutrients in composts (Sikora and Enkiri, 2001). In addition, high compost
application rates have the potential to cause secondary effects such as excess salts and accumulation
of heavy metals and other toxic compounds that may develop with 100% replacement of inorganic
fertiliser with compost (Leita and DeNobile, 1991; Sims et al., 1994). Combining low amendment rates
of composts with sufficient fertiliser to meet crop requirements also reduces the amount of inorganic
fertiliser that potentially could leach past the root zone into ground water.

Although high doses of urban compost have sometimes been claimed to be more efficient than normal
mineral fertiliser (Gallardo-Lara and Nogales, 1987), the literature also shows that the combined use
of composts and mineral fertilisers may be more efficient than when they are used separately
(Gallardo-Lara and Nogales, 1987; Buchanan and Gliessman, 1992). The authors consider this
strategy is very promising for most urban composts, because of problems that can arise from heavy
compost applications. However, combining low amendment rates of compost with fertiliser may not
improve the fertiliser use efficiency of inorganic fertilisers (Sullivan et al., 2002; Sikora and Enkiri,
2001; Sullivan et al., 1997).

Nutrient availability of composted products is extremely variable depending on the type and
composition of the compost used, and the soil and climatic conditions. The release of mineral N from
composts, or any organic material in soil, is the balance between the amounts of N released through
microbial decomposition of the compost driven by the microorganisms need for carbon, and the
amount of N assimilated by the microbes that feed on compost (Hadas and Portnoy, 1997).
Therefore, the carbon content and the C:N ratio of composts are indeed important properties for
assessing their ability to decompose and release available N (Hadas and Portnoy, 1997).
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Figure 7.5 Model for the manufacture of a phosphorus-based fertiliser.
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About 5 — 25% of the total compost N becomes plant-available during the first year after application of
compost having C:N ratios <20:1 (Dick and McCoy, 1993; Tester, 1989). Compost with C:N ratio
greater than 30:1 may reduce crop productivity via microbial immobilization of available N during the
first year after application (Shiralipour et al., 1992). However, composts may provide long-term
benefits because of slow releasing N potential. Long term monitoring of compost-amended soils
showed that the half-life of soil organic N supplied by sewage sludge or farmyard manure was
approximately 12 years (Sullivan et al., 1998).

Increased application of compost has a tendency to increase the amount of NO3 leaching and thus
poses an environmental threat to ground water quality. Ground water is a major source of drinking
water. According to the drinking water quality standard, NOs-N level higher than 10 mg L™ is
considered not suitable for drinking water (NHMRC & ARMCANZ, 1996). Nitrate leaching has been
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reported after excessive applications of inorganic fertilizers (Lea-Cox and Syvertsen, 1996; Goodrich

et al., 1991).

7.3.2

Literature review

Land application of sewage sludge and manure has also been reported to cause
leaching of NO3-N into the ground water (Daliparthy et al., 1995).

Table 7.6 provides performance data collected from the literature relating to the effect of application of
a range of composted products on nutrient availability, fertiliser use efficiency and nitrate leaching
under various soil and climatic conditions.

Table 7.6 Summary of impacts of application of composted products on nutrient availability.

Study Description Impact
Terman et al. Compared commercial fertiliser with 16% of the N in urban compost is
(1972) urban compost on bioavailability of N. bioavailable.
Tester et al. Examined the mineralization rates of 10% of the organic N in the
(1977) sewage sludge compost with a C:N ratio compost is available to plants

of 17 in a green house study. during the first year.
Parker and Studied the mineralization of N in sewage | <20% of the total nitrogen in
Sommers (1983) | sludge compost. compost is available.

Avnimelech and
Kochva (1992)

Carried out series of experiments to
compare the effect of superficial
application and incorporation of urban
compost in a clay loam soil.

Superficial application of compost
gave better yields, higher soil N and
carbon contents compared to the
incorporation. 20-40 m’ha”’ was
found to be the optimal rate of
urban compost.

Maynard (1993)

Studied the nitrate leaching from
application of spent mushroom compost
(C:N =17.2) in fine sandy loam sails.

Annual compost application
containing 365 and 731 kg N ha™
made for 3 consecutive years, had
little effect on the NO3
concentration in the ground water.

Hue et al. 1994,
Pierzinski et al.
1994, Dick and

45-75% of total P in composted
waste materials is inorganic P and
plant available.

agricultural crops.

McCoy (1993).
Murillo et al. The response of ryegrass to low-quality 22% of the total N is mineralizable.
(1995) urban compost (applied at 12 and 48

t ha'1) was evaluated in a sandy clay loam

soil.
Baldoni et al. Investigated the influence of compost 17 — 26% of total N in the compost
(1996) (sludge and straw) and sludge on and 22 — 30% of total N in the

sludge were plant available.

Cortellini et al.
(1996)

Studied the P availability in soil after the
application of 7.5 — 15 t ha™ (dry wt) of
compost for 6 consecutive years.

50% increase in plant available P
content of the soil over the mineral
fertiliser treatments.

Hadas and
Portnoy (1997)

Municipal waste compost with C:N ratio of
15.5 was evaluated for its N
mineralization during 33 weeks.

The N recovery after 33 weeks was
22% of total N and 15% of the
organic N. The rate of recovery
was independent of the soil and
compost application rate and only
dependent on C:N ratio.

Li et al. (1997)

Evaluated the leaching of nutrients from
various urban composts applied at 100 t
ha”' to a sandy soil.

The amount of N and P leached
accounted for 3.3 — 15.8% of total N
and 0.2— 2.8% of total P in the
compost.
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Table 7.6 Continued Summary of impacts of application of composted products on nutrient
availability.

Study Description Impact
Sullivan et al. Fertilizer N uptake efficiency was Fertilizer N uptake efficiency was
(1997) evaluated with and without compost over | not increased due the application of

five fertilizer N application rates ranging
from 0 — 67 kg N. ha™.

compost.

Biala and Wynen
(1998)

Reviewed the nutrient availability of
composts.

Nutrient availability of garden
organics compost:

N: 15% (year 1), 25-35% (year 2)
P: 50% (year 1), 50% (year 2)

K: 80% (year 1), 20% (year 2)
Mg:30% (year 1), 70% (year 2)

Sikora (1998)

Studied the N availability of different rates
of composted municipal refuse combined
with inorganic fertiliser to supplement the
total N requirement of tall fescue.

N availability of compost was
approximately 10% of its original N
content.

Sullivan et al.
(1998)

Conducted a field experiment with a
perennial grass to evaluate N
replacement value of food waste compost
addition at 148 — 172 tha™.

Fertiliser N equivalent of compost
was considered to be 7.6 — 8.1% of
total compost nitrogen and no
significant effect of adding compost
on NOs-N concentration of lower
soil layers.

Grey and Henry
(1999)

Conducted a laboratory study to evaluate
leaching of nutrients in urban compost
treated soils at different rate of inorganic
fertiliser additions.

Observed that leaching of mineral P
was insignificant suggesting strong
retention of P by composts.
However, K lost from compost was
substantial.

Mamo et al.
(1999)

Investigated the N mineralization potential
of urban compost applied on to field
grown corn in loamy sand soil.

0 — 12% of the compost N was
mineralised during the first year.

Sikora and Enkiri
(2001)

Evaluated the effects of biosolids compost
at different rates blended with different
rates of urea and ammonium nitrate on
tall fescue growth and N uptake.

25% of the total N present in the
compost was mineralised after 60
days and no significant effect on
fertiliser use efficiency by blending
of compost at low rates (2—6tha™)

Frossard et al.
(2002)

Assessed the P status of compost using
complementary approaches, isotope
exchange kinetics, sequential extraction
and solid state P*' NMR.

Composted organic solid waste
contained between 2 and 16% of
the total P as rapidly exchangeable
inorganic P, between 40-77% of the
total P as slowly exchangeable or
not exchangeable inorganic P and
the remainder was organic P.

Houot et al.
(2002)

Evaluated the performance of field
application of urban compost at 3-4 t ha™

(dry wt.)

3% of the total N present in the
compost was utilized by a maize
crop.

Sinaj et al. (2002)

Assessed the importance of soil and
compost properties on the utilization of
compost-P by white clover.

6.5% to 18.5% of the compost P
was plant available.

Sullivan et al.

Determined the effect of FW compost

Compost did not affect the fertiliser

(2002) (food waste + wood waste + sawdust) and | N uptake efficiency.
FYT compost (food waste + yard
trimmings + paper) on N fertilizer use
efficiency applied at 78 t ha™.
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7.3.3 LCldata

Wide variation in results exists in the literature on the effectiveness of compost to supply nutrients to
crops and on the environmental impact of fertiliser production and use. Therefore, the available data in

the literature has been grouped, averaged and given in Tables 7.7 and 7.8. In this study, it is

assumed that the nutrient availability of a composted mulch and a soil conditioner are parallel as some
investigators (Graham, 1998) observed similar plant responses under mulching and soil incorporation
using the same composted product.

Table 7.7 LCI data for nutrient availability of composted products.

Impact Impact
N availability 1st year - 15% Over 3-5 years approx. 40%
P availability 1% year - 38% Over 3-5 years approx. 100%
K availability 1% year - 80% Over 3-5 years approx 100%

Fertiliser use efficiency

<50 t ha"' — not significant

Nitrate leaching

<50 t ha™ — not significant
>50 t ha” = 10% of total N

Phosphate leaching

<50 t ha" — not significant
>50 t ha” — 1.5% of total P

Table 7.8 Average energy consumption, emissions and leaching from production and use of inorganic

fertilisers.
Production Use
N P K N P K
Energy requirement (MJ kg™') 72.27° 12.92° 9.95°
Phosphate extraction (kg kg™') 9.65°
(rock phosphate)
Potash extraction (K,O)(kg kg™) 1.402°
Limestone (CaCOs), (kg kg™) 0.0264° | 0.0659° | 0.0174°
Water requirement (L kg™) 1.5208° | 0.9898° 2.7TE-
03?
CO, emission, air (kg kg™ 3.96° 1.76° 1.36°
Methane emission, air (g kg™”) 7.1278° 5.052° 0.8344°
Hydrocarbon  emission, air | 0.0181° 4.1662° 0.0109°?
(gkg™)
(except methane)
N,O emission, air (g kg™") 0.0177° | 0.0659° 5.47E- 12.5°
03
NO1X emission (as NO,), air (g | 15.184° | 6.2775° 1.0012
kg')
SO1X emission (as SO,), air (g | 30.8692% | 7.592° 2.3435%
kg')
NH; emission, air (g kg™) 103.3° 9.31E- 2.98E- *140°
05° 07°
CO emission, air (g kg') 12.696° | 0.9496° | 0.0950°
NO; emission, water (g kg™') 1.21E- 3.87E- 7.71E-
04° 04° 05°
Fluorides, air (g kg™") 0.46°
Fluoride, water (g kg™) 167°
P,Os emission, air (g kg™') 0.45°
P,Os emission, water (g kg') 103°
Particulate emission, air (g kg™') | 4.4832° | 3.2765° | 1.2712°
HCI emission (g kg™) 0.1885°
NHasemission, water (g kg™') 0.0617° 7.57E- 2.91E-
03° 04°
BOD, water (g kg 1.878% | 0.0483° | 1.19E-
03?
COD, water (g kg™) 5.66° 0.4027° 9.95E-
03?
As emission, water (g kg™”) 0.01° <1.2E-04'
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Production Use
N P P K

Cd emission, water/soil (g kg™') 0.01° 0.075' | <1.2E-04
Cu emission, water/soil (g kg™') 0.05° 0.017" | 3.6E-04
Cr emission, water/soil (g kg™ 0.05° 0.666' | 9.6E-05'
Hg emission, water/soil (g kg™) 0.0095° 1.2E-04'
Ni emission, water/soil (g kg™") 0.04° 0.085 | 6.1E-04
Zn emission, water/soil (g kg™') 0.06° 0.796' | 1.08E-03'
Pb emission, water/soil (g kg™') 0.043° 0.055 | 3.6E-04'
1Gypsum emission, water (g kg 7500°

)

Source: “Extracted from data given in Sheehan et al. (1998), bAudsley et al. (1997), “FAO (2001), JUNEP (2000),
°Wind and Wallender (1997), 'Us EPA (1999) (TSP is taken for P fertilizer reference), *weighted average
for all N fertilisers.

7.3.4 Application scenario

Application of a composted soil conditioner at 12 t ha™ would provide approximately 11 to 22 kg of N,
3 to 25 kg of P, and 6 to 17 kg of K per hectare in a cotton crop during the first year of application
depending upon nutrient and moisture contents of soil conditioners. Total amount of N, P and K
supplied through this application rate over the period of 3-5 years would roughly be in the range of 29-
58 kg of N, 7-65 kg of P and 7-22 kg of K. Similarly, an application of a 10 cm deep and 50 to 75 cm
wide composted mulch cover (average bulk density = 510 kg m’, application rate = 80 to 120 t ha™
depending upon the width of mulch application) to a vineyard would provide approximately 27-40 kg of
N, 45-68 kg of P, and 71-108 kg of K per hectare during the first year of application. Total amount of
N, P and K supplied through this application rate over the period of 3-5 years would roughly be in the
range of 72-108 kg of N, 120-180 kg of P and 90 to 135 kg of K. These quantities were calculated on
the basis of the average composition of composted products given in Table 2.2 and availability of
nutrients from composted products provided in Table 7.7. Therefore, the application of a composted
soil conditioner or a composted mulch could replace the above mentioned N, P and K quantities which
otherwise would have to be supplied by inorganic fertilisers resulting in reduction of adverse
environmental impacts of using inorganic fertilisers. The reduction of adverse environmental impact
resulted from reduced usage of inorganic fertiliser could be quantified by using the Table 7.8.

It has been reported that application of composted soil conditioners cause leaching of NO3;-N and PO,-
P (Insam et al., 1997; Jakobsen, 1996; Li et al., 1997). This has mainly resulted in situations firstly
where mineral fertilisers were continued to be applied along with composted products and secondly for
high application rates and high nutrient composted soil conditioners such as composted biosolids,
composted manures, etc. Nutrient leaching from compost amended soils should be controlled if
compost application rates and nutrient loading are based on crop nutrient requirements. Similarly
application of composted mulch based on grapevine’'s nutrient requirements should not lead to
leaching of NO3-N and PO,4-P from the soil profile. In fact, nutrient leaching from compost amended
soils should be reduced due to slow and long term nutrient releasing ability of composted products
when compared with mineral fertilisers.
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7.4 Reduced herbicide requirements

7.4.1 Introduction

Weeds reduce crop quality and yield by competing for light, water and nutrients and increase the
harvesting cost. Therefore, weed control is an important task in agricultural production. There are
many ways of controlling weed populations in agricultural lands. i.e. mechanical, chemical and
biological control. Growers have become dependent largely on chemical weed control, as the cost of
the herbicides and the labour to apply them are lower than the cost of mechanical control. Most
agricultural crop production systems in Australia use herbicides for controlling weeds (except very few
organic farms). Their popularity reflects cost savings in farm labour, species selectivity, their ability to
increase yield and reduction in production costs (Altieri and Liebman, 1988).

However, long-term herbicide usage can have a potential negative impact on the environment
because of ground water contamination and adverse effects on humans and wildlife (Crnko et al.,
1992). Major pathways for herbicide removal from croplands are through leaching, surface runoff
water and sediments carried in the water (Schneider et al., 1988).

Mulches can be effectively used to suppress weed growth in agricultural lands (FAO 1987; Grantzau,
1987). Application of composted and non-composted mulches was an important method of weed
control in early agricultural systems prior to the development of herbicides (Altieri and Liebman, 1988).
The suppression effects of mulches are due to the physical presence of material on the soil surface,
and/or the chemical effects of phytotoxic compounds (volatile fatty acids and/or ammonia), higher CO,
level and temperatures (Ozores-Hampton et al., 1999; Shiralipour et al., 199; Niggli et al., 1990) and
organic acids (Worsham, 1984) resulting from biological activity during degradation of organic matter.

The degree of weed control by organic mulch depends on compost mulch type, weed species,
environmental conditions and thickness of the mulch layer (Ozores-Hampton, 1998). Weed control
usually improves as the thickness of the organic mulch layer increases due to the lack of weed growth
promoting factors such as light, temperature, moisture or O, level (Reisman-Berman and Kigel, 1991;
Baskin and Baskin, 1989). Weed seed germination is frequently inhibited when seeds are buried in
soil (Baskin and Baskin, 1989), and inhibition of germination increases with burial depth (Reisman-
Berman and Kigel, 1991). Generally, a 10-15 cm thick mulch layer is necessary to control weeds
most effectively (Marshal and Ellis, 1992; FAO, 1987).

Organic acids such as acetic, propionic and butyric acids are common phytotoxins found in mature
and immature urban compost (De Vleeschauwer et al., 1981). These phytotoxins in composts
sometime can injure crops as well. The type and degree of injury are directly related to compost
maturity or stability (Ozores-Hampton, 1998). Crop injury has been usually linked to use of immature
composts (Zucconi et al., 1981b). Phytotoxins present in immature urban compost may be primarily
responsible for poor vegetable seed germination and growth inhibition rather than C:N ratio (Keeling et
al., 1994).

Organic mulches can reduce cultivation cost by 20—40% (Kolb, 1983) and can control weed growth as
effectively as strong herbicides (Grantzau, 1987). Organic mulches applied at 5 t ha™ in herb
production controlled weeds effectively and at lower cost than did simazine (6-chloro-N-N"-diethyl
1,3,5-triazine-2,4-diamine), diuron [N'-(3,4-dichlorophenyl)-N,N-dimethylurea], and oxyfluorfen [2-
chloro-1-(3-ethoxy-4-nitrophenoxy)-4-(tryfluoromethyl) benzene] herbicides (Singh et al., 1985).
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7.4.2 Literature review

Table 7.9 provides performance data collected from the literature relating to the effect of application of
composted products on weed suppression under various soil and climatic conditions.

Table 7.9 Summary of weed suppression effects.

Study

Description

Impact

Shearman et al. (1979)

Investigated the effect of mulching at
7.5 cm and 15 cm with turf grass
clipping, oat straw, and alfalfa hay on
weed growth under bush beans in
clay loam soils.

Weed cover after 45 days:
Control - 57.5%
Turf clippings (7.5 cm) - 2.5%
Turf clippings (15 cm) - 0%
Alfalfa hay (7.5cm)- 6.5%
Alfalfa hay (15 cm) -

1.0%
Oat straw (7.5 cm) -

2.0%
Oat straw (15 cm) - 1.3%

Nigli et al. (1990)

Conducted field trials for 8 years to
evaluate the effect of various organic
mulch materials on weed control in
orchards.

Effect of 10 cm mulch cover on
weed control was as good as
herbicide treatments (spring:
Simazine + Glufosinate, autumn:
Glufosinate).

Roe and Stofella (1993)

Evaluated the effect of 5 cm urban
compost mulch on weed growth in a
sandy soil with bell pepper.

Weed cover after 73 days:

Control - 72%
Glyphosate - 49%
Compost - 21%

Pinamonti (1998)

Studied the effect of mulching at 5
mm with urban compost and sludge
and bark compost on weed growth in
vineyards.

Weed growth was reduced by
the compost treatments to the
same extent as in mechanical
tilage and herbicide treatments.

Wilkinson (2001)

Studied the effect of 10 cm deep
straw, fine and coarse composted
mulch from garden organics on weed
growth in vineyards.

10 cm deep composted muich
reduced percentage of weed
cover by 90% compared to
control (no muich).

vermicompost+straw, composted
mulch and wheaten straw on weed
growth in grapevine at different sites.

Biala (2001) Studied effect of application of 10 cm | After 4 months of application,
thick pasteurised and composted pasteurised and composted
mulches on weed growth in mulches reduced weed growth
vineyards. from 70-80% compared to

control.

Percy (2001) Studied the effect of 10 cm deep composted mulch

highly significantly (>90%)
reduced weed growth under
vines compared to control.

Ozores-Hampton et al.
(2001)

Evaluated application of 8 weeks old urban
compost at several mulching depths on weed
control under bell pepper and squash in a
sandy soil.

Average weed cover for two
seasons after 240 days of

application.
3.8 cm —-60%
7.5cm —48%

11.3cm-31%
Paraquat — 26%
Control — 100%
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7.4.3 LCldata

A set of LCI data for production and use of pesticides (herbicides and insecticides) is given in Table
7.10. The data set is more generalized and therefore LCI data for each individual pesticide production
and use may vary greatly from this set. Transformation and transport of pesticides are strongly
influenced by site-specific conditions and management practices. In addition, pesticides include a
broad class of agrochemicals with widely ranging properties that defy generalization. Therefore, there
are no appropriate estimates available to calculate some of the LCI data for pesticide. The LCI data
given in Table 7.10 could be used commonly for herbicide as well as for insecticide as the available
literature on their environmental impacts does not distinguish them and commonly designated as
agrochemicals.

The amount of leaching of herbicide could be considered to be very low as the rate of herbicide use is
much lower compared to the fertiliser rates. Moreover, some herbicides are quickly degraded in soils
or plants after the application (Sheehan et al., 1998). However, there are some herbicides, which
have long half-life (time taken to degrade 50% of the chemical) with low soil sorption coefficients and
higher water solubility. These herbicides are likely to leach and contaminate ground water.

Drift losses of herbicides depend on factors such as wind, nozzle size, and height at which the
material is released. Majewski and Cabal (1995) showed that drift for ground- rig application ranged
from less than 0.5% to 8% of the nominal application and was dependent on the nozzle type, hydraulic
pressure, and wind speed. The drift from aircraft application ranged from 1 to 31% of the applied
amounts.

In addition to the application drift, pesticide residues can be transported into atmosphere attached to
dust particles disturbed during tilling operations. Another route of entry of pesticides into the
atmosphere is through volatilisation. This is a major cause of pesticide disappearance from target
area, particularly where they are surfaced applied, and the rate of this loss can exceed the rate of
chemical degradation (Taylor and Glotfelty, 1988). Volatilisation is continuous and depends on soil
moisture content (wet is worse), temperature, relative humidity, wind velocity, and soil type (Lewis and
Lee, 1976). When spray application is used, loss from volatilisation ranges from 3% to 25% for most
pesticides (Sheehan et al., 1998). In contrast, pesticide losses from soil-incorporated application
methods are usually much lower.

Table 7.10 LCI data for production and use of pesticides.

Production Use

Energy requirement, (MJ
kg™ active ingredient)

- herbicide 288°

- insecticide 237°

- fungicide 196°
Water requirement (L kg™') 2.797°
CO, emission, air (kg kg™ 29.7°
Run off coefficient (kg kg™') 0.03°
VOC emission, air (kg kg™') 0.31°
(volatilisation and drifts)
Methane, air (kg kg™) 0.0223°
Nitrous oxide, air (g kg™") 0.7592°
CO, air (g kg”) 2.5885°
Hydrocarbons, air (kg kg™) 0.0613%
(except methane)
Particulate, air (g kg™) 1.0755°
Sulphur oxides, air (kg kg™) 0.0211°
(SO as S0O,)
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Production Use

!\litrogen oxides, air (kg kg’ 0.0147°

(NO, as NO»)

!—|ydrogen fluoride, air (g kg~ 5.48E-05°

)

Ammonia, water (g kg™) 0.0529°

BOD, water (g kg™) 0.0158°

COD, water (g kg™) 0.0886°

Ammonium, water (g kg™') 0.011%

Nitrate, water (g kg™") 5.584E-03°

Source: “Extracted from data given in Sheehan et al. (1998), "Wind and Wallender (1997), “Biermann et al. (1999). Please note
these are generic averages for herbicides, insecticides and fungicides.

7.4.4 Application scenario

In viticulture, increasing attention is being paid to floor management in order to minimise weed
competition. However, there is no common guideline for weed control in grape cultivation in NSW.
Weed management depends on the age of vines, weed types present, critical period of weed control
(e.g. autumn, late winter and spring) and availability of registered herbicides (NSW Agriculture, 2002).
In NSW grape growers use various herbicides to control weeds in their farms. Most of the herbicides
are applied as directed sprays to avoid the crop rows in established vineyards. For example 360 g/L
glyphosate is applied at the rate of 2-3 L per sprayed hectare to control annual weeds. However
higher rate of glyphosate at 3-6 L are required to control perennial weeds such as couch, paspalum,
etc. Some common herbicides used in Australian viticulture are Trifluralin, glufosinate-ammonium,
amitrole, ammonium thiocyanate, fluazifop, paraquat, glyphosate, oxyfluorfen, diuron, napropamide,
oryzalin, simazine, dichlobenil, and norflurazon (Parson, 1995).

Based on above literature, an application of 10 cm of composted mulch could effectively control weeds
in vineyards (Wilkinson, 2001; Biala, 2001; Percy, 2001). Therefore, it could totally avoid herbicide
applications in vineyards resulting in environmental and economical benefits. The reduction of
adverse environmental impacts due to avoided herbicide applications could be quantified by using the
Table 7.10.

Application of mature, stable composted soil conditioners does not suppress growth of weeds.
Therefore there is no likelihood of weed suppression from application of soil conditioners in cotton
fields.

7.5 Reduced biocide requirements

7.5.1 Introduction

Composts have the potential to suppress and control plant diseases. Variety of bacterial species such
as Bacillus spp., Enterobacter spp., Flavobacterium balustinum, Pseudomonas spp. and fungal
species such as Streptomyces spp., Tricoderma spp., and Gliocladium virens have been identified as
biocontrol agents in composts (Hardy and Sivasithamparam, 1991; Phae et al., 1990; Hoitink and
Fahy, 1986). The disease suppression potential in composts is largely induced during the curing
phase as biocontrol agents recolonise composts after the peak heating phase (Hoitink and Grebus,
1994).

Disease suppression with compost may be achieved by either limiting growth or saprophytic survival of

pathogen, expression of the disease, or both. The disease suppression is often attributed to four
mechanisms:
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e competition for nutrients among pathogens and beneficial microorganisms (on roots
as well as leaf surfaces),

e antibiotic production (by microorganisms in the compost),
e predation and parasitism, and

o systemic disease resistance induced in plants in response to compost treatments
(Goldstein, 1998).

Compost prepared from heterogeneous organic materials may have highly suppressive effects against
disease caused by Pythium spp. (Pascual et al., 2000; Mandelbaum and Harder, 1990), Phytophthora
spp. (Hoitink and Boehm, 1999; Widmer et al., 1999), Rhizoctonia spp. (Tuitert et al., 1998; Kuter et
al., 1983), and Fusarium spp. (Trillas-Gay et al., 1986; Chef ef al., 1983). These diseases cause
severe losses in many crops and are difficult to control.

The physical and chemical properties and the presence of beneficial microorganisms account for the
suppressive effects of such composts (Hoitink et al., 1993). The suppression action varies with the
type of composting process, maturity and type of feedstock. For example, compost produced in the
open near a forest, an environment that is high in microbial species diversity, are more consistently
suppressive than those produced from the same materials in facilities that are partially enclosed,
where few of these microbes survive (Kuter et al., 1983). However, most of the beneficial microbes
are killed due to heat build up during the commercial composting processes. These composts,
although naturally suppressive for some pathogens, have to be incubated for a month or more before
they are recolonised by the right-specific microbiota (Kuter et al., 1988). In the field, several months
may pass before suppression is induced (Lumsden et al., 1983). To solve the problem of variability in
suppressive action of composts to disease pathogens, specific bacterial and fungal inoculants, which
can suppress disease pathogens, are introduced into composts after the peak heating phase (Hoitink,
1990; Phae et al., 1990).

The decomposition level of organic matter in compost has a major impact on disease suppression
(Hoitink and Grebus, 1994). For example, Rhizoctonia solani cannot colonise in mature compost with
low cellulose. On the other hand, Trichoderma (biocontrol agent of Rhizoctonia solani) are capable of
colonising in mature compost (Hoitink and Grebus, 1994). Because organic matter decomposition
level is so important, compost must be stabilised adequately to enhance its biological control potential
(Hoitink and Grebus, 1994). In practice this occurs in composts (tree barks, saw dusts, etc.) that have
been stabilised far enough not to induce phytotoxicity or nitrogen immobilization (Hoitink and Grebus,
1994). The slow release nature of organic nutrients tied up in mature compost support activity of
microbiota for a longer duration thus sustaining its biocontrol potential. However, excessively
stabilised organic matter does not support adequate activity of biocontrol agents (Hoitink and Grebus,
1994). For example, disease suppression is lacking in highly mineralised soils with high content of
humic substances (Hoitink and Grebus, 1994). Abiotic factors such as soil pH and nature of clays
influence the disease suppressive effects of composts and soils (Alabouvette, 1999).

The compost can also suppress vascular and foliar diseases by inducing plant resistance due to root
colonisation of some of the microbes present in the compost (Maurhofer et al., 1994; Wei et al., 1991).
Some investigations revealed that compost water extracts could be sprayed to control above ground
plant diseases (Weltzhien, 1992).

The disease suppression induced by composts can be temporarily destroyed by unfavourable
chemical conditions such as high salinity and soluble nitrogen content. Hoitink and Grebus (1994)
reported that composted municipal sludge with a high salinity value (>10 mS/cm in the saturated
paste) applied to soybean just before planting increases Phytopthera root rot over that in the control.
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These disease suppressive effects can be used to control several important soil borne diseases,
effectively leading to a reduction in the amount of pesticides used in agriculture to a great extent.
Therefore, a major research and development effort must be directed into this aspect of disease

control.

7.5.2

Literature review

Table 7.11 provides performance data collected from the literature relating to the disease suppressive
effect of compost application on a variety of crops grown under a range of soil and climatic conditions.

Table 7.11 Summary of disease suppressive effects.

suppress snow molds of turf grass
caused by Microdochium nivale and
Typhula ishikariensis.

Study Description Impact
Lewis ef al. Assessed the effect of field amendment Compost reduced the incidence of damping-off in pea and cotton
(1 992) witr11 composted sewage sludge (7 - 10 t probably due to induction suppression. The disease suppressive
ha™') on damping-off of peas and cotton effect was sustained over 4 years period even though compost was
caused by Pythium ultimum and added only during the first 2 years.
Rhizoctonia solani.
Serra- Investigated the suppressive properties Compost addition increased disease suppressiveness of the soil
WittIing et al of urban composts to Fusarium wilt of proportionately to the application rate. Both microflora of soil and
* | flax caused by Fusarium oxysporum f. compost were involved in the suppressiveness and mainly acted
(1 996) sp. lini in soil/compost mixtures. through nutrient and space competition towards the population of
the pathogen.
Marull et al. Examined the value of urban compost Plants in soils amended with compost had lower number of root-
(1997) residues for control of root-knot knot nematodes (Meloidogyne javanica).
nematodes in a typical Mediterranean-
intensive horticultural production system.
Pitt et al. Evaluated the phytosanitary potential of Addition of compost reduced wheat take-all (Gaeumannomyces
(1 998) recycled organic material compost for graminis) up to 80%, root-rot of peas (Phoma medicaginis) to 66%,
the control of soilborne pathogens in a red-core of strawberries (Phytophthora fragariae) to 70% and club
pot trial. root of brassicas (Plasmodiophora brassicae) to a negligible level.
The disease suppressive properties of compost were dose
responsive and due to a combination of direct parasitism,
competition for resources and the production of anti-fungal
compounds.
Widmer and Studied the effect of application of urban | Incidence of root infection of Phytophthora nicotianae in citrus
Graham compost on Phytophthora root rot in seedlings was reduced in soils amended with composts as long as
(1 998) citrus seedlings. they were relatively fresh (< 6 months from time of composting).
Boulter et al. Evaluated the capacity of selected ) Compost application reduced the snow molds severity to the levels
(2002) compost formulations (at 5-10tha™) to | not significantly different from fungicide control.

Cotxarrera et

Investigated the effects of applying

Compost showed a high ability to suppress Fusarium wilt caused by

manure and wheat straw to suppress
Fusarium in sweet basil (Ocimum
basilicum L.).

al (2002) compost (prepared from vegetable and Fusarium oxysporum f. sp. lycopersici race 1. Trichoderma
: market wastes, sewage sludge and yard | asperellum was found to be the biocontrol agent.
waste) on control of Fusarium wilt in
tomato grown in pots inoculated with the
pathogen.
Khalilian et Evaluated the effect of surface Columbia lance nematode (Hoplolaimus Columbus) densities were
al (2002) application of urbar11 compost (at 11.2, reduced due to the surface application of compost and the
: 22.4 and 33.6 t ha"') on nematode nematode control by compost application was comparable to plots
management in cotton cultivation. treated with Temik 15G nematicide.
Reuveni et Examined the potential of compost made | Compost induced protection against Fusarium oxysporum f. sp.
al. (2002) by mixing cattle manure, chicken basilici and reduced the severity of the visual symptoms of Fusarium

wilt.

7.5.3 Application scenario

Even though compost is known to have disease suppressive effects, it is rather difficult to attach a
value to it because at present it is not known which diseases can be suppressed by compost
application in cotton and grape cultivation in NSW and replace biocides used to control those

diseases.

However, according to information from NSW Agriculture (Media release 10 April 2002,

http://www.agric.nsw.gov.au/reader/12905), cotton growers in NSW face a possible Fusarium wilt
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epidemic. Currently, there are about 57 farms in NSW where the disease has been identified. Since
compost is well known to control Fusarium wilt in a variety of crops, there is strong potential for cotton
growing to benefit from compost additions in controlling the Fusarium wilt. Vineyards also have the
potential to reduce or replace the application of biocide used against some diseases. Compost
application can potentially substitute for any biocide, which would be required to control some
diseases in future. The avoided impact of not spraying biocides could be quantified from Table 7.11.
Use of compost against diseases reduces the risk of crop damage and application of biocide including
application rate and frequency of biocide application.

7.6 Sequestration of carbon in soils

7.6.1 Introduction

Carbon sequestration refers to natural or man-made processes that remove carbon from the
atmosphere and store it for long periods or permanently. A store of sequestered carbon (i.e. soil) is
known as a carbon sink (US EPA, 1998). Carbon sequestration in soils will be an important agenda in
controlling global warming attributed to greenhouse gas emissions. Principle processes of carbon
sequestration in soil include humification of organic materials, aggregation by formation of
organomineral complexes, deep placement of organic matter beneath the plough zone, deep rooting,
and calcification (Bruce et al., 1999).

The Kyoto protocol (1997), an international treaty to limit greenhouse gas emissions, when fully
implemented requires most nations of the world to reduce their net emissions of greenhouse gases by
agreed, specified amounts by year 2012. In recent agreements under this protocol (Article 3.4),
carbon sequestration in soils qualifies for inclusion in international carbon accounting and trading
process. Therefore, the potential capacity of agricultural soils in NSW to sequester carbon might
represent a tradeable carbon credit to offset greenhouse gas emissions. Estimates of the carbon
sequestration potential of NSW soils from experimental data by paired sites comparisons and
modelling ranged from 6—40 t ha™, depending on soil texture and climate (NSW Agriculture, 2002).

Changes in soil carbon content reflect the net result of carbon input (e.g. compost application, crop
residues) and carbon loss (via decomposition). To gain carbon storage in soil, it is therefore
necessary to increase the amount of carbon entering the soil and/or to suppress the rate of soil carbon
decomposition (Bruce et al., 1999). The amount of carbon entering the soil is a function of the amount
of organic material applied to soil in addition to related management regimes affecting plant yield and
plant management (e.g. stubble retention). Long term field experiments reviewed by the US EPA
(2002) and others have shown a linear relationship between carbon inputs and soil carbon levels.
This relationship varies depending upon climate and other soil and management factors, which
influence decomposition rates (Post and Kwon, 2000).

Post and Kwon (2000) examined the effects of returning agricultural land to perennial vegetation or
forests. When agricultural land is no longer used for cultivation and allowed to revert to natural
vegetation or replanted to perennial vegetation, soil organic carbon can accumulate. Post and Kwon
(2000) determined that the average rates of carbon (C) accumulation are similar for forest or grassland
establishment: 33.8 g C m? and 33.2 gC m respectively. These results are relevant to the
rehabilitation of degraded soils.

Adoption of sustainable practices such as minimum tillage, crop rotations, stubble retentions, green
manuring and soil and water conservation practices represent opportunities to accumulate soil organic
carbon through carbon sequestration (Pretty and Ball, 2001; Rosenzweig and Hillel, 2000; Smith et al.,
2000). In this context, application of composted product derived from recycled organics could
enhance these opportunities in building up of soil carbon sinks in many agricultural systems in NSW.

Department of Environment and Conservation NSW 83



Life Cycle Inventory and Life Cycle Assessment for Windrow Composting Systems

The cereal cropping soils alone in the Western district of NSW offer a potential sink for over 5 million
tonnes of carbon (NSW Agriculture, 2002).

Horst et al. (1998) simulated the effect of compost applications on cropping soils in Europe. It was
found that soil organic matter content on a loam soil continues to increase even after 50 years of
compost application. For sandy soils organic matter levels reached the equilibrium after about 25
years. This increase in soil organic carbon is sequestered carbon, not contributing to greenhouse
gases in the atmosphere.

The rate of decomposition is controlled by soil conditions (e.g. moisture, temperature, and oxygen,
composition of the organic material, placement of the material within the soil profile, and the degree of
physical protection i.e. within soil aggregates) (Bruce et al., 1999). For example, the mineralisation
resulting from soil cultivation is estimated to contribute the loss of 4 million tons of carbon per annum
in Australia (Swift, 2001). This may be due to aggregate breakdown by cultivation leading to rapid
mineralisation of carbon previously encapsulated within the aggregates.

Soil carbon storage can also change through erosion, which redistributes carbon across the
landscape. Thus, some parts of the landscape may lose carbon while others may gain carbon.
Because some of the eroded material is deposited elsewhere on the landscape or in water systems,
not all the carbon lost by erosion can be considered a net contribution to atmospheric carbon dioxide.
For the same reason, soil carbon gains resulting from a practice that reduces erosion cannot be
entirely equated to removal of atmospheric carbon dioxide (Bruce et al., 1999).

The process of turning agricultural soils into sink for organic carbon sequestration would be complete
only if the microbially stable humic matter is increased since most of the soil carbon is mainly allocated
in rapidly cycling unstable labile carbon pools (Schlesinger and Licther, 2001). Humified organic
carbon, humic acids and humin in particular, represents the most persistent pool of soil organic carbon
with mean residence times of several hundreds of years (Piccolo, 1996).

The percentage of stable carbon remaining in the soil is a factor of climate, soil type, type of organic
matter and land use and management practices. Soil organic carbon in a stable pool is chemically
and/or physically protected and less readily impacted by agronomic practices (Eshwarn et al., 1995).
Organic matter decomposition in clayey soils is slower than in sandy soils and is linked to greater
physical protection against microbial attack (Hassink, 1992). The soil organic carbon, adsorbed on to
mineral surfaces or occluded within soil structural units, is resistant to decomposition and could be
considered more stable (Jenkinson, 1988). Skjemstad et al. (2001) observed that soil organic carbon
composed of aromatic carbon structures are more resistant to decomposition than that of aliphatic
carbons.

Globally, 20 to 50% of the stable carbon pool present in natural grassland and forests is lost by 40-50
years of land use change (Swift, 2001; Bruce et al., 1999). In Australia, the soil carbon lost due to the
cultivation over 10-80 years was estimated to vary from 10-60% (Dalal and Chan, 2001). Lal (1997)
suggested that 15% of crop residue would be converted to stable form of soil organic carbon. Heenan
et al., (1996) conducted long-term trials at Wagga Wagga, NSW and suggested that only 4.6% of the
crop residue would be converted to stable soil organic carbon.

The application of composted products from recycled organics has the potential to contribute to the
carbon sequestration process in agricultural lands in NSW and thus represents a modest contribution
in the overall carbon accounting process in addition to other benefits. Adding compost has the
potential to shift the soil carbon balance by retaining some of the compost carbon in the soil system.
In addition, compost application has the potential to stimulate crop productivity resulting in further
increase in the soil carbon pool due to a larger volume of crop residues. Further, composting leads to
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increased formation of stable carbon compounds (i.e. humic substances, aggregates) that can be
stored in the soil for long (>50 years) period of time (US EPA, 2002). Therefore, the application of
compost produces a multiplier effect by quantitatively changing the dynamics of the carbon cycling
systems and increasing the retention of carbon from non-compost sources (crop residues). This
multiplier effect could enable compost to increase carbon storage by more than its own direct
contribution to carbon mass accumulation.

In addition, composting produces a greater proportion of humus than that typically formed when
organics are left directly on the ground due to the involvement of thermophilic bacteria in the
composting process (US EPA, 2002). Thermophilic bacteria tend to produce a greater proportion of
stable, long-chain carbon compounds than do bacteria and fungi that predominate at ambient
temperature. However, according to some authors, addition of organic amendments like compost and
livestock manures is not likely to yield a net sink for carbon in soils, as would be required by the Kyoto
protocol because carbon accumulated in these products are merely recycling crop carbon
(Schlesinger, 2000; Bruce et al.,, 1999). Nevertheless, the framework used here describes the soil
carbon benefits of compost application relative to other processes of municipal waste disposal.

7.6.2 LCI data and application scenario

Due to the complexity of the processes involved in soil carbon storage, it is difficult to identify a precise
sequestration LCl data set. The carbon storage process due to compost application probably is
controlled by a number of biological, physiochemical, and compost management factors such as
application (i.e. silviculture, horticulture, agriculture, and landscaping), application rate, climatic factors,
soil type, and, to a lesser extent, compost feedstock (US EPA, 2002). Therefore, this study directly
applies the data on carbon storage estimates for composted organics developed by US EPA (2002).

In developing estimates, US EPA (2002) extensively researched the processes that affect soil carbon
storage, reviewed the results of experiments on the soil carbon impacts of applying organic
amendments, and interviewed experts on the potential carbon storage benefits of composting organics
as compared to other methods of disposal. As it was difficult to find any primary data that could be
used to develop quantitative estimates of the carbon storage benefits of compost, US EPA (2002)
opted for using a simulation model, CENTURY (Metherell et al., 1993), to quantify the soil carbon
sequestration. However, US EPA (2002) was unable to estimate the quantities of carbon stored due
to multiplier effects (i.e. increased crop residues due to increased crop production). Therefore,
estimates given by US EPA (2002) are likely to be conservative (i.e. understate carbon storage rates),
at least for soils with high silt and/or clay content where the multiplier effect is most likely to apply.

Carbon addition to a soil can flow through various pools and can also exit the system (i.e. as CO,,
dissolved carbon, or through crop removal). The carbon in a soil system could be in either an active
pool, slow pool or in the passive pool (US EPA, 2002). The active pool of soil organic matter includes
living biomass and debris from dead animals and plants. The active pool is estimated to have a mean
resident time (MRT) of a few months to 10 years (Metherell et al., 1993; Brady and Weil, 1999). The
slow pool includes resistant plant material (i.e. high lignin content) and has and MRT of 15-100 years
(Metherell et al., 1993). The passive pool of organic matter includes very stable materials remaining in
the soil for hundreds to thousands of years (Metherell et al., 1993). Therefore, this study considers
only the fraction of organic carbon, which will remain in the passive pool. However, for any carbon
accounting process, both passive and slow pools could be considered as tradeable carbon credits to
offset greenhouse gas emissions. According to US EPA (2002), the passive pool consists of 45-60%
of the carbon in composts while 4-20% and 30-45% of the carbon in composts can be considered to
be in the active and in the slow pool respectively.
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Since the model CENTURY does not simulate for organic matter additions with high humus content to
directly increase the magnitude of the passive pool, US EPA (2002) used bounding analysis to
estimate the upper and lower limits of the magnitude of this effect. In this analysis, they evaluated the
amount of long-term soil carbon storage when organics are composted and applied to soils. It has
been estimated that approximately 0.03 metric ton of carbon equivalent per wet short tonne (1 metric
tonne = 1.12 short tonne) of organics is sequestered after about 100 years. This is equivalent to
0.07056 (0.03*1.12*2.1) metric tonne of carbon equivalent per metric tonne of compost based on
assumptions (2.1 tonnes of yard trimmings [garden organics] are required to generate 1 tonne of
compost with 30% moisture) made by US EPA (2002). NSW Agriculture (2002) literature review on
soil carbon sequestration using a variety of organic materials has provided a value of 0.008 to 0.08
tonnes of carbon for each tonne of added RO products in the top 10 cm soil layer after about 1-5 years
of application.

US EPA (2002) also estimated that approximately 0.05 metric tonne of carbon equivalent per wet
short ton of organics is sequestered after 10 years. This is equivalent to 0.1176 (0.05*1.12*2.1) metric
tonne of carbon equivalent per metric tonne of compost based on assumptions made by US EPA
(2002). This figure on carbon sequestration after a 10 year period could be used in any carbon
accounting process, as the Kyoto protocol when fully implemented requires most nations of the world
to reduce their net emissions of greenhouse gases by agreed, specified amounts by year 2012.

In addition, US EPA (2002) has found that the carbon storage rates decline with time after initial
application and is similar across application rates and frequencies, and across site conditions. Soil
carbon storage rate varies from about 0.08 metric tonne carbon equivalent per wet short tonne
organics immediately after compost application to about 0.02 metric tonne carbon equivalent per wet
short tonne organics 24 years after the last application.

In the context of this study, the value of 0.07056 metric tonne or 70 kg of carbon equivalent per metric
tonne of compost is taken as the carbon sequestration potential of composted product in agricultural
use.

7.7 Remediation of saline-sodic soils

7.7.1 Introduction

Salinity and sodicity are serious problem in NSW with many environmental, economic and social
impacts. The costs associated with salinity are potentially enormous and are borne not only by the
rural community, but ultimately by the whole state and its environment. Salinity contributes to
significant losses of productivity in agricultural lands in NSW and may take some lands entirely out of
production. In addition to reduced agricultural production, there are also costs associated with
protecting land from further degradation, remediation of salt scalds, groundwater monitoring, fencing,
revegetation and repairing damage to farm infrastructure. Estimation of the area of land affected by
dryland salinity in NSW by 1999 varies between 120,000 and 174,000 hectares (DLWC, 2000a). A
ragged band stretching from Albury, past Yass, Wagga Wagga, Forbes, Dubbo, north to Tamworth
and Gunnedah in the area most extensively affected by salinity as can be seen in Figure 7.6. Salinity
has also been observed in low-lying coastal lands (EPA, 2000). Estimated costs of dryland salinity in
NSW included $700 million in lost land and $130 million annually in lost production (EPA, 2000).

Although soil sodicity is less commonly known than soil salinity, it affects considerably greater land
areas and costs at least $1.3-$2 billion each year in lost agricultural production (EPA, 2000). Land
affected by soil sodicity has many adverse soil properties. The poor structure of sodic soil causes
drainage and infiltration problems, erosion, compaction, surface sealing, and excessive surface runoff
(EPA, 2000). Sodic soils are generally found in low rainfall areas. In NSW sodic soils are found across
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eastern, central and on the western plains of NSW. Sodic soils are also found in coastal areas of
Northern NSW (see Figure 7.8). Regular gypsum application can ameliorate sodic soils to a certain
extent.

Land clearing has led to increased recharge of groundwater resulting in rising groundwater levels,
possibly reaching the surface. Since many areas of Australia have naturally high levels of salt in the
soil and groundwater, the rising groundwater carries salt dissolved from the underlying soils and
bedrock material to the surface. Large areas of the Western Slopes, the Hunter Valley, and the
Sydney Basin already have saline groundwater within two meters of the surface (Figure 7.7).
Modelling of groundwater systems in NSW by DLWC for the Murray-Darling Basin salinity audit
(MDBMC, 1999) estimates that there are now 5.4 million ha in NSW with high groundwater at or near
the land surface. The findings of the Murray-Darling Basin Salinity Audit also indicate that, if we
continue to use our landscape the way we use it now, the area of land affected by serious salinisation
could increase to 2-4 million hectares by 2050 in the New South Wales section of the Murray Darling
Basin alone.

Figure 7.6. Mapped, observed and measured salinity (NSW EPA, 2000).
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¢ vmemvEBEES | declines  due to  the
increase in saline discharges from saline landscapes. Already more than 230,000 tonnes of salt pass
Narromine in the Macquarie River annually (DLWC, 2000a). River salinity makes water less suitable
for domestic consumption and irrigation and results in increase in cost for water treatment. It also
affects the natural ecosystems associated with rivers. As river salinity rises, vegetation along the bank
may be threatened, resulting loss in important wildlife corridors and stream stability. The health of the
aquatic environment may decline or be entirely lost. For example, it has been predicted by Murray-
Darling Basin Salinity Audit (1999) that the Macquarie Marshes and Great Cumbung Swamp will
experience a severe loss of biodiversity over the coming years, if no actions are taken to address the
threat.

The potential effects of salinity and associated water logging on infrastructure, building and domestic
houses are believed to be enormous. Salinity causes breaking down of bricks, mortar and concrete in
buildings, corrosion of metal, shifting or shrinking of foundations, and pot holing, cracking and
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crumbling of road bases. Salinity currently affects at least 40 towns in the Murray-Darling Basin as
well as part of Western Sydney and lower Hunter Valley (DLWC, 2000a).

Figure 7.7. Groundwater rise in selected regions of the Murray-Darling Basin (NSW EPA, 2000).

Saline  soils, being
dominated by NaCl,
lead to the formation of
sodic soils when salts
are leached. Sodic soils
derived from saline
conditions tend to lose
their structure, become
compacted and impermeable and difficult to reclaim. As mentioned earlier many NSW soils naturally
contain salt in the top 1 to 2 metres and when the soil dries out, the concentration of salt increases
and moves up the profile affecting plant growth. This is called transient salinity (Rengasamy 2000),
which starkly differs from water table-induced salinity. Transient salinity is extensive in sodic soils in
Australia where water tables are deep. This type of salinity may be prevalent in viticultural areas and
potentially causing production loss in millions of dollars. Unfortunately such processes, though slow
are irreversible in nature. There is evidence that stubble retention (like mulch) stores water deep in the
profile, e.g. at 2m according to O'Leary & Connor (1997) though much of this water may deep drain
and add to the water table (pers comm. Paul Hutchinson-CLW Giriffith).

The different means to reclaim saline-sodic soils are based upon the leaching of the excessive salinity
out of the root zone. Reasonable infiltration rate and hydraulic conductivity are prerequisites for any
such process (Avnimelech et al., 1994). In this regard, addition of composts is useful in reclamation of
saline-sodic soils since it improves and stabilizes the soil structure ensuring a relatively high infiltration
rate and hydraulic conductivity (Avnimelech et al., 1994). It also increases solubility of CaCO3; due to
the organic acids and chelating agents generated along with degradation of organic matter (Sekhon
and Bajwa, 1993). This in turn can lead to the replacement of exchangeable sodium by calcium. In
addition, soil channels made by decaying plant roots due to improvement in plant growth from
compost addition may further enhance the leaching process (Avnimelech et al.,, 1994). Further,
compost can significantly reduce the recharge of the groundwater table as discussed in Section 7.2.
This can substantially reduce the risk of dryland salinity caused by rising groundwater levels in
agricultural lands.

Major requirements for increasing productivity in dryland sodic soil are improved water storage and
transport in the root zone and improved crop water-use efficiency. This will also lead to improved
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drainage and leaching of accumulated salts below the root zone. Development of soil structure and its
maintenance over time is essential for sustained plant productivity, which can be achieved through
compost application as an alternate to chemical ameliorants such as lime and gypsum. A significant
potential benefit from compost use in saline areas could also come from increased crop growth
increasing demand for water, which in turn has the potential to reduce groundwater recharge.

Figure 7.8. Soils with sodic horizons (NSW EPA, 2000).

7.7.2

Literature review

Table 7.12 shows performance data collected from literature on the effect of compost addition on soil
sodicity and provides a base for the life cycle inventory of the effect.

Table 7.12 Effect of compost addition on sodicity

Study

Description

Impact

Sekhon and Bajwa
(1993)

Studied the effect of green manuring, farm yard
manure, rice straw (0.5-1.0% w/w) and different
levels of gypsum in controlling build up of Na in a
calcareous sandy loam receiving sustained sodic
irrigation in a rice-wheat-maize system.

Incorporation of organic product has similar
results compared to gypsum treatments in
reducing exchangeable Na percentage and
increasing crop yields.

Avnimelech et al.
(1994)

Compared the effect of urban compost application
at 200 and 400 m*ha™ and addition of gypsum (5 t
ha") on the reclamation of saline and alkaline
cotton growing soils in Israel in a two year field
experiment grown with oats and wheat.

Addition of urban compost was equivalent, or
even superior to the addition of gypsum in
reclaiming saline and alkaline soils. The
effect of compost was long lasting.

duplex soils in north eastern Victoria.

Minhas et al. Conducted a field experiments involving rice-wheat | The farmyard manure reduced soil sodicity

(1995) rotation go evaluate the effect of farmyard manure significantly and was more effective in
(15 t ha™) and gypsum in ameliorating the soil ameliorating sodicity compared to gypsum
irrigated with saline water. treatments.

Wahid et al. Examined the amelioration of saline-sodic soils Farmyard manure at 3% rate ameliorated

(1 998) with application of farmyard manure, wheat straw salt affected soils and promoted wheat
and clover hay at 1 and 3% of soil weight. growth better than that of clover hay and

wheat straw.
Slattery et al. Investigated the effect of composted feedlot Decreased exchangeable sodium
(2002) manure (109 t ha™') on chemical properties of percentage in 40-60cm layer by 10%.
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7.7.3 LCIl data and application scenario

The above literature review makes us to assume that continuous application of composted soil
conditioners has the potential to ameliorate sodic lands and thus could substitute gypsum requirement
(2-5 t ha™") necessary to reclaim those lands, however there are no data available how much gypsum
can be replaced through the addition of composted products. Gypsum requirement varies between
25t 5t ha’ depending on the sodicity level and the soil type. The substitution of gypsum with
composted soil conditioner will avoid environmental impacts of producing gypsum. There is no
information available on the effect of compost as a mulch on soil salinity and/or sodicity.

Even though the addition of compost has the potential to influence groundwater levels and subsequent
salinity development, it is very difficult to obtain a definite relationship between the soil salinity and the
rise in the groundwater table since it varies from place to place depending on the hydraulic properties
of the catchment and the amount of salt present in groundwater and soil.

7.8 Reduced erosion

7.8.1 Introduction

It has been estimated that 14 billion metric tons of topsoil are lost throughout Australia every year
through erosion and more than 35% of NSW is affected by some form of water erosion (DLWC,
2000e). Erosion occurs when wind and rain dislodge topsoil from fields and hillsides. Stripped of its
valuable top layer, which contains many nutrients, the soil left behind is often too poor to sustain good
plant growth. Eroded topsoil can be carried into rivers, streams, and lakes. This excess sediment,
sometimes containing fertilizers or toxic materials, threatens the health of aquatic organisms. It can
also compromise the commercial, recreational, and aesthetic value of water resources. As a result,
preventing erosion is essential for protecting waterways and maintaining the quality and productivity of
soil.

The most severe water erosion is found on the inland slopes of the Great Dividing Range in NSW.
These are areas subjected to hot dry seasons alternating with a wet season with a total rainfall greater
than 500 mm (EPA, 2000). The water erosion is largely due to past land use practices such as
excessive clearing of native vegetation followed by over grazing by introduced animals and pests.
Fire also removes both the native plants and vegetation litter covering the ground, exposing areas
subjected to fire to erosion (EPA, 2000). Disturbance and earthworks associated with urban
development and redevelopment in NSW also result in substantial soil losses through erosion.
Significant areas of NSW are also susceptible to wind erosion. Wind erosion is a particular feature of
the drier part of NSW, especially those areas of fine sandy soils such as the mallee lands of central
and southwestern plains of the Murray-Darling Basin and is largely due to cultivation of these lands
(EPA, 2000). Figure 7.9 shows the inherent sheet erosion risk by water for NSW soils. Inherent sheet
erosion risk is the long-term susceptibility of a parcel of land to erosion if the soil is exposed for 12
months and no erosion control measures are employed (EPA, 2000).

Deposition of eroded sediment can lead to nutrient enrichment of streams, resulting in eutrophication
of waterways. The level of nutrients generated from various forms of land use can be substantial. A
recent study in the Hawkesbury-Nepean catchment (where market gardens had a history of fertilizer
overuse) indicates that 11 kg of P and 127 kg of N per hectare could be lost with storm water runoff
due to various land use activities in each year (Hollinger et al., 2001).

Future climate change will bring about changes in precipitation. In case of increased precipitation, the
runoff and erosion rates are likely to increase at a even greater rate than the rainfall, if we don'’t
change our farming practices (Pruski, 2002). In the case of decreased rainfall scenario, it is predicted
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that erosion rates are just as likely to increase as to decrease. Given these results, along with the
likelihood of overall increases in heavy rain during the next century, Karl et al. (1996) concluded that
the overall story is one of increased erosion. This is of particular concern for vineyards, which are
often established on hill slopes.

Application of composted products as surface mulch can reduce water erosion significantly as the
mulch cover will protect the surface layer from the impact of rain. Surface mulching with composted
product can also reduce the wind erosion substantially. Incorporation of composted products can
reduce soil erosion by reducing effects of runoff generation due to improved soil structure, increased
infiltration and water holding capacity, and reduced surface sealing.

Figure 7.9. Inherent risk of sheet erosion by water in NSW soil profiles (Source: NSW EPA, 2000).

7.8.2 Literature review

Table 7.13 shows performance data collected from literature on the effect of compost addition on soil
erosion and provides a base for the life cycle inventory of the effect.
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Table 7.13 Effect of compost addition on soil erosion

Study

Description

Impact

Ettlin and Stewart
(1993)

A study was conducted to assess the effectiveness
of mixed yard debris compost and leaf compost at 3”
(7.62 cm) mulch cover on a landfill with 34 — 42%
slope.

Untreated bare soil had 31,000 mI L of
suspended solids whereas mixed yard debris
compost and leaf compost treatment had 740
and 280 ml L™ of suspended solids.

de Vos (1996)

Investigated the potential of garden and household
waste compost mulch (5.6 t ha™) in wind erosion
control in a sandy topsoil.

Surface application of compost prevented soil
Ioss1 from wind erosion at a wind speed of 11-15
ms’.

Agassi et al.
(1998)

Evaluated the effect of the amount and mode of
application of urban compost on runoff. A control,
three mulching treatments (100, 200, and 300 m*ha’
"y and one soil incorporation (200 m*ha™) were
exposed to a 40 mm h' rainfall at 5% slope.

It was possible to control the runoff effectively by
mulching at 100 m*ha™ (1 cm muiching depth).
100, 200 and 300 m°ha’ mulching treatment
reduced runoff by 74.5, 74.2, and 70.9%
compared to the control respectively while the
incorporation treatment of 200 m*ha™ (120 t ha™)
decreased the runoff by 17.3%.

Bazzoffi et al.
(1998)

Studied the effect of compost derived from urban
refuse on runoff and soil erosion in a clay loamy soil
(15% slope) in a 3 year field experiment with maize.
The compost was incorporated into the soil at a rate
of 64 tha™.

Runoff reduction due to compost ranged between
7 and 399 m*ha™.  Compost application
reduced soil loss by 31% compared to the
control.

Albaladejo et al.
(2000)

Determined the effect of applying several rates (65,
130, 195, and 260 t ha™ mixed in top 20 cm layer) of
organic urban solid refuse on total runoff and soil
loss in a silty clay soil with 10% slope.

Organic urban solid refuse reduced the soil loss
by 81, 97, 98, and 99% respectively by 65, 130,
195, and 260 t ha™ application rates compared to
the control. This was due to a reduction of runoff
by 67, 94, 95, and 98% by respective treatments
compared to the control.

Loughran et al.
2000

Conducted an investigation to measure the soil
erosion in 19 vineyard blocks in Pokolbin, NSW and
compared with estimated soil loss values generated
from two water erosion models (SOILOSS &
MUSLE).

Average measured soil loss was 17.5tha™.
However, SOILOSS model predicted an average
soil loss of 14.6 t ha™ yr" and MUSLE model
predicted soil loss of 38.3 t ha” yr” in vineyards.

Edwards et al.
(2000)

Evaluated the effect of compost (produced from
manure, potato and sawdust) on potato growing
soils by incorporating at 15 t ha™ (dry matter).

Soil loss from compost amended plots was
similar to that from control plots.

Bresson et al.
(2001)

Investigated the impact of urban compost application
(159 kg’1) on soil erosion in a silty loam exposed to
a 19 mm h™' rainfall for 60 minutes. Application rate
is approximately 39 t ha™ with incorporation up to 20
cm.

Compost application reduced the sediments in
the runoff from 36.4 to 11 g L (by 69.7%).

Ros et al. (2001)

Conducted a two year field experiment to evaluate
the effect on soil erosion of adding different urban
organic waste, urban compost, unstabilized
municipal waste, and aerobic sewage sludge on
soils with 15% slope. The organic wastes were
added to the soil in sufficient amount to increase the
soil carbon content by 2%, and were incorporated
into the top 20 cm layer (approximately 215 t ha™ of
compost).

Organic waste addition reduced the soil loss by
78, 80, and 94% respectively by unstabilized
municipal waste, aerobic sewage sludge and
municipal waste compost compared to the
control. Recommended to use a single
application at 250-300 t ha™ to control erosion in
susceptible lands.

7.8.3

LCI data and application scenario

On the basis of the above literature review, it could be assumed that an application of a 10 cm surface
mulch would cut off the soil loss through erosion totally in vineyards. As in the section on water use
(Section 7.2), the available data on reduced soil loss due to the incorporation of compost has been
grouped to obtain a relationship between the application rates and percentage reduction in soil loss
and shown in Figure 7.10. According to the Figure 7.10, an application of compost at 12 t ha™ would
reduce the soil loss due to erosion by 14.8% in cotton fields.

While extensive information available on erosion rates for cotton and grape growing soils in many
regions of the world, comparatively limited information is available for Australia. Hamblin (1996), while
reviewing Australian land resources indicated that the economic loss resulting from small amounts of
erosion from high value horticultural areas greatly exceeds that coming from much larger areas of
pastoral and arable lands in New South Wales. In this study, therefore, the average values for soil loss
under cotton and grape cultivation estimated from existing data are used.
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However, the erosion rates can vary greatly due to the variability in climate, soil type and the
management. In cotton growing soils the run off varies typically between 100—200 mm and the soil
loss varies between 4—12 t ha™ per year (Silburn et al., 1998). In this study, annual rate of soil erosion
in conventionally managed Australian cotton growing soils is estimated as 8 tons per hectare by
averaging existing data (Silburn and Glanville, 2002; Connolly et al., 1999; Silburn et al., 1998;
Kennedy, 1997; Silburn et al., 1997; Simpson, 1997; Waters, 1997; Holden, 1995; Carroll et al., 1991).
Therefore, an application of composted soil conditioner at 12 t ha™ could result in preventing a soil loss
of 1.2 tonnes (8 t of soil*14.8%) per hectare annually in cotton fields. Connolly et al. (1999) have
reported slightly higher soil erosion (1.7 t ha™ yr‘1) in cotton fields practicing stubble retention
compared to the potential when soil conditioner is applied. According to Brown et al. (1985), cotton
yields can decline by as much as 4% for each centimetre of topsoil loss.

In this study we assume that the average annual soil loss in vineyards in NSW due to erosion is 17.5 t
ha™. This figure was an average soil loss measured in 19 vineyard blocks in Pokolbin, NSW during an
investigation carried out by Loughran et al. (2000). Therefore, mulching at 10 cm depth could prevent
a soil loss of 17.5 tonnes per hectare annually in vineyards because mulch cover will reduce the direct
impact of rainwater dislodging the soil layer. Atech Group (2000) estimated that annual loss of N and
P in Australian cotton fields due to runoff is about 0.5 kg and 4.0 kg per hectare respectively. In
addition, they estimated that in Australian vineyards (perennial horticulture), there is a loss of 1.4 kg of
P and 14 kg of N per hectare annually through runoff. It was also reported that an average of 3% of
applied agrochemicals is lost through runoff (Sheehan et al., 1998).

Therefore, an application of compost as a soil conditioner in cotton lands at 12 t ha™ could result in
reduction of soil loss by 1.2 tonnes, total phosphorus by 0.07 kg, and total nitrogen by 0.6 kg per
hectare annually (based on 14.8% reduction in soil loss). Whereas, mulching of vineyard at 10cm
would prevent a soil loss of 17.5. tons, total P loss of 1.4 kg, and total N loss of 14 kg per hectare
annually.

Figure 7.10 Effect of compost as a soil conditioner on soil loss.
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7.9 Soil structure

7.9.1 Introduction

The degradation of soil physical conditions such as soil structure is strongly related to continuos and
intensive cultivations that have caused a gradual decrease of the soil organic matter (Giusquiani et al.,
1995). Loss of soil structure is one of the significant land degradation problems facing most Australian
agricultural soils leading to soil compaction, surface crusting, reduced water permeability, soil erosion
and evidently reduced plant productivity. Numerous researchers have reported improvement in soil
structure through the application of composted products (Pagliai et al., 1981; Guidi et al., 1983) and
attributed this change to an increase in organic matter from the addition of composts.

A significant beneficial effect of compost applications to improvement of soil structure is due to
increased stability of soil aggregates (Stratton et al., 1995). The high organic matter content in
compost and the resultant effects of the organic matter on humic fractions and nutrients in sail
increases microbial populations, activity and enzyme production, which in turn increases aggregate
stability (Stratton et al., 1995). As the stability of soil aggregates increases, bulk density is decreased
and porosity is increased (Mays et al., 1973). The modifications of soil structure have often been
quantified through the characterisation of porosity and pore size distribution, since pores determine
the most important soil physical properties for plant growth (Giusquiani et al., 1995). The variation of
soil porosity directly reflects the soil structure and an increase in soil porosity due to application of
composted products leads to a decrease of bulk density (Giusquiani et al., 1995). Therefore soil bulk
density can also be used as indicator of soil structure.

Stratton et al. (1995) has reported that the most dramatic bulk density response to the application of
compost has been on marginal soils with poor soil structure and low levels of soil organic matter.
Changes reported in soil bulk density though have occurred for low compost applications but more
pronounced effects have been produced for higher application rates (Stratton et al., 1995) and these
effects are realised slowly over time.

7.9.2 Literature review

Table 7.14 shows performance data collected from literature on the effect of compost incorporation on
soil bulk density and provides a base for the life cycle inventory of the effect.

Table 7.14 Effect of compost addition on soil bulk density

Study Description Impact
Turner et al. Urban compost was applied to fine sand at the rate of 0, 67 Application of 134 t/ha of compost after two
(1 994) and 134 t/ha for two years. years decreased bulk density from 1.3 to
1.1 glem®.
Martens and Various organic based wastes (poultry manure, sewage Incorporation of total 75 t/ha of organic
Frankenberger sludge, barley straw and green alfafa) were applied 3 times products over 2 years decreased bulk
' | over 2 years at the rate of 25 t/ha/year to coarse loamy soil density from 1.48 to 1.32 g/cm3.
1992 and incorporated into 15 cm topsoil.
Zebrath et al. Various organic based wastes (biosolids, biowastes, poultry Incorporation of total 180 t/ha of organic
(1 999) and food waste compost, composted hog manure solids, products over 4 years decreased bulk

mined peat moss) were applied for 4 years at the rate of 45 density from 1.67 to 1.41 g/cm®.

t/halyear to coarse textured loamy sand.

Compost from green wastes, cow manure, spoiled hay, clay Compost application at the rate of 44 t/ha

Stamatiadis et

al (1 999) soil and various crop processing residues was applied at the decreased bulk density after 1 year
} rate of 0, 22 and 44 t/ha to broccoli grown on silt clay loam. application from 1.15 to 1.08 g/cms.
Mays et al. Compost from municipal refuse and sewage sludge was Incorporation of 327 t/ha of compost over 3-
(1 994) applied to sorghum, bermudagrass and corn at the rate from 4 years significantly decreased bulk d%nsity
0 to 448 t/ha of silt loam soil from 1.37 to 1.12 g/cm".
lllera et al. Anaerobically digested biosolids and composted organic After 1 year application of 80 dry t/ha
(1999) fraction of MSW was applied at the rate of 0 to 80 dry t/ha. compost bulk density of degraded arid soil

decreased from 1.22 to 1.06 g/cm3.

Aggelides and
Londra (2000)

Compost produced from a mixture of 17% sawdust, 21%
sewage sludge and 60% town wastes by volume was
incorporated to loamy and clayey soils at the rate of 0, 39, 78
and 156 t/ha

After 1 year incorporation of 156 t/ha of
composted soil conditioner bulk density of
loamy soils decreased from 1.37 to 1.1 and
clayey soils from 1.12 to 0.94 g/cm®.
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Data on changes in soil bulk density have been reported only for composted soil conditioners i.e.
when composted products are incorporated into soil. The reason for this is that changes in soil
physical properties including bulk density occur only when organic matter present in composted
products interacts with the soil.

Application of composted products as surface mulch will also change soil bulk density only after mulch
interacts with the soil, which happens slowly as compared to soil conditioner. Therefore, no bulk
density data was available for effects of composted products applied as surface muich.

7.9.3 LCI data and application scenario

As mentioned above that higher compost application rates are more effective in improving soil
physical condition, including soil bulk density. A relationship has been obtained by grouping available
information on the effect of compost application on soil bulk density (Figure 7.11). The relationship
shown in Figure 7.11 may change (i.e. level out) for higher compost application rates over 200 t ha™.
On the basis of this relationship, it is expected that an incorporation of 12 t ha™ could reduce soil bulk
density by about 2%.

Figure 7.11 Effect of compost as a soil conditioner on bulk density of the topsoil.
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7.10 Plant response to compost applications

Improvements in the physical, chemical, and microbiological characteristics of soil from addition of
composted products are well documented and explained in previous sections. The beneficial effects of
compost addition are usually reflected through increased crop production resulting from enhanced
seedling emergence, improved and healthier plant growth, and increased yield.

Although compost application can often result in increased crop yields, the response varies with
compost feedstock and maturity, rates and methods of application, crop species and variety, fertiliser
rates and intervals between application and planting. Yield responses are generally greater in soils
with low fertility. Numerous reviews (Roe, 1998; Shiralipour et al., 1992; Gallardo-Lara and Nogales,
1987) and research findings on the beneficial effect of compost application on agronomic and
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horticultural crop production have been published. Table 7.15 provides summarised information from
various investigations on compost use and crop production.

Table 7.15 Summary of compost applications to plants/crops effects.

Stud Description Impact

y p P

Manios and Studied the effect of urban compost amendment (15 | Yield was increased by 17.6% and 20.8%
Syminis (1 988) and 30 t ha'1) on cucumber production. with 15 and 30 t ha™ treatments respectively.

Bevacqua and
Mellano (1994)

Investigated the effect of composted sludge on
onion, turf grass and lettuce production on a sandy
loam. Sludge compost was incorporated at 37 and
74tha”.

Composted sludge application at 37 t ha™
increased the yield of onion, lettuce and turf
grass by 46, 56, and 235% respectively over
the control.

Obreza and
Reeder (1994)

Evaluated the growth and yield response of a
tomato/watermelon successional cropping system to
incorporated urban compost (at 13— 112tha')on a
sandy soil.

Observed 16% increase in tomato yield and
54% increase in watermelon yield compared
to the control.

Sabrah et al.

Investigated the effect of applying urban compost at
different rates (16.5, 33, 49.5 and 66 t ha™') as a soil

Application of 33 t ha™" of composted urban
was found to be the most economical one

sandy loam to clay loam soils.

(1995) amendment on field grown wheat. giving 26 — 34% yield increase over the
control.

Aguilar et al. Eva}luated the effect of urban compost at 11.2—45 t Compost application resulted in an average

(1997) ha™ (incorporated) on olive and orange production in | yield increase of olive and orange crops by

50 and 17% respectively compared to the
control.

Hallmark and
Brown (1999)

Studied the effect of urban compost addition (20—
100 tons per acre) on sugarcane production on a
silty clay soil.

Incorporating large amounts of compost into
soil before planting can result in large
increase in sugarcane yields when inorganic
fertiliser is not used.

Clark et al.
(2000)

Evaluated the effects of incorporated urban compost
(134 t ha'1) on yield of irrigated tomato and pepper
production on sandy soils.

Compost application resulted in increasing
tomato yield by 18-27% and pepper yield by
17% over the control.

Ouédraogo et al.
(2001)

Investigated the influence of compost (household
refuse + manure + crop residue) amendment (5 t ha
") on sorghum grown on a loamy sand.

Compost application increased the sorghum
yield by 45% over the control.

7.10.1 LCI data and application scenario

Information on productivity improvement in cotton and grape by compost addition is very limited. A
summary of some findings on the effect of compost application on cotton and grape production is
given in Table 7.16. A relationship is obtained by grouping available information on the effect of
compost application on cotton yield as depicted in Figure 7.12. The relationship obtained here is
assumed to be holding for the purpose of this study. According to the relationship, an application of
12 tons of composted soil conditioner products in a hectare would expect to increase the cotton yield
by 11.5%. We also assume that an application of 10 cm composted mulch in a vineyard would
increase the grape yield roughly by 27% as Buckerfield (2001) obtained an average figure of 35% and
19% yield increase for 7.5 and 15 cm composted mulch measured over 4 harvests after application of
mulch to 2 years old vines in South Australia.
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Table 7.16 Summary of effect of compost application on cotton and grape production.

yield under 800 vines in South Australia.

Study Description Impact
Aguilar et al. Evaluated the effect of urban compost at 30 Produced an average increase in yield
(1997) tha™ (incorporated) on grape production in of 30% over the control.

unirrigated sandy loam to clay loam soils.
Buckerfield Investigated the effect of 10 cm composted Observed 20.5% increase in grape yield
(1998) mulch (composted green organics) on grape (kg/vine) due to compost mulching.

Berry weight and sugar content were
also increased.

Pinamonti (1998)

Studied the effect of addition of two composts
(urban compost and sludge and bark compost)
as a 5 mm mulch on grape production.

The compost mulch improved the
general performance and the growth of
vines. The pruning weight was 120 —
140% higher than that in the control.

Khalilian ef al.
(2002a)

Evaluated the effect of addition of urban
compost at 11.2, 22.4 and 33.6 t ha™ as
banded and broadcast application on cotton in
a 3 year field experiment on loamy sand soil.

Observed average yield increase of 3.6,
10.2, and 19.7% with 11.2, 22.4 and
33.6 tha treatments respectively.

Khalilian et al.
(2002b)

Conducted a 3 year field experiment to
evaluate the effect of addition of urban
compost at 8.98, 17.94, and 26.90 t ha™' on
cotton production.

The compost application resulted in
average yield increase of 13.3, 20.2,
and 28.5% with 8.98, 17.94, and 26.90 t
ha™ treatments respectively.

CIWMB (2002)

Studied the effect of compost application (2-8
tons per acre) in vineyards.

8 tons per acre treatment increased the
grape yield by 0.9 tons per acre.

Rabb et al.
(2002)

Evaluated the effect of compost application at
4.5 t ha™ with various rates of N fertilizer on
cotton production.

Observed 6.2% average yield increase
over the control due to compost
application.

Figure 7.12 Effect of compost on cotton yield.
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7.11 Summary of post-application impacts

The summaries of post-application impacts resulting from applying composted soil conditioner in an
irrigated cotton field and composted mulch in a vineyard are given in Tables 7.17 and 7.18
respectively. Section 8 modelling and subsequent discussions suggest that 25-50 t ha” of soil
conditioner is the relevant application rate (depending on soil, climate, etc.), therefore summary results
below are calculated from this range of applications (Table 7.17). Post-application impacts of
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composted mulch have been calculated for 10 cm mulching depth (Table 7.18). The results in both
tables refer to single application and per year impact.

Table 7.17 Summary of post-application impacts resulting from applying a composted soil conditioner
at 25-50 t ha™ (wet weight basis) in an irrigated cotton field.

Impact Tangible (potential) benefits
Water use ¢ Increasing water holding capacity of top 0-15 cm soil layer by 2.4-3.0 %.
(Section 7.2.8) e Savings of 0.13-0.16 ML of water per hectare per season in irrigated cotton

e Savings of 37,006-45,370 ML of water to cotton industry per season of
irrigated cotton.

Fertiliser use e Savings of 34-68 kg of N, 29-57 kg of P, and 24-48 kg of K per hectare

(Section 7.3.4) during the first year of application

e Savings of 90-180 kg of N, 75-150 kg of P, and 30-60 kg of K per hectare
during 3-5 years.

Herbicide use ¢ Soil conditioners do not suppress weeds.

(Section 7.4.4)

Biocide use e Potential to control Fusarium wilt in cotton, which is spreading at epidemic

(Section 7.5.3) levels in NSW. There is no known biocide that can be replaced with
compost.

Carbon e Sequestering about 2.9-5.9 tons of carbon per hectare after 10 years. This

sequestration figure may be taken for carbon accounting process.

(Section 7.6.2) e Sequestering about 1.8-3.5 tons of carbon per hectare after 100 years.
This figure is relevant to LCI studies.

Sodicity ¢ Potential savings of 2-5 tonnes of gypsum per hectare in affected lands.

(Section 7.7.3) No such data available yet.

Erosion ¢ Preventing a soil loss of 2.3 to 4.2 tonnes per hectare annually.

(Section 7.8.3)
Soil structure (Bulk | ¢ Bulk density decreased by 4.1 to 7.6%
density) Section
793

Yield response ¢ Increasing the cotton yield by 19.5 to 21.5%
(Section 7.9.1)
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Table 7.18 Summary of post-application impacts resulting from applying a composted mulch at 10 cm
depth in a vineyard (roughly 100 t ha™ of material at bulk density of 510 kg m™).

Impact

Tangible (potential) benefits

Water use
(Section 7.2.8)

Increasing moisture retention of top 0 — 15 cm soil layer by 9.82%.
Savings of 0.95 ML of water per hectare per season in irrigated
viticulture, if it is available to plants.

Savings of 23,750 ML of water per season of irrigated viticulture.

Fertiliser use
(Section 7.3.4)

Savings of 27-40 kg of N, 46-68 kg of P, and 72-108 kg of K per hectare

during the first year of application
Savings of 72-108 kg of N, 120-180 kg of P, and 90-135 kg of K per
hectare during 3-5 years after application.

Herbicide use
(Section 7.4.4)

Replacing the total herbicide requirement in a vineyard, i.e. 2-6 L of
glyphosate per hectare.

(Section 7.6.2)

Biocide use ¢ No data available

(Section 7.5.3)

Carbon e Sequestering about 11.56 tons of carbon per hectare after 10 years.
sequestration This figure may be taken for carbon accounting process.

Sequestering about 7.056 tons of carbon per hectare after 100 years.

This figure is relevant to LCI studies.

Salinity and sodicity
(Section 7.7.3)

No data available.

Erosion
(Section 7.8.3)

Preventing a soil loss of 17.5 tonnes per hectare annually.

Soail structure (Bulk
density) Section
7.9.3

No data available.

Yield response
(Section 7.9.1)

Increasing the grape yield by 27%.
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7.12 Limitations and gaps of post-application impacts

The main limitation of post-application impacts is that the majority of data for these impacts have been
obtained from overseas studies. Also performance does not necessarily reflect the level of
performance that could be realized from appropriate application rate of products that are specifically
tailored to the specific agricultural application context. Though relationships and trends identified for
these impacts in this study will most likely be similar for Australian agriculture, quantitative impacts
may not be entirely appropriate for Australian conditions. Australian agriculture (particularly soil and
climate conditions) is different from where (Europe and North America) most of the data in this study
has been obtained.

Soil and climatic conditions play an important role in determining post compost application impacts. As
mentioned in Section 2.1, significant reduction of soil organic matter in Australian soils due to
continuous cropping has reduced soil fertility, productivity and stability. Land degradation has been
identified as the most severe land use issue affecting the state of the environment in NSW (NSW EPA,
1997). In this context, application of composted products to highly degraded and low productive soils
has the potential to produce even greater direct and indirect beneficial environmental impacts. The
gaps in LCI data for post-application impacts identified from this review are listed below:

Many studies have found increased soil water content or soil water retention after application of
composted soil conditioners. Very few studies have measured changes in plant available water. It is
the increase in plant available water that provides an opportunity for and quantification of the reduction
in irrigation water requirements. There are no data available for change in plant available water after
application of composted mulches. Such data are required to quantify the extent to which the
application of composts increase plant available water and reduce irrigation water requirements.

Recycled organics product are source of major plant nutrients particularly nitrogen, phosphorus and
potassium which has been demonstrated in several studies. Recycled organics products release
nutrients variably and steadily over 3-5 years after the decomposition of organic matter present in the
RO products. Mineraliasation of RO products, and release and availability of major nutrients for cotton
and grapevine use under Australian environmental conditions are not known. This information is
critical for accurate estimation of nutrient contribution to meet requirements of these crops through RO
product applications. Long term data on nutrient release and availability for all three major plant
nutrients (N, P and K) is necessary in this regard.

Several studies have identified that composted products have disease suppressive effects. Disease
suppression must be relevant to the specific crop and region being evaluated. However there is no
current evidence that composts will be effective in suppressing diseases and displacing the use of
biocide known to be used in cotton or grapevine cultivation in NSW to control diseases.

This literature review has suggested that application of composted soil conditioners has the potential
to reduce soil sodicity of the topsoil layer due to improvement in soil structure, hence reduced use of
gypsum. However there are no data available as to how much gypsum can be replaced with
composted soil conditioners to ameliorate sodic soils. There is also no information available on the
effect of compost as mulch on sodicity.

Application of composted soil conditioner has been shown to lead to decrease in soil bulk density, an
indicator of improved soil structure, however there are no data available for use of mulch on soil bulk
density. Mulch applied as surface cover does not interact with the soil like soil conditioners therefore
not directly decrease bulk density as do soil conditioners. However mulch does impact on the levels of
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biological activity in the topsoil, and eventually would interact directly with the soil over time as the
mulch breaks down to improve soil bulk density and soil structure.

In the case of composted mulches, post-application performance beneficial relationships have been
derived for mulch application depth (optimum depth assumed in this study is 10 cm) without
considering mulch application width because benefits from mulch application in the literature are cited
mainly for application depth. Though mulch application depth is responsible for producing post-
application benefits, changing mulch application width changes mulch application rate. This certainly
alters nutrient provision and is likely to change post-application benefits. In this study, varying mulch
application rates due to varying application width take into account post-application benefits such as
reduction in fertilizers and increased carbon sequestration. However due to lack of such information,
varying mulch application rates due to mulch application width did not take into account impacts on
other benefits, e.g. water and herbicide savings, reduced erosion, improved soil structure, and
improved plant productivity.

In quantifying the impacts and benefits of compost, there is strictly limited value in assessing the
application of generic compost products. Products assessed should be relevant to the needs of the
crop, soil and region, and should be applied at an optimum rate to achieve maximum benefit. The
establishment of performance data from such directly relevant applications will markedly improve the
quality of LCI data, and provide a more accurate indication of the associated post-application
environmental impacts.
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Section 8 Life Cycle Impact Assessment

Life Cycle Impact Assessment (LCIA) is used to characterise and assess the affects of resource
consumption and environmental loadings identified in the inventory stage (see Section 3.2.3). The
calculation involves the conversion of LCI results to common units and the aggregation of the
converted results within the impact category. This conversion uses characterisation/equivalency
factors. Characterisation/equivalency factors are developed from characterisation model relevant to
environmental mechanism of each impact category. Characterisation/equivalency factors have been
developed within the LCA framework to identify how much a substance contributes to a particular
environmental impact category compared with a reference substance. For example, methane
contributes 21 times more to global warming than carbon dioxide. Carbon dioxide is used as a
reference substance for GWP. Thus the quantity of methane released by a system is multiplied by 21
to derive a carbon dioxide equivalent global warming figure. The relevant environmental issues
(impact categories) are modelled in the LCIA and the results of this modelling reported in the context
of these impact categories.

A LCIA calculator has been constructed as an Excel spreadsheet (Excel 2000) to model LCI data
collected from the literature for the production and application of composted products. This calculator
calculates and presents total environmental impacts (positive and negative) from the compost system
as defined in system model and application scenarios documented in Section 4 of this report. The
LCIA calculator also provides an option for inclusion of economic value modelling in future when such
data become available. The LCIA calculator is also adaptable for future use by simple alteration of
compost quantities, application rates and transport distance. Detailed instructions for use of the LCIA
calculator are provided in an instructions worksheet (worksheet 2) in the attached calculator (ROU,
2003).

8.1 Modelling scenarios

The following modelling scenarios have been considered to assess environmental impacts of
production of composted products and post-applications to grapevine (intensive) and cotton
(broadacre) agricultural production systems using this calculator. Assumptions, results, sensitivity
analysis and interpretation of these modelling scenarios are presented below:

8.1.1 Production and application of composted mulch to intensive (grapevine) agricultural
production system

Modelling scenarios 1 to 3-Assumptions

Composted mulch produced in a commercial windrow composting facility system in the Sydney
metropolitan area is transported to agricultural (viticulture) application sites for application as surface
mulch. Prominent grapevine growing areas located in the Hunter (distance 175 km) and Mudgee
(distance 275 km) are modelled to assess impacts arising from varying transport distance. Trucks
return with backloading from both grape growing regions.

In scenarios 1 and 2, mulch is applied (in each of the regions) along the rows of grapevine at the same
application rate of 10 cm depth and 50 cm width, which is equivalent to 83 t ha™ (Table 8.1).

In modelling scenario 3, a higher mulch application rate for the Hunter region has been considered. In
scenario 3, mulch application width is 75 cm (as opposed to 50 cm wide in scenarios 1 and 2), while
mulch depth remains the same 10 cm. Total application rate in Scenario 3 is equivalent to 125 t ha™.
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These three scenarios model the impacts of two variable transport distances (175 and 275 km), and
varying application rates (83 and 125t ha'1) whilst keeping backloading as a constant. Backloading in
this study means trucks transporting composted products to application sites return (from the region)
loaded with other products unrelated to this system (for details please see Section 6).

8.1.2 Production of composted soil conditioner and application to broadacre (cotton)
agricultural production system

Modelling scenario 4 to 7-Assumptions

Composted soil conditioner produced in a commercial windrow composting facility in the Sydney
metropolitan area is transported to an agricultural (cotton farm) application site for use. The application
site is the prominent cotton growing area located at Narrabri (constant transport distance of 600 km).
In scenarios 4-7 two logistic scenarios (backloading and without backloading) and two application
rates of 25t ha™ (~2.5mm depth) and 50 t ha™ (~5mm depth) have been modelled. Soil conditioners
are applied with compost spreader and incorporated into the soil in the process of normal soil
cultivation practices. These scenarios model the impacts of varying backloading and non-backloading,
and varying application rates whilst keeping transport distance constant (600 km).

Backloading in this study means trucks transporting composted products to application sites return
(from the region) loaded with other products unrelated to this system. Without backloading or non-
backloading means trucks transporting composted products to application sites return empty (for
details please see Section 6).

Total area of application (hectares) of composted products for all scenarios (1 to 7) is the same and
equals the 100 ha. All modelling scenarios are presented in Table 8.1.
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Table 8.1. Modelling scenarios for assessing environmental impacts of a windrow composting system.

Modelling | Composted Crop Application rate Applicatio | Transport Backloading/
scenario muich type n area distance (km) | without
backloading
Scenario | Composted | Grape | 10 cm depth 100 ha Hunter (175) | Backloading
1 mulch vine and 50 cim width
(83tha’)
Scenario | Composted | Grape 10 cm depth 100 ha Mudgee Backloading
2 mulch vine and 50 cm width (275)
(83 tha”)
Scenario | Composted | Grape 10 cm depth 100 ha Hunter (175) | Backloading
3 mulch vine and 75 cm width
(125 tha™)
Scenario | Composted | Cotton 25tha” 100 ha Narrabri Backloading
4 soil (600)
conditioner
Scenario | Composted | Cotton 25tha” 100 ha Narrabri Without
5 soil (600) backloading
conditioner
Scenario | Composted | Cotton 50 tha™ 100 ha Narrabri Backloading
6 solil (600)
conditioner
Scenario | Composted | Cotton 50 tha” 100 ha Narrabri Without
7 solil (600) backloading
conditioner

This range of scenarios allows for evaluation and comparison of the key application variables,
including application rate, transport distance, backloading/non-backloading. Note that scenarios 5 and
7 represent an extreme case of the greatest potential transport distance, with no backloading. This
represents the worst case scenario possible in terms of environmental impacts from compost.

8.2 Results of modeling scenarios

8.21 How to read results of modelling

Please note when reading results of impact categories, negative numbers represent a net
environmental benefit, or beneficial environmental impact. Therefore more negative results represent
a greater environmental benefit.

Positive numbers represent no environmental benefit or detrimental environmental impact. Therefore
more positive results represent more detrimental environmental impact.

The results refer to total impacts arising from production and application of total product on 100 ha of
agricultural land.

8.2.2 Production of composted mulch and application to grapevine

The LCIA results of modelling of the environmental impacts and avoided loads for production and
application of composted mulch to grapevine are presented in Figure 8.1 and Table 8.2.

Please note LCI data of many post-application environmental performance benefits could not be
assessed because relevant relationships and estimates of data were not available. Therefore some
post-application performance benefits have been presented as un-characterized avoided loads and
not category impact potentials.
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Figure 8.1. Environmental impacts and avoided loads of production and application of composted
mulch to grapevine. Note the relevant mulch application rate; varying transport distances and
selection of backloading for each scenario as selected in the LCIA calculator for compost systems.

Figure 8.1a — Scenario 1-Application of 83 t/ha of composted mulch to grapevine at 175 km distance.
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Figure 8.1b — Scenario 2-Application of 83 t/ha of composted mulch to grapevine at 275 km distance.
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Figure 8.1c — Scenario 3-Application of 125 t/ha of composted mulch to grapevine at 175 km
distance.
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Table 8.2 Modelling outcomes for Scenarios 1, 2 and 3: Environmental impacts and avoided loads of
production and application of composted mulch to grapevine at same/varying transport distances and

mulch application rates.

Impact Categories

Environmental impacts of
transport distances and muich

application rates.

(% increase in yield)

Scenario 1 | Scenario 2 | Scenario 3
Hunter Mudgee Hunter
83tha” 83 tha” 125t ha”
Global warming potential Total impact -424.08 -413.14 -613.55
(tCO0, eq) Per tonne of product -0.0510 -0.0497 -0.0492
Per tonne of garden organics -0.0392 -0.0382 -0.0378
Eutrophication potential Total impact 7.02 7.99 10.54
(t02eq) Per tonne of product 0.0008 0.0010 0.0008
Per tonne of garden organics 0.0006 0.0007 0.0006
Human toxicity potential Total impact -0.62 -0.61 -0.93
(tDCBeq) Per tonne of product -0.0001 -0.0001 -0.0001
Per tonne of garden organics | -0-0001 -0.0001 -0.0001
Ecotoxity potential-Terrestrial | Total impact -6.06 -5.88 -9.08
(t DCBeq) Per tonne of product -0.0007 -0.0007 -0.0007
Per tonne of garden organics -0.0006 -0.0005 -0.0006
Ecotoxity potential- Total impact -0.14545 -0.14545 -0.21818
Freshwater (t DCB eq) Per tonne of product -0.00001 -0.00001 -0.00001
Per tonne of garden organics -0.00001 -0.00001 -0.00001
Ecotoxity potential- Total impact 0.00062 0.00062 0.00093
Marinewater (t DCB eq) Per tonne of product 0.00000 0.00000 0.00000
Per tonne of garden organics 0.00000 0.00000 0.00000
Photochemical oxidation Total impact 0.65083 0.67939 0.97625
potential (t ethylene eq) Per tonne of product 0.00008 0.00008 0.00008
Per tonne of garden organics 0.00006 0.00006 0.00006
Resource depletion potential | Total impact 0.16967 0.17768 0.25451
(t antimony eq) Per tonne of product 0.00002 0.00002 0.00002
Per tonne of garden organics 0.00002 0.00002 0.00002
Avoided loads Hunter Mudgee Hunter
Water (ML) Total impact 94.98 94.98 94.98
Per tonne of product 0.01142 0.01142 0.00761
Per tonne of garden organics 0.00878 0.00878 0.00585
Nitrogen (tonnes) Total impact 2.808 2.808 4.212
Per tonne of product 0.00034 0.00034 0.00034
Per tonne of garden organics 0.00026 0.00026 0.00026
Phosphorus (tonnes) Total impact 4.74 4.74 7.11
Per tonne of product 0.00057 0.00057 0.00057
Per tonne of garden organics 0.00044 0.00044 0.00044
Potassium (tonnes) Total impact 7.49 7.49 11.23
Per tonne of product 0.0009 0.0009 0.0009
Per tonne of garden organics 0.0007 0.0007 0.0007
Herbicides/pesticides (litres) | Total impact 225 225 225
Per tonne of product 0.0270 0.0270 0.0180
Per tonne of garden organics 0.0208 0.0208 0.0139
Erosion (tonnes) Total impact 1750 1750 1750
Per tonne of product 0.1402 0.1402 0.2103
Per tonne of garden organics 0.0543 0.0543 0.1618
Carbon sequestration Total impact 587.06 587.06 880
(tonnes) Per tonne of product 0.0706 0.0706 0.0706
Per tonne of garden organics 0.0543 0.0543 0.0543
Soil structure For total application rate 11.42 11.42 11.82
(% decrease in bulk density)
Plant productivity Total product per hectare 27 27 27
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8.2.3 Production of composted soil conditioner and application to cotton production

The results of LCIA modelling of environmental impacts and avoided loads for production and
application of composted soil conditioner to cotton are presented in Figure 8.2 and Table 8.3.

Please note LCI data of many post-application environmental performance benefits could not be
assessed because relevant relationships and estimates of data were not available. Therefore some
post-application performance benefits have been presented as un-characterized avoided loads and
not category impact potentials.

Figure 8.2 Environmental impacts and avoided loads of production and application of composted soil
conditioner to cotton production as per scenarios 4-7. Note the relevant application rate and transport
distance are equal but backloading and non-backloading scenarios are modelled for comparison.
(8.2a) backloading and (8.2b) without backloading.

Figure 8.2a — Scenario 4-Application of 25 t/ha of composted soil conditioner to cotton at Narrabri and
trucks returning with backloading (Note, Scenario 6 is same but application rate of 50 t/ha)
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Figure 8.2b — Scenario 5-Application of 25 t/ha of composted soil conditioner to cotton at Narrabri and
trucks returning without backloading (Note, Scenario 7 is same but application rate of 50 t ha'1)
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Table 8.3 LCIA modelling outcomes for scenarios 4-7. Environmental impacts and avoided loads for
production and application of composted soil conditioner to cotton at same transport distance
(Narrabri), for different application rates and backloading and without backloading.

Impact Categories

Environmental impacts of soil conditioner application
rates and backloading and non-backloading

25t ha” 50 t ha”
Scenario 4 Scenario 5 Scenario 6 Scenario 7
: With Backload- With
Backloading BatckT:;ding inagc o BatckT:;ding
Global warming Total impact -117.75 -97.68 -231.19 -191.06
potential (t CO, Per tonne of product -0.0471 -0.0391 -0.0462 -0.0382
eq) Per tonne of garden -0.0362 -0.0301 -0.0356 -0.0294
organics
Eutrophication Total impact -8.60 -6.83 -17.20 -13.65
potential (t CO, Per tonne of product -0.0034 -0.0027 -0.0034 -0.0027
eq) Per tonne of garden -0.0026 -0.0021 -0.0026 -0.0021
organics
Human toxicity Total impact -0.38 -0.36 -0.76 -0.73
potential (t DCB Per tonne of product -0.0002 -0.0001 -0.0002 -0.0001
eq) Per tonne of garden -0.0001 -0.0001 -0.0001 -0.0001
organics
Ecotoxity Total impact -6.39 -6.06 -12.77 -12.13
potential- Per tonne of product -0.0026 -0.0024 -0.0026 -0.0024
Terrestrial (t DCB | Per tonne of garden -0.0020 -0.0019 -0.0020 -0.0019
eq) organics
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Impact Categories

Environmental impacts of soil conditioner application
rates and backloading and non-backloading

25t ha” 50 t ha”
Scenario 4 Scenario 5 Scenario 6 Scenario 7
Backloading ‘llav:chkcl’g;ding ﬁzcmoad ‘llav:chkcl’g;ding
Ecotoxity Total impact -0.1360 -0.1360 -0.2720 -0.2720
potential- Per tonne of product -0.00005 -0.00005 -0.00005 -0.00005
Freshwater (t Per tonne of garden -0.00004 -0.00004 -0.00004 -0.00004
DCBeq) organics
Ecotoxity Total impact 0.00018 0.00018 0.00037 0.00037
potential- Per tonne of product 0.00000 0.00000 0.00000 0.00000
Marinewater (t Per tonne of garden 0.00000 0.00000 0.00000 0.00000
DCBeq) organics
Photochemical Total impact 0.23443 0.28672 0.46887 0.57344
oxidation potential | Per tonne of product 0.00009 0.00011 0.00009 0.00011
(t ethylene eq) Per tonne of garden 0.00007 0.00009 0.00007 0.00009
organics
Resource Total impact 0.06326 0.07791 0.12652 0.15582
depletion potential | Per tonne of product 0.00003 0.00003 0.00003 0.00003
(t antimony eq) Per tonne of garden 0.00002 0.00002 0.00002 0.00002
organics
Avoided loads
Water (ML) Total impact 13.82 13.82 16.94 16.94
Per tonne of product 0.00553 0.00553 0.00339 0.00339
Per tonne of garden 0.00425 0.00425 0.00261 0.00261
organics
Nitrogen (tonnes) | Total impact 3.375 3.375 6.75 6.75
Per tonne of product 0.00135 0.00135 0.00135 0.00135
Per tonne of garden 0.00425 0.00425 0.00104 0.00104
organics
Phosphorus Total impact 2.85 2.85 5.70 5.70
(tonnes) Per tonne of product 0.00114 0.00114 0.00114 0.00114
Per tonne of garden 0.00088 0.00088 0.00088 0.00088
organics
Potassium Total impact 2.40 2.40 4.80 4.80
(tonnes) Per tonne of product 0.0010 0.0010 0.0010 0.0010
Per tonne of garden 0.0007 0.0007 0.0007 0.0007
organics
Erosion (tonnes) Total impact 35.01 35.01 62.40 62.40
Per tonne of product 0.0140 0.0140 0.0125 0.0125
Per tonne of garden 0.0108 0.0108 0.0096 0.0096
organics
Carbon Total impact 176.40 176.40 352.80 352.80
sequestration Per tonne of product 0.0706 0.0706 0.0706 0.0706
(tonnes) Per tonne of garden 0.0543 0.0543 0.0543 0.0543
organics
Soil structure (% For total application rate 4.08 4.08 7.60 7.60
decrease in bulk
density)
Plant productivity | Total product per hectare | 19.5 19.5 21.52 21.52

(% increase in
yield)
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8.3 Interpretation and sensitivity analysis

Life cycle inventory data for production and application of composted products for windrow composting
systems in Australia has been derived from a detailed literature review which yielded sufficient data to
parameterise relationships between application rates and post-application performance benefits (e.g.
weed suppression) using a line of best fit method (Sections 5, 6 and 7). The literature review did not
provide a range for LCI data (e.g. low to high) for impact categories and post-application performance
benefits. Generally sensitivity analysis requires a data range. Due to unavailability of such data,
sensitivity analysis in this study was undertaken to consider the affects of major factors on LCIA
modelling. These factors are as follows:

e Compost product application rate,
e Compost product type,
¢ Transport distance to application sites,

o Backloading and without backloading for vehicles transporting composted products to
application sites, and

o Total application area.

These factors have been varied in modelling scenarios and their affect on each impact category is
presented and discussed below.

8.3.1 Impact categories

8.3.1.1 Global warming potential

Given Australians are among the highest emitters of greenhouse gases per capita in the world, global
warming potential (GWP) is an important issue at national, state and local levels. As discussed in
Section 3.3.2 global warming refers to the rise in temperature of the Earth’s atmosphere as a result of
a build up of greenhouse gases in the atmosphere, which absorb heat re-transmitted from the Earth’s
surface.

Figure 8.3. Global warming potential for production and application of total composted product on 100
ha of agricultural land (Note: Negative numbers represent a net environmental benefit. More negative
results represent a greater environmental benefit).
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Greenhouse gases are released during production and use of diesel fuel and electricity for production,
transportation and application of composted products. The results of all modelling scenarios (1 to 7)
for GWP show that production and application of composted products produced negative GWP
(Figure 8.3), representing a net environmental benefit or beneficial environmental impact. The reason
being that post-application benefits of composted products reduce requirements for fertilisers,
electricity, and herbicides and increase carbon sequestration. These benefits reduce the release of
greenhouse gases involved in the production and use of these items for agriculture resulting in net
reduction in GWP. A net greenhouse benefit is realised even when composts are transported the
most extreme distances for application, and the trucks return empty.

Higher application rates of composted products deliver a greater net environmental benefit with regard
to GWP (Figure 8.3). Higher application rates per unit area produce a greater net environmental
benefit. However, it should be mentioned that post-application benefits do not increase linearly with
increasing application rates. At certain application rates, the rate of post-application benefits will tend
to maximise suggesting a limit for reduction in GWP. This is logical, for example compost applications
can only displace a limited quantity of fertiliser, as relevant to crop requirements.

Varying the transport distance by 100 km produced negligible impact on GWP (Figure 8.3). However,
there will be a limit for transport distance beyond which GWP from transport outweighs the benefits of
compost applications. Note, however, that transport of soil conditioner to the most distant area of the
state still resulted in a net GWP benefit.

Backloading or without backloading scenarios hardly have any impact on GWP (Figure 8.3).
Backloading scenarios for both composted soil conditioner rates deliver slightly greater net benefit for
GWP.

These results identify that post-application environmental impacts of composted products deliver GWP
benefit, and are responsible for producing a net GWP environmental benefit from a composting
system.

Conclusions for global warming potential impact category:

Production and land application of composted mulches and composted soil conditioners produced a
net beneficial environmental impact with regard to global warming potential (GWP).

Application rates of composted products had far greater influence on GWP than variation in transport
distance, and whether or not backloading was practiced.

8.3.1.2 Eutrophication potential

As defined in Section 3.3.6, eutrophication potential (EP) refers to the enrichment of ecosystems with
nutrients via water and air, which may cause an undesirable shift in species composition and elevated
biomass production in both aquatic and terrestrial ecosystems. Eutrophication of water resources
results in oxygen depletion hence reduction in the diversity of species. The reference substance for
eutrophication is kilograms (kg) of oxygen depleted.

Figure 8.4. Eutrophication potential for production and application of total composted product on 100
ha of agricultural land (Note: Negative numbers represent a net beneficial environmental impact and
more negative results represent a greater environmental benefit. Positive numbers represent
detrimental environmental impact and more positive results represent more detrimental environmental
impact).
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Nutrients, particularly N and P, are released into air and water as their oxides or ammonia gas (of
nitrogen) during production and consumption of diesel fuel and electricity. Post-application benefits of
composted products reduce the use of electricity, fertilisers and herbicides in agriculture resulting in
reduced production of these items, hence reduced release of nutrients to air and water. The results
show that all mulch scenarios (1 to 3) produced detrimental environmental impact (Figure 8.4).
However, all soil conditioner scenarios (4 to 7) generated a net environmental benefit (Figure 8.4).
Mulches as specified in this study are relatively low nutrient products compared to composted soil
conditioners, and therefore reduce requirements for fertilisers to lesser extent than soil conditioners
per tonne of application. Therefore the nutrients released into the environment associated with diesel
fuel and electricity consumption during production of mulches are not completely offset by avoided
releases arising from reduced fertiliser use and the releases arising from the production of higher
quantities of fertilisers.

Higher application rates of composted products, particularly higher nutrient soil conditioners have a
greater net benefit in relation to EP (Figure 8.4). It should be noted that this trend would only apply to
the point where crop nutrient requirements are fully provided by the compost product; supply of
nutrients in excess of those required by crops, whether from composts or fertilisers may result in
greater negative EP environmental impact. The reduction of fertiliser use and the associated negative
environmental impacts related to fertiliser production and distribution is significant in a range of
environmental impact categories. Maximising the beneficial environmental impacts associated with the
entire composting system therefore requires (amongst other things) maximising the nutrient value to
the crop from compost application, across the life of the application. Applying composts with reference
soil testing and nutrient budgeting for the particular crop/site is therefore important to maximising net
environmental impact from the composting system.

Varying the transport distance (by 100 km) and/or backloading or without backloading situations have
little impact on EP (Figure 8.4).

It is noteworthy that eutrophication potential from diesel production will be mainly confined to coastal
water resources and not to inland water resources (river systems) because refineries that produce
diesel are generally located in coastal areas associated with significant port cities. Eutrophication
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arising from diesel production in such contexts is likely be negligible compared to eutrophication
caused by the urban environment. It may be argued that such EP emissions from urban and
metropolitan settlements are more readily reduced by reducing personal and discretionary use of
vehicle fuels and electricity rather than at the expense of sustainable soil management.

Conclusions for eutrophication potential impact category:

Production and land application of composted soil conditioners produced a net beneficial
environmental impact but composted mulches produced a net detrimental environmental impact with
regard to eutrophication potential (EP).

Application rates of composted products had far greater influence on EP than variation in transport
distance, and whether or not backloading was practiced.

8.3.1.3 Human toxicity potential

Toxic substances released during production and use of diesel, electricity, fertilisers, pesticides,
biocides and compost may be toxic to humans (Section 3.3.4). Toxic substances (such as oxides of
nitrogen and sulphur, ammonia, ammonium, hydrochloric acid, and heavy metals) may be released to
air, water and soil presenting human health problems.

Figure 8.5. Human toxicity potential for production and application of total composted product on 100
ha of agricultural land (Note: Negative numbers represent a net beneficial environmental impact and
more negative results represent a greater environmental benefit).
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The results of modelling for HTP are presented in Figure 8.5, and all scenarios (1 to 7) result reduced
human toxicity potential, hence produce a net environmental benefit. The reduction in use of
fertilisers, herbicides, water and electricity as a result of post-application benefits of applying
composted products to agriculture substantially reduces the release of toxic substances during their
production, which negates the impacts of toxic substances released during production and use of
diesel and electricity required for production and application of composted products. Higher application
rates of composted products produced a greater net environmental benefit. Increasing transport
distance (by 100 km) and/or backloading or without backloading scenarios had very little impact on
HTP.
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Conclusions for human toxicity potential impact category:

Production and land application of composted soil conditioners and composted mulches produced a
net beneficial environmental impact with regard to human toxicity potential (HTP).

Application rates of composted products had greater influence on HTP than variation in transport
distance, and whether or not backloading was practiced.

8.3.1.4 Ecotoxicity potential

Toxic substances released during production and use of diesel, electricity, fertilisers, herbicides and
compost may not only be toxic to humans, but also have ecological impacts on aquatic (marine as well
freshwater), and terrestrial ecosystems and can result in decreased biodiversity (Section 3.3.4).

Figure 8.6. Ecotoxicity potential for production and application of total composted product on 100 ha
of agricultural land. 8.6a-Terrestrial; 8.6b-Freshwater; 8.6¢c-Marinewater

Figure 8.6a Ecotoxicity potential for terrestrial ecosystems (Note: Negative numbers represent a net
beneficial environmental impact and more negative results represent a greater environmental benefit).
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Figure 8.6b Ecotoxicity potential for freshwater ecosystems (Note: Negative numbers represent a net
beneficial environmental impact and more negative results represent a greater environmental benefit).
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Figure 8.6¢c Ecotoxicity potential for marinewater ecosystems (Note: Positive numbers represent
detrimental environmental impact and more positive results represent more detrimental environmental
impact).
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The results of modelling for ecotoxicity potential (ETP) show that production and application of
composted products reduce ETP for terrestrial and freshwater ecosystems i.e. produce a net
environmental benefit for all scenarios (1 to 7) (Figures 8.6a and 8.6b). The reduction in use of
fertilisers, herbicides, water, and electricity as a result of post-application benefits to agriculture avoids
substantial releases of toxic substances in terrestrial and freshwater ecosystems during production of
these displaced farm inputs compared to toxic substances released during production and use of
diesel and electricity required for production and application of composted products. Soil conditioners
produced higher net environmental benefit compared to mulches, due to greater reduction in fertiliser
use. Higher application rates of composted products produced a greater net environmental benefit.
Increasing transport distance (by 100 km) and backloading did not produce substantial difference in
ETP.
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Whilst ETP for terrestrial and freshwater environments reduced, producing a net environmental benefit
(Figures 8.6a and 8.6b), ETP for marine water environment increased by 0.001 t DCB eq. i.e.
produced a negligible net detrimental environmental impact compared to beneficial environmental
impact of ETP for terrestrial and freshwater environments, which cannot even be seen in Figure 8.6¢
when presented in the same scale as the benefits identified in Figures 8.6a and 8.6b. It is most likely
that the production of diesel, electricity, fertilisers, herbicides, etc. occurs near coastal areas releasing
toxic chemicals in coastal water resources, thereby causing a negligible net detrimental environmental
impact. Mulches resulted in comparatively greater detrimental environmental impact compared to soil
conditioners (net impact is so minute even can not be seen in Figure 8.6c). As discussed in Section
8.3.1.2, mulches specified in this study are relatively low nutrient products compared to composted
soil conditioners, and therefore reduce requirements for fertilisers to a lesser extent than soil
conditioners per tonne of application. Therefore the nutrients released into the environment associated
with diesel fuel and electricity consumption during production of mulches is not completely offset by
avoided releases arising from reduced fertiliser use and the releases arising from the production of
higher quantities of fertilisers.

Conclusions for ecotoxicity potential impact category:

Production and land application of composted soil conditioners and composted mulches produced a
net beneficial environmental impact with regard to ecotoxicity potential (ETP) for terrestrial and
freshwater environment, however produced a negligible net detrimental environmental impact for
marinewater environment.

Application rates of composted products had greater influence on HTP than variation in transport
distance, and whether or not backloading was practiced.

8.3.1.5 Photochemical oxidation potential

As discussed in Section 3.3.3, photochemical oxidants are trace species that are formed during the
photo-oxidation of volatile organic compounds (VOCs), carbon monoxide (CO) and oxides of nitrogen
released during various human activities including compost production and application. For example
ozone is one of the trace chemicals photochemically produced through oxidation of CO, VOCs and
oxides of nitrogen.

Figure 8.7. Photochemical oxidation potential for production and application of total composted
product on 100 ha of agricultural land (Note: Positive numbers represent detrimental environmental
impact and more positive results represent more detrimental environmental impact).
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The results of modelling for photochemical oxidation potential (POCP) presented in Figure 8.7 identify
that all scenarios (1 to 7) show small positive POCP, i.e. production and application of composted
products increase the potential for photochemical oxidation hence produce a small net detrimental
environmental impact. This is due to the oxides of nitrogen, sulphur, and carbon (that produce
photochemical oxidants) released during production and consumption of diesel fuel and electricity are
substantially higher than the reduction in release of these oxides during production and use of
fertilisers, herbicides, and electricity resulting from beneficial impacts of application of composted
products in agriculture. Higher application rates of composted products again result in greater
negative POCP environmental impact.

Variation in transport distance (by 100 km) or having backloading or without backloading scenarios did
not make much difference to POCP.

Conclusions for photochemical oxidation potential impact category:

Production and land application of composted soil conditioners and composted mulches produced a
small net detrimental environmental impact with regard to photochemical oxidation potential (POCP).

Application rates of composted products had greater influence on POCP than variation in transport
distance, and whether or not backloading was practiced.

8.3.1.6 Abiotic resource depletion potential

Natural resources are being depleted at increasing rates as a result of increasing population and
industrial development. As discussed in Section 3.3.5, most environmental crises facing humanity at
present are directly related to resource use patterns and depletion, for example depletion of oil, coal,
reserves of limited minerals, etc.

Figure 8.8. Abiotic resource depletion potential for production and application of total composted
products on 100 ha of agricultural land (Note: Positive numbers represent detrimental environmental
impact and more positive results represent more detrimental environmental impact).
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Modelling results for abiotic resource depletion potential (ARDP) are presented in Figure 8.8. Results
identify a small net detrimental impact in relation to ARDP in all modelling scenarios (1 to 7), indicating
that production and application of composted products causes resource depletion. Please note the
ARDP presented here is mainly related to depletion of natural resources such as coal, natural gas,
and crude oil required for the production of diesel and electricity used for the production and
application of composted products.

This analysis does not include reduction in use of resources such as fertilisers, water, and gypsum
that result from the application of composted products in agriculture, nor does it include reduction in
land degradation, which would consider healthy, productive soil as a resource. The reason these
impacts are excluded is that characterisation/equivalency factors required for the impact category
resource depletion for fertilisers and water were not available.

Composts have the potential to reduce sodicity of the soil and can avoid the use of gypsum. Relevant
LCI data for gypsum production in Australia was not available and there is no data upon which to
quantify the relationship between compost application and reduced gypsum use, so this could not be
incorporated into LCIA impact categories such as ARDP.

The LCIA calculator for compost systems contains options for including calculations to convert
fertilisers, water and gypsum LCI data to this impact category when and if relevant data becomes
available.

The results of ARDP will remain positive, i.e. reduction in ARDP will not occur until such post-
application benefits are quantified and included in these calculations.

Higher application rates of composted products have greater impact on ARDP than variation in
transport distance (by 100 km) for both backloading or without backloading scenarios.
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Conclusions for abiotic resource depletion impact category:

Production and land application of composted soil conditioners and composted mulches produced a
small net detrimental environmental impact with regard to ARDP. Please note many resource
depletion categories could not be included in the calculations due to unavailability of data. Once such
data is included, the LCIA results for ARDP should produce beneficial environmental impact.

Application rates of composted products had greater influence on ARDP than variation in transport
distance, and whether or not backloading was practiced.

8.3.1.7 Land use

As discussed in Section 3.3.7, land use impacts in LCIA are related to the area of land use, generally
in combination with the time required to produce a certain output. Application of composted products,
as discussed in Section 7, have the potential to increase soil organic carbon, improve soil structure,
reduce sodicity, reduce soil erosion hence improve land productivity/quality, and to increase crop
productivity.  Although LCI data for these soil qualities is available, relevant
characterisation/equivalency factors for land use are not available for LCIA. Information currently
available on LCIA for land wuse is related to preserving the natural environment
(i.e. wilderness), which is not applicable to this study. In future, if relevant information becomes
available, land use impacts with application of composted products should be assessed.

Conclusions for Land use impact category:

Relevant data was not available to calculate impact on land use.

8.3.2 Avoided loads

Environmental life cycle analysis aggregates life cycle inventory data within the specified system
boundary. The aggregated flows are then characterized in impact category potential indicators. Life
cycle inventory data of many post-application environmental performance benefits could not be
assessed because relevant relationships and estimates of data could not be established from
available data. Therefore, some post-application performance benefits have been presented as un-
characterized avoided loads and not as category impact potentials.

Avoided loads are related to post-application performance benefits, which are mainly affected by
compost product type and application rates. Therefore results of avoided loads have been presented
for varying application rates of composted mulches and soil conditioners. Changing transport
distances, production inputs, and backloading or non-backloading scenarios have no relevance in
relation to such avoided loads.

8.3.2.1 How to read results
Please note, results are read and interpreted in exactly the opposite manner to those presented in the

previous section for environmental impact categories.

When reading results of avoided loads, positive numbers represent a net environmental benefit, or
beneficial environmental impact. Therefore greater, or more positive results represent a greater
environmental benefit.
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Negative numbers represent no environmental benefit, or detrimental environmental impact. Therefore
more negative results represent a greater negative environmental impact.

The results refer to total avoided loads arising from total product application to 100 ha of agricultural
land.

8.3.2.2 Avoided irrigation water potential

As discussed in Section 7.2, application of composted products has the potential to reduce irrigation
water requirements in irrigated agriculture. In non-irrigated or dryland conditions, the application of
composted products has the potential to conserve soil moisture hence reduce crop stress and
potential crop failures due to lack of soil moisture.

It should be mentioned here (as discussed in Section 7.2) that irrigation water saving potential for soil
conditioners has been derived from increases in plant available water, which provides an indication of
potential irrigation water savings. Data on plant available water for mulches were not available
therefore most relevant data, i.e. increase in soil moisture content was used to calculate irrigation
water savings. Increase in soil moisture content does not translate directly to potential reduced
irrigation water requirements, therefore irrigation water savings in the case of mulches may not provide
an accurate indication of actual irrigation water savings (see Section 7.2).

Irrigation water savings in the case of composted soil conditioners results mainly from improved soil
physical conditions such as soil aggregation and porosity. In the case of composted mulches, irrigation
water savings initially arise from reduced water evaporation from the surface of the soil, and eventually
through improvement in soil physical conditions over time as mulch decomposes and interacts with the
soil.

Figure 8.9. Avoided irrigation water potential from application of total composted products on 100 ha
of agricultural land.
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The results of irrigation water savings potential are presented in Figure 8.9. Positive numbers identify
that application of composted products reduce requirements of irrigation water producing a net
environmental benefit in terms of water conservation and potential for increased environmental flows
in river systems. Irrigation water savings are higher for mulches than for soil conditioners. As
discussed earlier, irrigation water savings for mulches have been derived from increase in soil
moisture content and this irrigation water savings potential may be realized only if the increased soil
moisture content becomes available for plant use. The relationship between increase in soil moisture
content and plant available moisture cannot be determined from existing data.
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Higher application rates of soil conditioners generated more positive results, representing greater
environmental benefit with respect to water savings. However, variation in mulch application rates
(due to varying mulch width) did not change the calculation of potential irrigation water savings, this
does not indicate that mulch application rate does not impact on soil moisture level. The reasons for
no change in result is that mulch application rates in the modelling scenarios of this study varied due
to mulch application width for same mulch application depth of 10 cm. Life cycle inventory data for
irrigation water savings has been derived for mulch application depth only. That is why irrigation water
savings for different mulch application rates were same. Amendments should be made to the LCIA
calculator once such data relating to width of mulch application becomes available.

Savings in irrigation water have the potential to increase environmental flows in river systems and
improve water quality hence maintain ecological integrity and biodiversity. This impact category
remains unquantified.

Conclusions for avoided use of irrigation water:

Land application of composted soil conditioners and composted mulches produced a net
environmental benefit in terms of savings in irrigation water.

Composted mulches produced greater irrigation water savings than composted soil conditioners.

8.3.2.3 Avoided fertilizer potential

Composted products are a source of nutrients, the primary plant nutrients being N, P and K.
Concentration of nutrients varies considerably in composted products. Generally mulches are lower
nutrient products per unit quantity when compared to soil conditioners. For composts of the same
nutrient value, higher application rates of the composted products will have greater fertilizer savings.
This should not be read as a recommendation for high nutrient value composts, compost product and
application rates must take into account the nutrient requirements of the relevant crop. Excess
application of nutrients via fertilizers or compost is undesirable both for crop production and for
resulting negative environmental impacts.

Positive results for fertilizer savings potential represent a net beneficial environmental impact (Figure
8.10) because avoided use of fertilisers reduces negative environmental impacts of producing and
using fertilisers such as GWP, RDP, EP, HTP and ETP.

Figure 8.10. Avoided fertilizer potential in first year from application of total composted products on
100 ha of agricultural land.
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Nutrients particularly N and P in composted products are present in organic form, which become
available for plant use after mineralisation of organic matter over a 3 to 5 years period (see Section
7.3.7). Fertiliser savings shown in Figure 8.10 are for the first year of application and for the
concentration of nutrients in the composted products specified in this report (see Section 2.3). Total
fertiliser savings from this application will be much higher over the 3-5 year application cycle.

Conclusions for avoided fertiliser use:

Land application of composted soil conditioners and composted mulches produced a net
environmental benefit in terms of reduction in fertiliser use.

Composted soil conditioners produced greater benefit to reduce fertiliser use than composted
mulches.

8.3.2.4 Avoided herbicides/pesticides potential

Application of composted mulches has demonstrated significant reduction in the growth of weeds
resulting reduction in use of herbicide applications to destroy weeds (Section 7.4). Composted soil
conditioners do not suppress weeds (Section 7.4).

The results of herbicide savings potential for composted products are presented in Figure 8.11.
Positive numbers for mulches represent a net environmental benefit in terms of avoided use of
herbicides, which reduce negative environmental impacts of producing and using herbicides such as
GWP, RDP, EP, HTP and ETP. Depth of mulch application is considered most important in terms of
weed suppression, although maximum application depth is inherently related to particle size, compost
maturity and chemical properties of the mulch (e.g. electrical conductivity, nutrient content). Thicker
mulches (of equivalent maturity and particle size) suppress a higher percentage of weeds for a longer
duration. Life cycle inventory data used for modelling was based on 10 cm mulch depth, therefore
different mulch application rates (varied due to mulch application width) (Figure 8.11) show the same
herbicide savings potential as mulching depth in modelling scenarios is the same (10 cm).

Figure 8.11. Avoided herbicide use potential from application of total composted products
on 100 ha of agricultural land (in this instance the relevant herbicide is glyphosate).
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Conclusions for avoided use of herbicides/pesticides:

Land application of composted mulches produced a net environmental benefit in terms of reduction in
herbicide use.

Composted soil conditioners do not suppress weeds therefore cannot reduce use of herbicides.

8.3.2.5 Avoided erosion potential

Application of composted products has the potential to reduce soil erosion. As mulches are used to
cover the soil surface, they can significantly reduce soil erosion particularly on sloping steeper
landforms (Section 7.8). Soil conditioners on the other hand (see Section 7.8) reduce soil erosion
through improvement in soil structure. Both types of compost product increase the threshold of the
soil.

Figure 8.12. Avoided erosion potential for application of total composted product on 100 ha of
agricultural land.
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Positive results for avoided soil erosion potential presented in Figure 8.12 show a net beneficial
environmental impact. Mulch application produced more positive results, which represent greater
(immediate) environmental benefit. Higher application rates of soil conditioners produced greater

124 Department of Environment and Conservation NSW




Life Cycle Inventory and Life Cycle Assessment for Windrow Composting Systems

environmental benefit. However higher mulch application rate (varied due to mulch application width)
provided the same benefit because LCI data for reduced erosion has been based on mulch application
depth only.

Reduction in soil erosion has the potential to reduce runoff generation and accession of sediments
and nutrients to waterways, and consequently to reduce eutrophication, and to maintain or improve
ecological integrity and biodiversity relating to improved water quality.

Conclusions for avoided erosion:

Land application of composted mulches and composted soil conditioner produced a net environmental
benefit in terms of reducing soil erosion.

Composted mulches produced this benefit greater than soil conditioner.

8.3.2.6 Carbon sequestration potential

Composted products are rich source of organic carbon. When applied to the soil, this organic carbon
decomposes and interacts with the mineral component of the soil, and a small proportion of it
becomes part of the soil organic carbon.

Positive results of carbon sequestration represent a net beneficial environmental impact (Figure 8.13).
Increased soil carbon also improves soil quality, particularly soil structure, which has the potential to
maintain and/or improve land productivity and consequently productivity of crops.

Higher application rates of composted products produce more positive numbers hence greater
environmental benefit because higher amounts of organic carbon being added via higher compost
application rates result in greater soil carbon sequestration (Figure 8.13).

Carbon sequestration in case of soil conditioners will be realised quickly because the product is
incorporated with the soil. In case of mulches, soil carbon sequestration will happen slowly over a
longer time when organic carbon applied via mulches decomposes and interacts with the soil.

Figure 8.13. Carbon sequestration potential for application of total composted product on 100 ha of
agricultural land.
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Conclusions for carbon sequestration:

Land application of composted mulches and composted soil conditioner produced a net environmental
benefit in terms of carbon sequestration in the soil.

Composted mulches sequester more carbon in the soil than composted soil conditioner but soil
conditioner produced this beneficial impact faster than mulches.

8.3.2.7 Soil structure improvement potential

As discussed in Section 8.3.2.6, application of composted products increase soil organic carbon,
which improves soil aggregation and porosity, and hence reduces bulk density and improves soil
structure facilitating tillage; seedling emergence; water retention; reduces runoff generation and soil
erosion; and reduces eutrophication thereby maintaining ecological integrity and biodiversity. These
beneficial outcomes also improve land productivity and consequently productivity of crops.

Positive results for soil structure improvement potential represent a net environmental benefit (Figure
8.14). Higher application rates of composted products generated greater environmental benefit. Soil
conditioners will bring changes in soil structure more quickly than mulches for the same reason as
discussed for soil carbon sequestration (Section 8.3.2.6).

Figure 8.14. Soil structure improvement potential for application of total composted product on 100 ha
of agricultural land.
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Conclusions for improvement in soil structure:

Land application of composted mulches and composted soil conditioner produced a net environmental
benefit in terms of decreasing soil bulk density consequently improving soil structure.

Composted mulches decreased soil bulk density more than did soil conditioners but soil conditioner
produced this beneficial impact faster than did mulches.

8.3.2.8 Remediation of saline-sodic soils

As discussed in Section 7.7, incorporation of soil conditioner has the potential to improve conditions of
saline-sodic soils via soil structure improvement and leaching of excessive salts from the topsoil, this
can result in reduced gypsum requirements (a common treatment for such soils) and avoid/displace
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environmental impacts arising from production and use of gypsum leading to net beneficial
environmental impact. There are no data available to quantify how much gypsum can be replaced
through the application of soil conditioners. Information on ability of mulches to reclaim saline-sodic
soils is also not available. Life cycle inventory data for gypsum production relevant to Australian
gypsum is also not available. Life cycle impact assessment for saline-sodic soils should be assessed

when relevant information on gypsum production and potential replacement via compost applications
becomes available.

Conclusions for remediation of saline-sodic soils:

Land application of composted soil conditioner has the potential to remediate saline-sodic soils
through improvement in soil structure but such information is not known for composted mulches.

8.3.2.9 Increased plant productivity potential

Application of composted products has the potential to increase crop yields due to supply of required
nutrients, improving soil conditions and increasing available moisture in the soil.

The results for plant productivity have been presented in Figure 8.15. Positive numbers for plant
productivity represent a net benefit. Higher application rates produced greater benefit. In case of
mulches, plant productivity was same for both application rates because mulch application rates for
modeling scenarios in this study were varied due to mulch application width keeping application depth
constant and equal to 10 cm. Increasing application rates beyond a certain range may reduce crop
yields and produce negative environmental impacts as previously discussed. Local climate, soil types
and crop varieties will also affect crop yields.

Figure 8.15. Increased plant productivity for application of total composted products on 100 ha of
agricultural land.

Figure 8.15a Mulch application to grapevine.
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Figure 8.15b Soil conditioner application to cotton.
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Conclusions for increased plant productivity:

Land application of composted mulches and composted soil conditioner produced a net environmental
benefit in terms of increasing plant productivity.

Ecological integrity and biodiversity

The results of LCIA for all impact categories and avoided loads discussed above suggest that
production and application of composted products in agricultural production systems has the potential
to improve, or at the very least reduce the rate of decline in ecological integrity and biodiversity.

Ecological integrity and biodiversity is the degree to which the fundamental ecological processes (e.g.
water and nutrient cycling, the flow of energy and biodiversity of species) are maintained (Environment
Australia, 2001). An ecosystem includes the organisms of a particular area and their non-living
environment, while biodiversity is the variability among living organisms from all sources (including
terrestrial, marine and other ecosystems and ecological complexes of which they are part) and
includes: diversity within species and between species and diversity of ecosystems (Environment
Australia, 2001). Ecosystem integrity provides a continuous flow of current benefits and also maintains
the capacity to respond to future needs and values (Environment Australia, 2001).

This study could not present the data for ecological integrity and biodiversity due to lack of data to
quantify direct relationships between post-application benefits to ecological integrity and biodiversity.
There is also no agreed methodology to quantify ecological integrity in the LCA paradigm. However
the LCIA calculator for composting systems contains the capacity for including this impact category in
future as quantification of such relationships become available.

For example, reduction in irrigation water requirements has the potential to increase environmental
flows in river systems and consequently improve water quality, thereby improving the biodiversity of
plant and animal species, however this study could not establish this relationship via either literature or
expert advice from CSIRO researchers working in the specific area.

It has been established that reduction in soil erosion resulting from application of composted products
has the potential to reduce transport of sediments and nutrients to water resources, reduce
eutrophication potential and consequently to reduce algal productivity and production of algal detritus,
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the decomposition of which depletes oxygen from the system causing die-off of animals. Similarly,
however, this study could not establish a direct relationship between these outcomes and ecological
integrity and biodiversity.

8.3.3 Summary of LCIA results

The summary of LCIA results for production and application of composted products are given in Table
8.4. In the LCIA, impacts of product types, varying application rates of composted products, transport
distances to application sites, return journey with or without backloading, and total application area are
modelled and the results of modelling reported in the context of relevant environmental issues (impact

categories).

Table 8.4 Summary of LCIA results for production and application of total composted products on
100 ha of land (E-Beneficial impact; x-Detrimental impact; Note- General comment).

Impact Categories

Environmental impacts

Global warming Beneficial environmental impact for composted mulches and soil

potential conditioners.

(t COz eq) Note | Application rates of composted products had greater influence on GWP
than transport distance difference of 100 km and backloading or non-
backloading.

Eutrophication Beneficial environmental impact for soil conditioners.

potential x Detrimental environmental impact for mulches. Note this impact will be

(t02eq) mainly confined to coastal water resources and not to inland river
systems.

Note Application rates of composted products had greater influence on EP than varying
transport distance by 100 km and backloading or non-backloading.

Human toxicity Beneficial environmental impact for composted mulches and soil

potential conditioners.

(tDCBeq) Note | Application rates of composted products had greater influence on HTP
than transport distance difference of 100 km or backloading and non-
backloading.

Ecotoxity potential Beneficial environmental impact for composted mulches and soil

(t DCB eq) conditioners with respect to ETP for terrestrial and freshwater
environment.

x Negligible detrimental environmental impact for composted mulches
and soil conditioners with respect to ETP (marine water) compared to
beneficial environmental impacts in regard to ETP for terrestrial and
freshwater systems.

Note | Application rates of composted products had greater influence on ETP
than variation in transport distance by 100 km and backloading or non-
backloading.

Photochemical x Small detrimental environmental impact for composted mulches and

oxidation potential soil conditioners.

(t ethylene eq) Note | Application rates of composted products had greater influence on HTP
than transport distance difference of 100 km and backloading or non-
backloading.

Abiotic Resource x Small detrimental environmental impact for composted mulches and

depletion potential soil conditioners. Note a number of reductions in agricultural inputs and

(t antimony eq) improvements in land conditions could not be included for this category
in LCIA due to absence of data.

Note | Application rates of composted products had greater influence on
ARDP than transport distance difference of 100 km and backloading or
non-backloading.

Land use Note | Data not available
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Table 8.4 Continued Summary of LCIA results for production and application of total composted
roducts on 100 ha of land (E-Beneficial impact; *-Detrimental impact; Note- General comment).

Impact Categories | Environmental impacts

Avoided loads

Irrigation water Net environmental benefit from composted mulches and soil
(ML) conditioners.

Note | Mulches produced greater benefit than soil conditioners.
Fertilisers (tonnes) Net environmental benefit from composted mulches and soil

conditioners.

Note | Soil conditioners produced greater benefit than mulches.

Herbicides/pesticid Net environmental benefit from composted mulches.
es savings (litres) | Note | Soil conditioners do not produce this benefit.
Reduced erosion Net environmental benefit from composted mulches and soil
(tonnes) conditioners.
Note | Mulches produced greater benefit than soil conditioners.
Carbon Net environmental benefit from composted mulches and soil
sequestration conditioners.
(tonnes) Note | Mulches produced greater benefit than soil conditioners.
Note | Soil conditioners produce this benefit faster than mulches.
Soail structure Net environmental benefit from composted mulches and soil
improvement conditioners.
(% decrease in bulk | Note | Mulches produced greater benefit than soil conditioners.
density) Note | Soil conditioners produce this benefit faster than mulches.
Increased plant Net environmental benefit from composted mulches and soil
productivity conditioners.
(% increase in
yield)

8.4 Limitations and gaps of LCIA

The main limitation of this LCIA is that it does not present total environmental impact assessment as it
could not include a number of reductions in agricultural inputs (such as fertilisers and water) due to
absence of characterisation/equivalency factors required for LCIA, and absence of a range of LCIl data
which would be expected to result in improved environmental performance of the composting system
for a number of impact categories. The gaps identified for LCIA are listed below:

o There was lack of LCI data relevant to Australian gypsum production.

e CHARACTERISATION/EQUIVALENCY FACTORS FOR ABIOTIC RESOURCE
DEPLETION POTENTIAL FOR FERTILISERS AND WATER WERE NOT
AVAILABLE.

¢ Land use life cycle inventory assessment applicable to this study was not available.

e Lack of relationships to estimate and quantify direct relationships between post-
application benefits to ecological integrity and biodiversity.
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Section9 Conclusions and options for further work

9.1 Conclusions

Life cycle inventory (LCI) of the windrow composting system including production of composted
products, transport, and application to agricultural production systems in Australia has been developed
and documented. Life cycle impact assessment (LCIA) of relevant environmental issues (in the
scenarios modelled) has demonstrated overall net environmental benefits from production and
application of composted products.

Life cycle inventory of windrow composting systems, including post-application impacts has identified
relevant environmental issues (impact categories), and quantified data for production and application
of composted products. Life cycle inventory data suggests that most environmental issues arising
from production and transportation to application sites and application on agricultural land are related
to production and consumption of diesel fuel and electricity required during all stages of composting
process. In contrast, LCI data relating to a post compost application relate to wider range of issues
including: reduction in use of irrigation water, electricity, fertilisers, herbicides for agriculture; reduction
in soil erosion; carbon sequestration in the soil; increased plant productivity; improvement in soil
structure; and the potential to reclaim saline-sodic soils.

Life cycle impact assessment of environmental issues arising from production and application of
composted products has shown a net environmental benefit for impact categories including global
warming potential (GWP), human toxicity potential (HTP), ecotoxicity potential (ETP) (terrestrial and
freshwater) and eutrophication potential (EP) (in case of soil conditioners only). The beneficial results
are largely due to the reduction in use of fertilisers, herbicides, water, and electricity resulting from
compost applications, and therefore reducing release of GHGs, nutrients and toxic chemicals to
environment (air, water, and soil) during production and use of these avoided inputs. These beneficial
impacts offset the GHGs, nutrients and toxic substances released into environment during production
and use of diesel and electricity required for production and application of composted products.

Life cycle impact assessment however has shown either a negligible or small net detrimental
environmental impact from the composting system for impact categories such as ecotoxicity potential
(ETP) (marine water), photochemical oxidation potential (POCP) and abiotic resource depletion
(ARDP). The oxides of nitrogen, sulphur, and carbon (that produce photochemical oxidants) released
during production and consumption of diesel fuel and electricity used in compost production and
transport are currently calculated to be greater than the reduction in release of these oxides during
production and use of fertilisers, herbicides, and electricity resulting from post compost application to
agriculture. This study could not however include a number of reductions in agricultural inputs (such
as fertilisers and water) and improvements in soil conditions due to absence of
characterisation/equivalency factors required for LCIA, and absence of a range of data which would be
expected to result in improved environmental performance of the composting system in these
detrimental impact categories.

Composted mulches in the scenarios modelled have been shown to cause detrimental environmental
impact with respect to EP. Mulches, being lower nutrient products compared to soil conditioners, can
reduce requirements of fertilisers to a lesser extent than soil conditioners consequently more nutrients
are released into environment during the production of fertilisers in the case of mulches. Reduction in
fertiliser and other farm input use is key to realising a net environmental benefit from compost
application. This highlights the importance of consideration of nutrient budgeting in specifying suitable
composts for agriculture. Where compost products are selected that provide maximum nutrient value
to a crop (over the life of the application) this will result in maximum environmental benefit arising from
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reduced fertiliser input. This principle applies also to avoided irrigation, herbicide and biocide
application.

The results of the LCIA with respect to ETP have shown beneficial environmental impacts for
terrestrial and freshwater ecosystems but a negligible detrimental environmental impact for ETP
(marine water) suggesting that ecotoxicity such as eutrophication will be mainly confined to coastal
water resources and not to inland water resources (river systems). It is most likely that production of
diesel fuel occurs near coastal areas releasing toxic chemicals in marine water, thereby causing a
minor net detrimental environmental impact with respect to ETP (marine water).

Higher application rates of composted products have been shown to produce greater net
environmental benefits as higher application rates reduce the need for other farm inputs. Higher
application rates per unit area produce higher post-application benefit, consequently greater net
environmental benefit. However, it should be mentioned that post-application benefits do not increase
linearly with increasing application rates. At certain application rates, most post-application benefits
will tend to maximise or excessive application rates may cause detrimental affects suggesting a limit
for net environmental benefits. Therefore, to achieve maximum environmental benefit, composts
should be applied at a rate so as to maximise weed suppression and plant available moisture, whilst
being manufactured to suppress crop/region specific pest and diseases. Lastly compost should be
selected to maximise contribution to crop nutrient requirements when applied at the appropriate
application rate.

Varying the transport distance by 100 km produced negligible impact on all impact categories, in
particular GWP. However, there will be a limit for transport distance beyond which environmental
impact from transport outweighs benefits of compost applications. Note, however, that transport of soil
conditioner to the most distant area of the state still resulted in a net environmental benefit including
with regard to GWP.

Backloading or without backloading scenarios hardly have any impact on all impact categories
particularly GWP. The reason being greenhouse gases released during backloading journeys have not
been accounted in this system because these are not considered part of this system. However,
greenhouse gases released during non-backloading journeys have been included as a part of this
system.

9.2 Options for further work
The recommendations of this study are:

a) It is highly recommended that an economic assessment should be conducted to calculate
dollar values associated with identified environmental benefits to inform and justify future
policies and strategies for organics recovery, management, and agricultural compost use.
The Policy and Economic Research Unit of CSIRO Land and Water have highly reputable
expertise in conducting agricultural and environmental economic assessment and are
recommended for this task.

b) That this report be distributed to ensure that LCI data and LCA results are available for future
studies, and for related policy and strategy development across Australia.

c) That the results and identified gaps of this study should be integrated into other Department of
Environment and Conservation NSW projects, including field research trials to address gaps
identified in LCI data for post-application impacts of composted products (Section 7.12) and
life cycle impact assessment (Section 8.4).
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That future LCA studies should be commissioned in a manner such that LCI data is
transparently documented and is made available in a form suitable for use in future LCA
studies, as has been the case with this study.

As reduction in fertiliser, irrigation water and biocide use due to compost application has
significant influence on the realisation of net beneficial environmental impact from the
composting system, maximising the nutritional, irrigation efficiency and disease/weed
suppression value of composts to a particular crop across the life of a compost application are
significant in terms of maximising beneficial environmental impacts. It is therefore
recommended that soil testing, nutrient budgeting and other related crop requirements be
integrated into the development, specification and selection of compost products for crop
specific applications, not simply for direct agronomic benefit, but also for indirect net
environmental benefit.

That future compost production application trials should assess the performance of products
that are specifically designed to best meet the crop and environment performance
requirements of the particular crop and growing region.

That the DEC Alternative Waste Technology Selector and Handbook should be updated to
incorporate data and information arising from this study.

Department of Environment and Conservation NSW 133



Life Cycle Inventory and Life Cycle Assessment for Windrow Composting Systems

Section 10 References

ABS 1996. NSW Year Book No.76, Australian Bureau of Statistics, Canberra, Australia.

ABS 2000. Water account for Australia, 1993-94 to 1996-97. Australian Bureau of Statistics,
Canberra, Australia.

ABS 2001. Agriculture Australia 1999-2000. Australian Bureau of Statistics, Canberra, Australia.

Abu-Awwad A.M. 1998. Effect of mulch and irrigation water amounts on soil evaporation and
transportation. J. Agron. Crop Sci. 181: 55-59.

Abu-Awwad A.M. 1999. Irrigation water management for efficient use in mulched onion. J. Agron.
Crop Sci. 183: 1-7.

Agassi M., Hadas A., Benyamini Y., Levy G.J., Kautsky L., Avrahamov L., Zhevelev H. 1998. Mulching
effect of composted MSW on water percolation and compost degradation rate. Comp. Sci. Util. 6(3):
34-41.

Agassi M., Shainberg I., Morin J. 1990. Slope, aspect and phosphogypsum effects on runoff and
erosion. Soil Sci. Soc. Am. J. 54:1102-1106.

Aggelides, S.M. and Londra, P.A. 2000. Effects of compost produced from town wastes and sewage
sludge on the physical properties of a loamy and a clay soil. Bioresource Technology 71:253-259.

Aguilar F.J., Gonzalez, Revilla J., de Lednd., Porcel O. 1997. Agricultural use of municipal solid
waste on tree and bush crops. J. Agric. Eng. Res. 67: 73-79.

Alabouvette C. 1999. Fusarium-wilt suppressive soils: an example of disease-suppressive soils.
Australian Plant Pathology 28: 47-64.

Albaladejo J., Castillo V., Diaz E. 2000. Soil loss and runoff on semiarid land as amended with urban
solid refuse. Land Degradation & Development 11: 363-373.

Altieri W., Liebman M.A. 1988. The impact, uses, and ecological role of weeds in agrecosystems. In:
W. Altieri and M.A. Liebman (eds.), Weed management in agroecosystems: Ecological approaches,
CRC press, Boca Raton, Florida, pp.1-6.

Alvarez M., Gagné S., Antoun H. 1995. Effect of compost on rhizosphere microflora of the tomato and
on incident of plant growth-promoting bacteria. Appl. Environ. Microbiol. 61:194-199.

Andersson-Skold Y., Grennfelt P., Pleijel K. 1992. Photochemical ozone creation potentials: a study of
different concepts. J. Air Waste Man. Ass. 42:1152-1158.

Arya S.P. 1999. Air pollution meteorology and dispersion. Oxford University Press, New York.

AS/NZS 1SO 14040. 1998. Environmental management — Life cycle assessment — Principles and
framework. Standards Australia, Homebush, NSW, Australia and Standards New Zealand, Wellington,
New Zealand.

AS/NZS I1SO 14041. 1999. Environmental management — Life cycle assessment — Goal and scope
definition and inventory analysis. Standards Australia, Homebush, NSW, Australia and Standards New
Zealand, Wellington, New Zealand.

AS/NZS I1SO 14042. 2001. Environmental management — Life cycle assessment — Life cycle impact
assessment. Standards Australia, Homebush, NSW, Australia and Standards New Zealand,
Wellington, New Zealand.

AS/NZS I1SO 14043. 2001. Environmental management — Life cycle assessment — Life cycle
interpretation. Standards Australia, Homebush, NSW, Australia and Standards New Zealand,
Wellington, New Zealand.

Atech Group. 2000. Aggregated nutrient emissions to the Murray-Darling basin. National Pollutant
Inventory Unit, Environment Australia, Canberra, Australia.

Audsley E., Alber S., Clift R., Cowell S., Crettaz P., Gaillard G., Hausheer J., Jolliet O., Kleijn R.,
Mortensen B., Pearce D., Roger E., Teuleon H., Weidema B., van Zejts H. 1997. Harmonization of

134 Department of Environment and Conservation NSW



Life Cycle Inventory and Life Cycle Assessment for Windrow Composting Systems

environmental Life Cycle Assessment for agriculture. Final Report Concerted Action AIR3-CT94-2028.
European Commission DG VI Agriculture.

Australian Greenhouse Office. 1999. Overview: 1999 national Green House Inventory. Australian
Green House Office, Canberra. http://www.greenhouse.gov.au/inventory/facts/01.html

Avnimelech Y., Kochva M. 1992. The use of compost as a soil amendment. Acta Horticulturae 302:
217-236.

Avnimelech Y., Shkedy D., Kochva M., Yotal Y. 1994. The use of compost for the reclamation of saline
and alkaline soils. Comp. Sci. Util. 2(3): 6-11.

Ayres R.U., Martinas K., Ayres L.W. 1996. Eco-thermodynamics. Exergy and life cycle analysis.
Working paper (96/04/EPS), INSEAD, Fontainebleau, France.

Baldoni G., Cortellini L., Dal Re L., Toderi G. 1996. The influence of compost and sewage sludge on
agricultural crops. In: M.de Bertoldi, P. Sequi, B. Lemmes and T. Papi (eds.) The Science of
Composting. Blackie Academic & Professional, Glasgow, London.

Barton J.R. 1996. Life cycle assessment for waste management. Waste Management 16:35-50.

Baskin J.M., Baskin C.C. 1989. Seasonal changes in the germination responses of buried seeds of
Barbarea vulgaris. Ca. J. Bot. 67:2131-2134.

Bazzoffi P., Pellegrini S., Rocchini A., Morandi M., Grasselli O. 1998. The effect of urban refuse
compost and different tractors tyres on soil physical properties, soil erosion and maize yield. Soil &
Tillage Research 48: 275-286.

Bevacqua R.F., Mellano J.V. 1994. Cumulative effects of sludge compost on crop yields and soil
properties. Commun. Soil Sci. Plant Anal. 25 (3&4): 395-406.

Biala J., Wynen W. 1998. Is there a market for compost in agriculture? International Composting
Conference, Melbourne, 15-17 September 1998.

Biermann S., Rathke G.W., Hiilsbergen K.J., Diepenbrock W. 1999. Energy Recovery by crops in
dependence on the input of mineral fertilizer. Agroecological Institute, Martin-Luther University, Halle-
Wittenberg.

Blair G. 2001. Safe Utilization of feedlot manure and effluent, 1997-2000, Final Report. MLA Project
202, E.A. Systems Pty Ltd, Armidale, NSW, Australia.

Boulter J.I., Boland G.J., Trevors J.T. 2002. Assessment of compost for suppression of Fusarium
Patch (Microdochium nivale) and Typhula Blight (Typhula ishikariensis) snow molds of turfgrass.
Biological Control 25: 162-172.

Brady N., Weil R. 1999. The Nature and properties of soils. Prentice Hall, New Jersey, USA.

Bresson L.M., Koch C., Le Bissonnais Y., Barriuso E., Lecomte V. 2001, Soil surface structure
stabilization by municipal waste compost application. Soil Sci. Soc. Am. J. 65:1804-1811.

Broken W., Muhs A., Beese F. 2002. Changes in microbial and soil properties following compost
treatment of degraded temperate forest soils. Soil Biology & Biochemistry 34:403-412.

Brown S.M., Whitwell T., Touchton J.T., Burmester C.H. 1985. Conservation tillage for cotton
production. Soil Sci. Soc. Am. J. 49: 1256-1260.

Bruce J.P., Frome M., Haites E., Janzen H., Lal R., Paustian K. 1999. Carbon sequestration in soils. J.
Soil Water Conservation 54: 382-389.

Buchanan M., Gliessman S.R. 1992. How compost fertilization affects soil nitrogen and crop yield.
Biocycle 32: 72-76.

Buckerfield J.C., Webster K.A. 1995. Earthworms, mulching, soil moisture and grape yields:
earthworm response to soil management practices in vineyards, Barossa Valley, South Australia.
Australian and New Zealand Wine Industry J. 11:47-53.

Buckerfield J. 1998. Composted ‘green-organics’ for water conservation and weed control.
International Composting Conference, Sept. 1998, Victoria, Australia.

Department of Environment and Conservation NSW 135



Life Cycle Inventory and Life Cycle Assessment for Windrow Composting Systems

Buckerfield, J. and Webster, K. (2001). Managing young vines. Responses to mulch continue-results
from five years of field trials. The Australian Grapegrower and Winemaker, October Issue, pp 71-78

Burgess A.A., Brennan D.J. 2001. Application of life cycle assessment to chemical processes.
Chemical engineering Science 56: 2589-2604.

California Integrated Waste Management Board. 1997. Green material compost in field crop
production. Pub.No. 422-96-052. California Integrated Waste Management Board, Sacramento,
California, http//www.ciwmb.ca.gov

Carroll C., Mollison J., Halpin M., Secombe D. 1991. Emerald irrigation erosion study — effect of furrow
length on soil erosion by rain and flood irrigation. Project Report Q091021. Queensland Department
of Primary Industries, Brisbane, Australia.

Chef D.G., Hoitink H.A.J., Madden L.V. 1983. Effects of organic components in container media on
suppression of Fusarium wilt of chrysanthemum and flax. Phytopathology 73: 279-281.

Chefetz B., Hatcher P.G., Hadar Y., Chen Y., 1996. Chemical and biological characterisation of
organic matter during composting of municipal solid waste. J. Env. Quality 25: 776-785.

Churchman G.J., Skjemstad J.O., Oades J.M. 1993. Influence of clay minerals and organic matter on
effects of sodicity on soils. Aust. J. Soil Res. 31:779-800.

CIWMB 2002. Vineyards benefit from compost and mulch. Publication # 443-99-005. California
Integrated Waste Management Board, California, USA.

Clark G.A., Stanley C.D., Maynard D.N. 2000. Municipal solid waste compost (MSWC) as a sail
amendment in irrigated vegetable production. Trans. ASAE 43(4): 847-853.

Clift R. 1998. Life cycle assessment — how to slim down your ecoprofile. Institution of Chemical
Engineers Environmental Protection Bulletin 9-13.

Connolly R.D., Carroll C., Francis J., Silburn D.M., Simpson B., Freebairn D.M. 1999. A simulation
study of erosion in the Emerald irrigation area. Aust. J. Soil Res. 37: 479-494.

Cortellini, L. Toderi, G., Baldoni G., Nassisi A. 1996. Effects on the content of organic matter, nitrogen,
phosphorus and heavy metals in soil and plants after application of compost and sewage sludge. In:
M.de Bertoldi, P. Sequi, B. Lemmes and T. Papi (eds.) The Science of Composting. Blackie Academic
& Professional, Glasgow, London.

Cotxarrera L., Trillas-Gay M.I., Steinberg C., Alabouvette C. 2002. Use of sewage sludge compost
and Trichoderma asperellum isolates to suppress Fusarium wilt of tomato. Soil Biol. Biochem. 34: 467-
476.

Crnko G.S., Stall W.M, White J.M. 1992. Sweet corn weed control evaluations on mineral and organic
soils. Proc. Florida State Hort. Soc. 105:326-330.

Dalal R.C., Chan K.Y. 2001. Soil organic matter in rainfed cropping systems of Autralian cereal belt.
Aust. J. Soil Res. 39: 435-464.

Daliparthy J.S., Herbert S.J., Veneman P.L.M., Moffitt L.J. 1995. Nitrate leaching under alfalfa-corn
rotation from dairy manuring. In: Proceeding Conference of Clean Water-Clean environment-21%'
Century. V2: Nutrients. The Society for Engineering in Agricultural, Food, and Biological Systems, St.
Joseph, MI, pp. 39-42.

de Vos J.A. 1996. Testing compost as an anti wind erosion agent in a wind tunnel. Soil Technology 9:
209-221.

Derikx P.J.L., Op Den Camp H.J.M., Bosch W.P.G.M., Vogels G.D., Gerrits J.P.G., van Grienseven
L.J.L.D. 1988. Production of methane during preparation of mushroom compost. Mededelingen
Faculteit Landbouwwetenschappen Rijksuniversiteit (Gent). 53 (4a): 1727-1732.

Derwent R.G., Jenkin M.E., Saunders S.M. 1996. Photochemical ozone creation potentials for a large
number of reactive hydrocarbon under European conditions. Atmospheric Environment 30: 181-199.

DeVleeschauwer D.O., Verdonock P., Van Assche P. 1981. Phytotoxicity of refuse compost. BioCycle
22(1):44-46.

136 Department of Environment and Conservation NSW



Life Cycle Inventory and Life Cycle Assessment for Windrow Composting Systems

Dick W.A., McCoy E.L. 1993. Enhancing soil fertility by addition of compost. In: H. Hoitink and H.
Keener (eds.) Science and Engineering of Composting: Design, Environmental, Microbiological and
utilization Aspects. Renaissance Publishers, Worthington, OH. pp. 622-644.

DLWC 1998. Water sharing in NSW — access and use, a discussion paper. NSW Department of Land
and Water Conservation, Sydney, Australia.

DLWC. 2000a. NSW salinity strategy. NSW Department of Land and Water Conservation, Sydney,
Australia.

DLWC. 2000b. State of the environment land condition and soil hazard maps produced from the NSW
Soil and Land Information System, Soil Information and Publishing Unit, Sustainable Land and Coastal
Management, Department of Land and Water conservation, Sydney, Australia.

DLWC. 2000c Salinity predictions for NSW rivers within the Murray-Darling Basin, Department of Land
and Water Conservation, Sydney, Australia.

DLWC. 2000d. NSW water conservation strategy. NSW Department of Land and Water Conservation,
Sydney, Australia.

DLWC 2000e. Soil and landscape issues in environmental impact assessment. Technical Report
No.34. NSW Department of Land and Water Conservation, Sydney, Australia.

Edwards L., Burney J.R., Richter G., MacRae A.H. 2000. Evaluation of compost and straw mulching
on soil-loss characteristics in erosion plots of potatoes in Prince Edward Island, Canada. Agriculture,
Ecosystems and Environment 81: 217-222.

Environment Australia. 2001. Australia: State of the Environment, Environment Australia, Canberra,
Australia.

Epstein E. 1975. Effect of sewage sludge on some soil physical properties. J. Env. Qual. 4:139-142.

Eshwarn H., Berg E.V.D., Reich P., Kimble J. 1995. Global soil carbon resources. IN: R. Lal, J.
Kimble, E. Levine and B.A. Stewart (eds.), Soils and Global Change, CRC, Lewis Publishers, pp. 27-
29.

Ettlin L., Stewart B. 1993. Yard debris compost for erosion control. Bio Cycle, 34(12): 46-47.

FAO 1987. Soil management: Compost production and use in tropical and subtropical environments.
Soil Bul. 56, Food and Agriculture Organization of the United Nation, Rome.

FAOQ. 2001. Global estimates of gaseous emissions of NH;, NO and N,O from agricultural land. Food
and Agriculture Organization of the United Nation and International Fertilizer Industry Association,
Rome.

Finnveden G. 1996. Life cycle assessment as an environment systems analysis tool with a focus on
system boundaries. Licentiate Thesis, AFR-Report 137, AFN (Swedish Waste Research Council),
Swedish EPA, Stockholm.

Frossard E., Skrabal P., Sinaj S., Bangerter F., Traore O. 2002. Form and exchangeability in inorganic
phosphate in composted solid organic waste. Nutrient Cycling in Agroecosystems 62: 103-113.

Gabi, 2001. http://www.gabi-software.com/deutsch/home_deutsch.shiml

Gallardo-Lara F., Nogales, R. 1987. Effect of application of town refuse compost on the soil-plant
system: A review. Biological Waste 19:35-62.

Giusquiani, P.L., Pagliai, M., Gigliotti, G., Businelli, and Benetti, A. 1995. Urban Waste Compost:
Effects on Physical, Chemical and Biochemical Soil Properties. J. Environmental Quality 24:175-182.

Goldstein J. 1998. Compost suppresses disease in the lab and on the fields. BioCycle 39(11): 62-64.

Goodrich J.A., Lykins B.W., Clark R.M. 1991. Drinking water from agriculturally contaminated ground
water. J. Environ. Qual. 20:707-717.

Graham J.H. 1998. Composted municipal waste increase growth, yield and disease tolerance of citrus.
Proceedings of the Composting in the Southeast, Sept 9-11, 1998, Athens, Georgia.

Grant T., James K., Lundie S., Sonneveld K., 1999. Australian life cycle inventory project, CRC for
design, RMIT and CRC for Waste Management and Pollution Control, UNSW, Sydney.

Department of Environment and Conservation NSW 137



Life Cycle Inventory and Life Cycle Assessment for Windrow Composting Systems

Grantzau E. 1987. Bark mulch for weed control in cut flower perennials. Zierpflanzenbau 27:805-806.

Gray, K.R. and Biddlestone, A.J. 1971 A review of composting — Part 1. Process Biochemistry. 6: 32-
36.

Greenland D.J. 1971. Changes in the nitrogen status and physical condition of soils under pastures,
with special reference to maintenance of the fertility of Australian soils used for growing of wheat. Soils
and Fertilisers 34: 237-251.

Grey M., Henry C. 1999. Nutrient retention and release characteristics from municipal solid waste
compost. Comp. Sci. Util. 7: 42-50.

Guidi, G., Pera, A., Giovannetti, M., Poggio, G. and Bertoldi, M. 1988. Variations of soil structure and
microbial population in a compost amended soil. Plant and Soil 106:113-119.

Guinée J.B, Gorrée M., Heijungs R, Huppes G., Kleijn R., de Koning A., van Oers L., Wegener
Sleeswijk A., Suh S., Udo de Haes H.A., de Bruijn H., van Duin R., Huijbregts M.A.J. 2001. Life cycle
assessment: an operational guide to the ISO standards, Centre of Environmental Science, CML,
Leiden University, Leiden.

Hadas A., Portnoy R. 1997. Rates of decomposition in soil and release of available nitrogen from
cattle manure and municipal waste compost. Compost Sci. Utilization 5: 48-54.

Hallmark W., Brown L. 1999. Using municipal waste in Louisiana sugarcane. Louisiana Agriculture
42(2): 23.

Hamblin A., 1998. Environmental indicators for national state of the environment reporting - The Land,
Australia: State of the Environment (Environmental Indicator Reports), Department of the
Environment, Canberra, Australia.

Hardy, G.E. St. J., and Sivasithamparan, K 1991. Suppression of Phytophthora root rot by a
composted Eucalyptus bark mix. Australian J. Botany: 39:153-159.

Hassink, J. 1992. Effects of soil texture and structure on carbon and nitrogen minerlisation in
grassland soils. Biology and Fertility of soils. 14:126-34.

Heenan D.P., McGhie W.J., Thompson F., Chan K.Y. 1996. Decline in soil organic carbon and total
nitrogen in relation to tillage, stubble management and rotation. Aus. J. Exp. Agri. 35: 877-884.

Heijungs R., Guinée J., Huppes G., Lankreijer R.M., Udo de Haes H.A., Wegener Sleeswijk A.,
Ansems A.M.M., Eggels P.G., van Duin R., de Goede H.P. 1992. Environmental life cycle assessment
of products. Guides and backgrounds. CML, Leiden University , Leiden.

Hendrickson C. Horvath A., Joshi S., Lave L. 1998. Economic input-output models for environmental
life cycle assessment. Environmental Science and Technology 184-191.

Hill D.E. 1984. Annual amendments of leaf mold sustain higher yields of vegetables. Frontiers of Plant
Sci. 36: 4-5.

Hoitink H.A.J. 1990. Production of disease suppressive compost and container media, and
microorganism culture use therein. US Patent 4960348. Feb. 13, 1990.

Hoitink H.A.J. and Fahy, P.C. 1986. Basis for the control of soilborne plant pathogens with composts.
Annual Review of Phytopathology 24:93-114

Hoitink H.A.J., Grebus M.E. 1994. Status of biological control of plant diseases with composts.
Compost Sci. Util. 2(2): 6-12.

Hoitink H.A.J., Boehm M.J. 1999. Biocontrol within the context of soil microbial communities: A
substrate-dependent phenomenon. Ann. Rev. Phytopathology 37: 427-446.

Hoitink H.A.J., Boehm M.J., Hadar Y. 1993. Mechanism of suppression of soil borne plant pathogen
in compost-amended substrates. IN: H.A.J. Hoitink and H.M. Keener (eds.), Science and Engineering
of Composting: Design, Environmental, Microbiological and Utilization Aspects, Renaissance
Publications, Worthington, Ohio. Pp 601-621.

Holden J. 1995. Farming systems trials — 2. Cultivation trial — Auscott Ewenmar field 33. IN: J. Holden
(Ed.). Macquarie Valley Cotton Trial Reports 1994-95, Macquarie Cotton Growers Association/ Cotton
research and Development Corporation/ NSW Agriculture, Australia. Pp. 63-67.

138 Department of Environment and Conservation NSW



Life Cycle Inventory and Life Cycle Assessment for Windrow Composting Systems

Hollinger E., Cornish P.S., Baginska B., Mann R., Kuczera G. 2001. Farm-scale stormwater losses of
sediment and nutrients from a market garden near Sydney, Australia. Agri. Water Management 47:
227-241.

Hon. R. Debus (2001). Second Reading Speech, Waste Avoidance and Resource Recovery Bill, New
South Wales Parliament Debates, Legislative Assembly Proof Copy 20/6/01, pp. 103-104.

Horst 1998

Hortenstine C.C., Rothwell D.F. 1973. Pelletized municipal waste refuse compost as a soil amendment
and nutrient source for sorghum. J. Environ. Qual. 2:343-344.

Houot S., Clergeot D., Michelin J., Francou C., Bourgeois S., Caria G., Ciesielski H. 2002. Agronomic
values and environmental impacts of urban composts used in agriculture. In: H. Insam, N. Riddech an
S. Klammer (Eds.) Microbiology of Composting. Springer-Verlag, Berlin.

Hue N.V., lkawa H., Silva J.A. 1994. Increasing plant-available phosphorus in an Ultisols with a yard-
waste compost. Commun. Soil Sci. Plant Anal. 25: 3291-3303.

Huijbregts M.A.J., Thissen U. Guinée J.B., Jager T., Van de Meent D., Ragas A.M.J., Wegener
Sleeswijk A., Reijnders L. 2000. Priority assessment of toxic substances in life cycle assessment, I:
Calculation of toxicity potentials for 181 substances with the nested multi-media fate, exposure and
effects model USES-LCA. Chemosphere 41:119-151.

Huijbregts M., Lundie, S. and Dimova, C. 2001. Australian Human Toxicity and Ecotoxicity Model.
CRC Project No. 04-6003 ‘Australian Life Cycle Impact Assessment’.

Huppes G. 1996. LCA yesterday, today and tomorrow, CML, Leiden University, Leiden.

Iglesias-Jimenez E., Alvarez C.E. 1993. Apparent availability of nitrogen in composted municipal
refuse. Biol. Fert. Soil 16:313-318.

lllera V., Walter I., Cuevas G. and Cala V. 1999 Biosolids and municipal solid waste effects on
physical and chemical properties of a degraded soil. Agrochimica 43:178-86.

Insam H. and Merschak P. 1997. Nitrogen leaching from forest soil cores after amending organic
recycling products and fertilisers. Waste Management & Research 15:277-292.

International Panel for Climate Change (IPCC). 1997. Protocol of United Nations Framework
Convention Of Climate Change drafted at Kyoto. Internet publication: http://www.grida.no/climate/ipcc

Isbell R.F. 1996. The Australian Soil Classification. CSIRO Publishing, Victoria, Australia.

Jakobsen S.T. 1996. Leaching of nutrients from pots with and without applied compost. Resources,
Conservation and Recycling 17:1-11.

Jackson M.J., Line M.A. 1998. Assessment of periodic turning as an aeration mechanism for pulp and
paper mill sludge composting. Waste Management and Research 16: 312-319.

Jenkinson D.S. 1988. Soil organic matter and its dynamics. IN: A. Wild (ed.), Russell’s ‘Soil Conditions
and Plant Growth’, Longman, Essex. Pp. 564-607.

Karrman, E. and Jonsson, H. 2001. Including Oxidation of Ammonia in the Eutrophication Impact
Category. Int. J. LCA 6 (1) 29-33.

Kaur B., Gupta S.R., Singh G. 2002. Bioamelioration of a sodic soil by silvopastoral systems in
northwestern India. Agroforestry Sys. 54:13-20.

Keeling A.A., Paton LK., Mullet J.A. 1994. Germination and growth of plants in media containing
unstable refuse-derived compost. Soil Biol. 26: 767-772.

Kennedy I.R. 1997. Transport and fate of pesticides in cotton production system: NSW field sites.
Final Report, Project USY3. LWRRDC/CRDC/MDBC. Minimising the impact of Pesticides on the
Riverine Environment Program, Land and Water Resources Research and Development Corporation,
Canberra, Australia.

Keoleian G.A. 1993. The application of life cycle assessment to design. J. Cleaner Production 1:143-
149.

Department of Environment and Conservation NSW 139



Life Cycle Inventory and Life Cycle Assessment for Windrow Composting Systems

Khaleel R., Reddy K.R., Overcash M.R. 1981. Changes in soil physical properties due to organic
waste applications: A review. J. Environ. Qual. 10:133-141.

Khalilian A., Sulivan M.J., Mueller J.D., Shiralipour A., Wolak F.J., Williamson R.E., Lippert R.M.
2002a. Effects of surface application of MSW compost on cotton production — soil properties, plant
responses, and nematode management. Comp. Sci. Util. 10 (3): 270-279.

Khalilian A., Williamson R.E., Sulivan M.J., Mueller J.D., Wolak F.J. 2002b. Injected and broadcasted
application of composted municipal solid waste in cotton. Applied Engineering in Agriculture 18(1):
17-22.

Kley D., Kleinmann M., Sanderman H., Krupa S. 1999. Photochemical oxidant: state of science.
Environmental Pollution 100: 19-42.

Kniel G.E., Delmarco K., Petrie J.G. 1996. Life cycle assessment applied to process design:
Environmental and economic analysis and optimisation of a nitric acid plant. Environmental Progress
15: 221-228.

Kolb W. 1983. Effect of soil disinfection and of mulching on the maintenance of plant areas. Gartenemt
32: 374-376.

Kuter G.A., Nelson E.B., Hoitink H.A.J., Rossman L.A., Madden L.V. 1983. Fungal populations in
container media amended with composted hardwood bark suppressive and conducive to Rhizoctonia
damping-off. Phytopathology 73: 1450-1456.

Kuter, G.A., Hoitnik, H.A.J. and Chen, Y. 1988. Effects of municipal sludge compost curing time on
suppression of Pythium and Rhizoctonia diseases on ornamental plants. Plant Diseases. 72: 731-756.

Lal R. 1997. Residue management, conservation tillage and soil restoration for mitigating greenhouse
effect by CO,-enrichment. Soil and Tillage Research 43: 81-107.

Lea-Cox J.D., Syvertsen J.P. 1996. How nitrogen supply affects growth and nitrogen uptake, use
efficiency, and loss from citrus seedling. J. Amer. Soc. Hort. Sci. 121:105-114.

Lee J., O’Callaghan P., Allen D. 1995. Critical review of life cycle analysis and assessment techniques
and their application to commercial activities. Resources, Conservation & Recycling 13: 37-56.

Leita L., DeNobile M. 1991. Heavy metals in the environment: water soluble fractions of heavy metals
during composting of municipal waste. J. Environ. Qual. 20:73-78.

Lewis J.A., Lumsden R.D., Millner P.D., Keinath A.P. 1992. Suppression of damping-off of peas and
cotton in the field with composted sewage sludge. Crop Protection 11: 260-266.

Lewis R., Lee R. 1976. Air pollution from pesticides: sources, occurrence, and dispersion. IN: R. Lee
(ed.), Air pollution from pesticides and agricultural processes, CRC Press, Cleveland, pp 5-50.

Li, Y.C., Stoffella, P.J., Alva, A.K., Calvert, D.V. and Graetz, D.A. (1997). Leaching of nitrate,
ammonium, and phosphate from compost amended soil columns. Compost Science & Utilisation. 5:2,
63-67.

Lindeijer E. 2000. Biodiversity and life support impacts of land use in LCA. J Cleaner Production 8:
313-319.

Lindfors L-G., Christiansen K., Hoffman L., Virtanen Y., Juntilla V., Hanssen O-J., Rénning A., Ekwall
T., Finnveden G. 1995. Nordic Guidelines of Life Cycle-Assessment. NORD 1995:20. The Nordic
Council, Képenhamn.

Loughran R.J., Elliot G.L., Maliszewski L.T., Campbell B.L. 2000. Soil loss and viticulture at Pokolbin,
New South Wales, Australia. IN: M.A. Hassan, O. Slaymaker and S.M. Berkowicz (Eds.) The
hydrology-geomorphology interface: rainfall, floods, sedimentation, land use. A selection of papers
presented at the Conference on Drainage Basin Dynamics and Morphology held in Jerusalem, Israel,
May 1999. IAHS Publication No. 261, IAHS Press, Wallingford, UK. pp 141-152.

Lumsden, R.D., Lewis, J.A., and Miller, P.D. 1983. Effect of composted sewage sludge on several
soilborne pathogens and diseases. Phytopathology. 73: 1543-1548.

Mabhrer, Y., Naot O., Rawtiz E., Katan J. 1984. Temperature and moisture regimes in soil mulched
with transparent polythene. Soil Sci. Soc. Am. J. 48: 362-367.

140 Department of Environment and Conservation NSW



Life Cycle Inventory and Life Cycle Assessment for Windrow Composting Systems

Majewski M., Cabal P. 1995. Environmental chemistry of herbicides, Ann Arbor Press.

Mamo M., Moncrief J.F., Rosen C.J., Halbach T.R. 2000. Effect of municipal solid waste compost
application on soil water and water stress irrigated corn. Compost Sci. Utilization 8:236-246.

Mamo M., Rosen C.J., Halbach T.R. 1999. Nitrogen availability and leaching from soil amended with
municipal solid waste compost. J. Environ. Qual. 28: 1074-1082.

Mandelbaum R., Hadar Y. 1990. Effects of available carbon source on microbial activity and
suppression of Pythium aphanidermatum in compost and peat container media. Phytopathology
80:794-804.

Manios V.1., Syminis H.I. 1988. Town refuse compost of Heraklio. Bio Cycle 29 (7): 44-47.

Marshall F., Ellis W. (eds.) 1992. Rodale’s all-new encyclopedia of organic gardening. Rodale Press,
Emmaus, Pa.

Martens, D.A. and Frankenberger, Jr. W.T. 1992. Modification of infiltration rates in an organic-
amended irrigated soil. Agronomy Journal 84: 707-717.

Marull J., Pinochet J., Rodriguez-Kabana R. 1997. Agricultural and municipal compost residues for
control of root-knot nematodes in tomato and pepper. Comp. Sci. Util. 5(1): 6-15.

Mays, D.A., Terman, G.L. and Duggan, J.C. 1973. Municipal compost:effects on crop yields and soil
properties. Journal of Environmental Quality 2:89-92.

Maurhofer M., Hase C., Meuwly P., Métraux J.P., Défago G. 1994. Induction of systematic resistance
of tobacco to tobacco necrosis virus by the root-colonizing Pseudomonas fluoescens strain CHAOQ:
Influence of gacA gene and of pyoverdine production. Phytopathology 84: 139-146.

Maynard A.A. (1993) Nitrate leaching from compost amended soils. Comp. Sci. Util. 1:65-72.

McKee D.J. (Ed.) 1994. Tropospheric ozone: Human health and agricultural impacts. Lewis
Publishers, Boca Raton, FL.

MDBMC 1999. The salinity audit of the Murray-Darling Basin, Murray-Darling Basin Ministerial
Council, Canberra.
http://www.mbdc.gov.au/naturalresources/policies strategies/projectscreens/pdf/Final _Salt Audit.pdf.

Metherell A., Harding L., Cole C., Parton W. 1993. CENTURY Agroecosystem Version 4.0, Great Plain
System Research Unit Technical Report No. 4, UDA-ARS Global Climate Change Research Program,
Colorado State University, Fort Collins, Colorado, USA.

Miettinen P., Hamalainen R.P., 1997. How to benefit from decision analysis in environmental life cycle
assessment (LCA). European J. Operational Research 102; 279-294.

Miller F.C. 1993. Composting as a process based on the control of ecologically selective factors. IN: F.
B. Metting Jr. (ed.), Soil Microbial Ecology: Applications in Agricultural and Environmental
Management. Marcel Dekker Publishing, New York, USA. pp. 515-544.

Minhas P.S., Sharma D.R., Singh Y.P. (1995) Response of rice and wheat to applied gypsum and
farmyard manure on an alkali water irrigated soil. J. Indian Soc. Soil Sci. 43(3): 452-455.

Mokolobate M.S., Haynes R.J. 2002. Comparative liming effect of four organic residues applied to an
acid soil. Biology and Fertility of Soils 35:79-85.

Movahedi Naeini S.A.R., Cook H.F. 2000. Influence of municipal compost on temperature, water,
nutrient status and the yield of maize in a temperate soil. Soil Use and Management 16:215-221.

Murillo J.M., L6pez, R., Cabrera F., Martin-Olmedo P. 1995. Testing a low-quality urban compost as a
fertilizer for arable farming. Soil Use Management 11: 127-131.

Nash J., Stoughton M.D., 1994. Learning to live with life cycle assessment. Environmental Science
and Technology 28: 236A-237A.

NHMRC and ARMCANZ (1996). Australian Drinking Water Guidelines — National Health and Medical
Research Council. Agriculture and Resource Management Council of Australia and New Zealand.

National Research Council, US, 1992. Rethinking the ozone problem in urban and regional air
pollution, National Academy Press, Washington, DC.

Department of Environment and Conservation NSW 141



Life Cycle Inventory and Life Cycle Assessment for Windrow Composting Systems

Niggli U., Weibel F.P., Gut W. 1990. Weed control with organic mulch materials in orchards. Results
from 8 year field experiments. Acta Horticulturae 285: 97-102.

NSW Agriculture. 1995. Soil Management for NSW Orchards and Vineyards, NSW Agriculture,
Orange, NSW, Australia.

NSW Agriculture. 1998. SOILpak for cotton growers, NSW Agriculture, Orange, NSW, Australia.
NSW Agriculture. 1998. Policy for Sustainable Agriculture in NSW.

NSW Agriculture. 2002. Soil carbon sequestration utilizing recycled organics: A review of the scientific
literature, Project 00/01R-3.2.6A. The Organic Waste Recycling Unit, NSW Agriculture, Australia.

NSW EPA 2001. Review of Waste Management and Minimisation Act, 1995.

NSW EPA 2000. NSW state of the environment report 2000. NSW Environment Protection Authority,
Sydney, Australia. http://www.epa.nsw.gov.au/soe/soe2000/index.htm

NSW EPA. 1997. New South Wales state of the environment 1997 Report, NSW Environment
Protection Authority, Sydney. http://www.epa.nsw.gov.au/soe/97/index.htm.

NSW EPA. 1997a. Use and disposal of biosolids products. NSW Environment Protection Authority,
Sydney, Australia

NSW EPA. 2001. Waste Avoidance and Resource Recovery Act.

NSW Waste Boards (1999) Markets for Products Containing Recycled Organic Materials. Report
prepared by EC Sustainable Environment Consultants for Central Coast Waste Board.

Obreza T.A., Reeder R.K. 1994. Municipal solid waste compost use in tomato/watermelon
successional cropping. Soil Crop Sci. Soc. Florida Proc. 53: 13-19.

Ouédraogo E., Mando A., Zombré N.P. 2001. Use of compost to improve soil properties and crop
productivity under low input agricultural system in West Africa. Agriculture, Ecosystems and
Environment 84: 259-266.

Ozores-Hampton M. 1998. Compost as an alternative weed control method. Hort. Sci. 33:938-940.

Ozores-Hampton M., Obreza T.A., Stofefella P.J. 2001. Mulching with composted MSW for biological
control of weeds in vegetable crops. Compost Sci. and Util. 9: 352-361.

Ozores-Hampton M., Stofefella P.J., Bewick T.A., Cantliffe D.J., Obreza T.A. 1999. Effect of age of
composted MSW and biosolids on weed seed germination. Compost Sci. Util. 7:51-57.

Parker C.F., Sommers L.E. 1983. Minerralization of nitrogen in sewage sludges. J. Environ. Qual.
12:150-156.

Parsons J.M. 1995. Australian weed control handbook. Inkata Press, Melbourne, Australia.

Pascual J.A., Hernandez T., Garcia C., De Leij F.A.A.M., Lynch J.M. 2000. Long-term suppression of
Pythium ultimum in arid soils using fresh and composted municipal wastes. Biology and Fertility of
Soils 30: 478-484.

Phae C.G., Saski M., Shoda M., Kubota H. 1990. Characteristics of Bacillus subtilis isolated from
composts suppressing phytopathogenic microorganisms. Soil Sci. Plant Nutr. 36:575-586.

Piccolo A. 1996. Humus and soil conservation. IN: A. Piccolo (ed.) Humic Substances in Terrestrial
Ecosystems. Elsevier, Amsterdam, pp. 225-264.

Pickering J.S., Kendle, A.D., Hadley P. 1998. The suitability of composted green waste as an organic
mulch: effects on soil moisture retention and surface temperature. Acta Hort. 469:319-324.

Pierzynski G.M., Sims J.T., Vance G.F. 1994. Soils and Environmental Quality. Lewis Publishers,
Boca Raton, FL.

Pinamonti F. 1998. Compost mulch effects on soil fertility, nutritional status and performance of
grapevine. Nutrient Cycling in Agroecosystems 51:239-248.

Pitt D., Tilston E.L., Groenhof A.C. 1998. Recycled organic materials (ROM) in the control of plant
disease. Acta Horticulturae 469:391-403.

142 Department of Environment and Conservation NSW



Life Cycle Inventory and Life Cycle Assessment for Windrow Composting Systems

Pocknee S., Sumner M.E. 1997, Cation and nitrogen content of organic matter determine its liming
potential. Soil Sci. Soc. Am. J. 61: 86-92.

Post W.M., Kwon K.C. 2000. Soil carbon sequestration and land-use change: processes and potential.
Global Change Biology 6: 317-327.

Pretty J., Ball A. 2001. Agricultural influence on carbon emissions and sequestration: a review of
evidence and the emerging trading options. Occasional Paper 2001-03, Centre for Environment and
Society, University of Essex, UK.

Rabb J.L., Millhollon E.P., Caldwell W.D., Liscano J. 2002. Using poultry litter and municipal waste for
cotton production. Louisiana Agriculture 45(1): 12-13.

Recycled Organics Unit 2001. Processing options for food organics in New South Wales. Report for
NSW Central Coast Waste Board. Recycled Organics Unit, The University of New South Wales,
Sydney, Australia.

Recycled Organics Unit 2001a. Buyers Guide for Recycled Organics Products. Recycled Organics
Unit, The University of New South Wales, Sydney, Australia.

Recycled Organic Unit. 2001b. Greenhouse gas emissions from composting facilities, Recycled
Organics Unit, The University of New South Wales, Sydney, Australia.

Recycled Organics Unit 2002a. Composting science for industry. Recycled Organics Unit, The
University of New South Wales, Sydney, Australia.

Recycled Organics Unit. 2002b. RO Dictionary and Thesaurus: Standard terminology for the NEW
South Wales recycled organics industry, http://www.rolibrary.com

Recycled Organics Unit. 2002c. Guide to selecting, developing and marketing value added recycled
organics products. Recycled Organics Unit, The University of New South Wales, Sydney, Australia.

Recycled Organics Unit. 2003. Life Cycle Impact Assessment Calculator.

Reisman-Berman O., Kigel J. 1991. Dormancy in buried seeds of Datura ferox and D. stramonium. Ca.
J. Bot. 69:173-179.

Reuveni R., Raviv M., Krasnovsky A., Freiman L., Medina S., Bar A., Orion D. 2002. Compost induces
protection against Fusarium oxysporum in sweet basil. Crop Protection 21: 583-587.

RIVM, VROM, VWS. 1998. Uniform system for the evaluation of substances 2.0 (USES 2.0). RIVM
Report no. 679102044, National Institute of Public Health and the Environment (RIVM), Ministry of
Housing, Spatial Planning and the Environment (VROM), Ministry of Welfare and Sport (VWS), United
Kingdom.

Roe N.E. 1998. Compost utilization for vegetable and fruit crops. HortScience 33(6): 934-937.

Roe N.E., Stoffella P.J. 1993. Municipal solid waste compost suppresses weeds in vegetable crop
alleys. HortScience 28: 1171- 1172.

Ros M., Garcia C., Hernandez T. 2001. The use of urban organic wastes in the control of erosion in a
semiarid Mediterranean soil. Soil Use and Management 17: 292-293.

Rosenzweig C., Hillel D. 2000. Soils and global climate change: Challenges and opportunities. Soil
Science 165: 47-56.

Rynk R. (Ed.) 1992. On-farm Composting Handbook. Northeast Regional Agricultural Engineering
Service, Cooperative Extension Service, Ithaca, New York, USA.

Sabrah R.E.A., Magid H.M.A., Abdel-Al S.I., Rabie R.K. 1995. Optimizing physical properties of a
sandy soil for higher productivity using town refuse compost in Saudi Arabia. J. Arid Envior. 29: 253-
262.

Schlesinger W.H. 2000. Carbon sequestration in soils: some cautions amidst optimism. Agriculture,
Ecosystems and Environment 82: 121-127.

Schlesinger W.H., Licther J. 2001. Limited storage in soils and litter of experimental forest plots under
increased atmospheric CO,. Nature 411: 466-468.

Department of Environment and Conservation NSW 143



Life Cycle Inventory and Life Cycle Assessment for Windrow Composting Systems

Schneider A.D., Wiese A.F., Jones O.R. 1988. Movement of the three herbicides in a fine sand
aquifer. Weed Sci. 36: 432-436.

Sekhon B.S., Bajwa M.S. 1993. Effect of organic matter and gypsum in controlling soil sodicity in rice-
wheat-maize system irrigated with sodic water. Agricultural Water Management 24: 15-25.

Serra-Wittling C., Houot S., Alabouvette C. 1996. Increased soil suppressiveness to Fusarium wilt of
flax after addition of municipal solid waste compost. Soil Biol. Biochem. 28(9): 1207-1214.

SETAC. 1993. Guidelines for Life-Cycle Assessment: A code of Practice, Society of Environmental
Toxicology and Chemistry. Brussels, Belgium.

Shearman R.C., Steinegger D.H., Kinbacher E.J., Riordan T.P. 1979. A comparison of turfgrass
clippings, oat straw, and alfalfa as mulching material. J. Amer. Soc. Hort. Sci. 104: 461-463.

Sheehan J., Camobreco V., Duffield J., Graboski M., Shapouri H. 1998. Life cycyle inventory for
biodiesel and petroleum diesel for use in an urban bus. NREL/SR-580-24089 UC Category 1503,
National Renewable Energy Laboratory, Colorado, USA. Prepared for U.S. Department of Energy and
U.S. Department of Agriculture.

Sherwood, S., and Uphoff, N. 2000. Soil health: research, practice and policy for a more regenerative
agriculture. Applied Soil Ecology 15:85-97.

Shiralipour A., Epstein E. 1996. Compost effect on cotton growth and yield. Proc. of the composting in
the Southeast, Oct 23-25, 1996, Myrtle Beach, South Carolina, USA.

Shiralipour A., McConnel D.B., Smith W.H. 1991. Effect of compost heat and phytotoxins on
germination of certain Florida weed seeds. Soil Crop Sci. Soc. Florida Proc. 50:154-157.

Shiralipour A., McConnel D.B., Smith W.H. 1992. Physical and chemical properties of soils as affected
by municipal solid waste compost application. Biomass and Bioenergy 3(3-4): 261-266.

Shiralipour A., McConnel D.B., Smith W.H. 1992a. Uses and benefits of MSW compost: A review and
an assessment. Biomass and Bioenergy 3 (3-4): 267-279.

Shrestha Y. 2001. Life cycle assessment of organic resource management. Recycled Organics Unit,
The University of New South Wales, Sydney, Australia.

Sikora L.J. 1998. Nitrogen availability from composts and blends of composts and fertilisers. Acta
Horticulturae 469:343-351.

Sikora L.J., Enkiri N.K., 2001. Uptake of 15N fertilizer in compost-amended soils. Plant and Soil 235:
65-73.

Silburn D.M., Glanville S.F. 2002. Management practices for control of runoff losses from cotton
furrows under storm rainfall. 1. Runoff and sediment on a black Vertosol. Aust. J. Soil Res. 40: 1-20.

Silburn D.M., Simpson B.W., Kennedy I.R., Connolly R.D. 1997. Soil erosion in the Australian cotton
industry. IN: I. Rochester, H Dugdale and D. Anthony (Eds.). Proceedings of Cropping Systems
Forum, Narrabri, 4" Dec. 1997. Cotton Research and Development Corporation, Narrabri, Australia.
Pp 30-36.

Silburn D.M., Waters D.K., Connolly R.D., Simpson B.W., Kennedy I.R. 1998. Techniques for
stabilising soil erosion on cotton farms. IN: N.J. Schofield and V.E. Edge (Eds.). Minimising the impact
of pesticides on the riverine environment: key findings from research with the cotton industry,
Occasional Paper 23/98, Land and Water Resources Research and Development Corporation,
Canberra, Australia. Pp 99-105.

Simpson B. 1997. Pesticide transport from cotton production systems: Queensland site. Final Report,
Project QP123, LWRRDC/CRDC/MDBC. Minimising the impact of Pesticides on the Riverine
Environment Program, Land and Water Resources Research and Development Corporation,
Canberra, Australia.

Sims J.T., Visalis B.T, Ghodrati M. 1994. Effect of coal fly ash and co-composted sewage sludge in
emergence and early growth of cover crops. Comm. Soil Sci. Plant Anal. 24: 503-512.

Sinaj S., Traore O., Frossard E. 2002. Effect of compost and soil properties on the availability of
compost phosphate for white clover (Trifolium repens L.). Nutrient Cycling in Agroecosystems 62: 89-
102.

144 Department of Environment and Conservation NSW



Life Cycle Inventory and Life Cycle Assessment for Windrow Composting Systems

Singh A., Singh M., Singh D.V., Singh A., Singh M. 1985. Relative efficacy of organic mulch and
herbicides for weed contrl in Cymbopogon species. Annu. Conf. Indian Soc. Weed Sci. (Abstr.), p.77.

Skjemstad J.O., Dalal R.C., Janik L.J., McGowan J.A. 2001. Changes in chemical nature of organic
carbon in vertisols under wheat in south-eastern Queensland. Aus. J. Soil Res. 39:343-359.

Slattery W.J., Christy B., Carmody B.M., Gales B. 2002. Effects of composted feedlot manure on the
chemical characteristics of duplex soils in north-eastern Victoria. Aust. J. Exp. Agri. 42: 369-377.

Smith P., Powlson D.S., Smith J.U., Falloon P., Coleman K. 2000. Meeting Europe’s climate change
commitments: quantitative estimates of the potential for carbon mitigation by agriculture. Global
Change Biology 6: 525-568.

Soil science Society of America, 1996. Glossary of Soil Science Terms. Soil Science Society Of
America Inc., Wis., USA

Spain, A.V., Isbell, R.F. and Probert, M.E. 1983. Soil organic matter. In: ‘Soils: An Australian
Viewpoint’, CSIRO, Melbourne, Academic Press, London, pp 551-563.

Stace H.C.T., Hubble G.D., Brewer R., Northcote K.H., Sleeman J.R., Mulcahy M.J.A., Hallsworth E.G.
1968. A Handbook of Australian Soils. Rellim Technical Publications, South Australia, Australia.

Stamatiadis, S., Werner, M. and Buchanan, M. 1999. Field assessment of soil quality as affected by
compost and fertiliser application in a broccoli field. Applied Soil Ecology 12:217-225.

Standards Australia. 2003. Australian Standard AS 4454-2003: Composts, soil conditioners and
mulches. Standards Association of Australia, Homebush, NSW, Australia.

Stocking M., Albaladejo J. 1994. Refuse isn’'t rubbish! Ambio 23: 229-232.

Stromberg L et al. 1997. Guidelines on life cycle inventory analysis of pulp and paper. NORDPAP DP
2/30, SCAN FORSK-RAP-PORT 669.

Sullivan D.M., Bary A.l., Thomas D.R., Fransen S.C., Cogger C.G. 2002. Food waste compost effects
on fertilizer nitrogen efficiency, available nitrogen, and tall fescue yield. Soil Sci. Soc. Amer. J. 66:
154-161.

Sullivan D.M., Bary A.l., Thomas D.R., Fransen S.C., Cogger C.G. 1998. Fertiliser replacement value
of food residuals composted with yard trimmings, paper or wood wastes. Comp. Sci. Util. 6: 6-18.

Sullivan D.M., Bary A.l., Thomas D.R., Fransen S.C., Cogger C.G. 1997. Does compost application
affect fertilizer nitrogen uptake efficiency? In: Agronomy Abstracts, 1997 Annual Meetings, Anaheim
CA. American Society of Agronomy, 677 S. Segoe Rd., Madison, Wisconsin, p.237.

Swift R.S. 2001. Soil organic carbon — potential for sequestration and recycling. Workshop on
Recycled Organics — Partenerships, Processes and Products, 25-27 September 2001, University of
Queensland, Gatten, pp 21-27.

Taylor A., Glotfelty D. 1988. Evaporation from soils and crops. IN: R. Grover (ed.) Environmental
Chemistry of Herbicides, Vol. 1. CRC press, Inc. Boca Raton, Florida, pp 50.

Terman G.L., Soileau J.M., Allen S.E. 1972. Municipal waste compost: Effects on crop yields and
nutrient content in greenhouse pot experiments. J. Environ. Qual. 2:89-92.

Tester C.F. 1989. Tall fescue growth in greenhouse, growth chamber, and field plots amended with
sewage sludge compost and fertilizer. Soil Sci. 147: 452-458.

Tester C.F., Sikora L.J., Taylor J.M., Parr J.F. 1977. Decomposition of sewage sludge compost in soil.
I. Carbon and nitrogen transformations. J. Environ. Qual. 6:459-463.

Tillman A. Ekvall T., Baumann H. 1994. Choice of system boundaries in life cycle assessment. J.
Cleaner Production 2: 21-29

Tilston E.L., Pitt D., Groenhof A.C. 2002. Composted recycled organic matter suppresses soil-borne
diseases of field crops. New Phytologist 154:731-740.

Trillas-Gay M.1., Hoitink H.A.J., Madden L.V. 1986. Nature of suppression of Fusarium wilt of radish in
a container medium amended with composted hardwood bark. Plant Disease 70: 1023-1027.

Department of Environment and Conservation NSW 145



Life Cycle Inventory and Life Cycle Assessment for Windrow Composting Systems

Tuitert G., Szczech M., Bollen G.J. 1998. Suppression of Rhizoctonia solani in potting mixtures
amended with compost made from organic household waste. Phytopathology 88: 764-773.

Turner, M.S., Clark G.A., Stanley C.D., Smajstrla A.G. 1994. Physical characteristics of sandy sail
amended with municipal solid waste compost. Soil Crop Sci. Soc. Florida Proc. 53: 24-26.

Tyler S. On farm trial of organic waste as surface mulch. The Waste Challenge, NSW Government
Waste Reduction Program.

Udo de Haes H.A. 1993. Applications of life cycle assessment: Expectations, drawbacks and
perspectives. J. Cleaner Production 1:131-137.

Udo de Haes H.A. 1996 (ed). Towards a methodology for life cycle impact assessment. SETAC-
Europe, Brussels.

UNEP 2000. Mineral fertilizer use and the environment. United Nations Environmental Programme
and International Fertilizer Industry Association, Paris, France.

US EPA. 1996. Air quality criteria for ozone and other photochemical oxidant, Vol. || EPA-600/P-
93/00bF. US EPA, National Center for Environmental Assessment, Research Triangle Park, NC, USA.

US EPA. 1998. Greenhouse gas emissions from management of selected materials in municipal solid
waste. EPA530-R-98-013, Environmental Protection Agency, USA. http://www.epa.gov

US EPA. 1998. Greenhouse gas emissions from management of selected materials in municipal solid
waste. EPA 68-W6-0029, US EPA, National Center for Environmental Assessment, United State
Environmental Protection Agency, Research Triangle Park, NC, USA.

US EPA. 1999. Background report on fertilizer use, contaminants and regulations. EPA 747-R-98-003,
Office of Pollution Prevention and Toxics, United State Environmental Protection Agency, Washington
DC, USA.

US EPA 2002. Solid waste management and greenhouse gases: a life-cycle assessment of emission
and sinks. EPA530-R-02-006, Environmental Protection Agency, USA. http://www.epa.gov

Valzano F.P. 2000. The effect of chemical ameliorants, tillage and stubble practices on sodic soils in
Australia. PhD Thesis. The Australian National University.

Van Bruggen, A.H.C and Semenov, A.M. 2000. In search of biological indicators for soil health and
disease suppression. Applied Soil Ecology 15:13-24.

Van den Berghe C.H., Hue N.V. 1999. Liming potential of composts applied to an acid Oxisol in
Burundi. Compost Science and Utilization 7:40-46.

Wahid A. Akhtar S. Ali |, Rasul E. 1998. Amelioration of saline-sodic soils with organic matter and their
use for wheat growth. Comm. Soil Sci. Plant Anal. 29:2307-2318.

Wang S.T. 1977. Comparison of the effect of NH4-nitrohumate, garbage compost and waste
mushroom compost on corn yield. Proc. of the International Seminar on Soil Environment and Fertility
Management in Intensive Agriculture. The Society of the Science of Soil and Manure, Tokyo, pp 725-
730.

Waste Enquiry. 2000. Alternative waste management technologies and practices. Waste Enquiry,
Sydney, Australia.

Waters D.K. 1997. Best management practices to minimise pollutant transport from cotton production
systems. IN: I. Rochester, H. Dugdale and D. Anthony (Eds.). Proceedings of Cropping System
Forum, Narrabri, 4 Dec. 1997. Cotton Research and Development Corporation, Narrabri Australia. Pp.
40.

Wei G., Kloepper J.W., Tuzun S. 1991. Induction of systemic resistance of cucumber to Colletotrichum
orbiculare by select strains of plant growth-promoting rhizobacteria. Phytopathology 81: 1508-1512.

Widmer T.L., Graham J.H., Mitchell D.J. 1999. Composted municipal solid wastes promote growth of
young citrus trees infested with Phytophthora nicotianae. Comp. Sci. Util. 7: 6-16.

Wind B.D., Wallender W.W. 1997. Fossil-fuel carbon emission control in irrigated maize production,.
Energy 22: 827-846.

146 Department of Environment and Conservation NSW



Life Cycle Inventory and Life Cycle Assessment for Windrow Composting Systems

Zebrath, B.J., Neilsen, G.H., Hogue, E. and Neilsen, D. 1999. Influence of organic waste amendments
on selected soil physical and chemical properties. Canadian Journal of Soil Science 79: 501-504.

Zucconi F., Forte M., Monaco A., de Bertoldi M. 1981a. Biological evaluation of compost maturity.
BioCycle 22(4): 26-29.

Zucconi F., Pera A., Forte M. 1981b. Evaluating toxicity of immature compost. BioCycle 22(2): 54-57.

Department of Environment and Conservation NSW 147



Life Cycle Inventory and Life Cycle Assessment for Windrow Composting Systems

Section 11 Glossary

All terms defined in this glossary are based upon definitions given in the Recycled Organics
Industry Dictionary and Thesaurus, 2" Edition (2002) unless otherwise noted.

Term Definition

Any residual organic materials produced as by-products of agricultural and forestry
Agricultural organics operations, including: weeds (woody and non-woody); animals (processing residuals, stock

mortalities, pests), and crop residuals (woody and non-woody), and manures.

A Standard is a published document, which sets out specifications and

Australian Standard procedures designed to ensure that a material, product, method or service is fit
for its purpose and consistently performs the way it was intended to.

Backloading in this study means trucks transporting composted products to application
Backloading sites return loaded with other products, which may or may not be related to composting

system.

Microscopic single celled organisms occurring everywhere in nature. They can be harmful
Bacteria (cause diseases in plants and animals) and beneficial (decompose organic matter in the

soil or composting pile or fix nitrogen on legumes from atmosphere).

Variability among living organisms from all sources (including terrestrial, marine and other
Biodiversity ecosystems and ecological complexes of which they are part) and includes: diversity within

species and between species and diversity of ecosystems

Organic solids or semi-solids produced by municipal sewage treatment processes. Solids
become biosolids when they come out of an anaerobic digester or other treatment process
and can be beneficially used. Until such solids are suitable for beneficial use they are

Biosolids defined as waste-water solids. The solids content in biosolids should be equal to or greater
than 0.5% weight by volume (w/v). Biosolids are commonly co-composted with garden
organics and/or residual wood and timber to produce a range of recycled organics
products.

It is a measure of soil porosity, with low values meaning a highly porous soil and
Bulk density vice versa.
o ] An atmospheric carbon dioxide concentration that would have the same radiative
Carbon dioxide equivalent forcing effect as all of the human-produced greenhouse gases combined
Natural or man-made processes that remove carbon from the atmosphere and
Carbon sequestration store it for extended periods or permanently. A store of sequestered carbon
(e.g. forest or soil) is known as a carbon sink.
A pool (reservoir) that absorbs or takes up released carbon from another part of
the carbon cycle
The ratio of the weight of organic carbon (C) to that of total nitrogen (N) in an
Carbon to nitrogen ratio (C:N organic material. Material with a large ratio (20:1) will break down slowly, while a
small ratio (8:1) will quickly breakdown. Composted material with high C:N ratio
when incorporated into the soil may cause a temporary nitrogen deficiency.

Carbon sink

ratio)

. ) The ability of a soil to hold cations, preventing them from being leached. Soils with high
Cation exchange capacity . ] . )
clay and organic matter and low sand have high cation exchange capacity.

Characterisation/equivalency factors are derived from
Characterisation/equivalency characterization/mechanism model specific for each impact category, which are
applied to convert the assigned LCI results to the common unit of the category

factors indicator (AS/NZS ISO 14042:2001)
Clay Soil particles less than 0.002 mm in diameter.

An organic product that has undergone controlled aerobic and thermophilic biological
Compost transformation to achieve pasteurisation and a specified level of maturity. Compost is

suitable for the use as soil conditioner or mulch and can improve soil structure, water

retention, aeration, erosion control, and other soil properties.
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Term Definition

Compostable organics

Compostable organics is a generic term for all organic materials that are appropriate for
collection and use as feedstocks for composting or in related biological treatment systems
(e.g. anaerobic digestion). Compostable organics is defined by its material components:
residual food organics; garden organics; wood and timber; biosolids, and agricultural

organics.

Composted muich

Any pasteurised product, which has undergone composting for a period of not
less than 6 weeks (excluding polymers which do not degrade such as plastics,
rubber and coatings) that is suitable for placing on soil surfaces. Composted
mulch has at least 70% by mass of its particles with a maximum size of greater
than 15 mm.

Composted products

An organic product that has undergone controlled aerobic and thermophilic biological

transformation to achieve pasteurization and a specified level of maturity.

Composted soil conditioners

Any composted product, including vermicast, manure and mushroom substrate, that is
suitable for adding to soils. This term also includes ‘soil amendment’, ‘soil additive’, ‘soil
improver’ and similar terms, but excludes polymers which do not biodegrade, such as
plastics, rubber and coatings. Soil conditioner has not more than 20% by mass of particles

with @ maximum size above 16 mm.

The process whereby organic materials are pasteurised and microbially transformed under

aerobic and thermophilic conditions for a period not less than 6 weeks. By definition, it is a

Composting
process that must be carried out under controlled conditions yielding mature products that
do not contain any weed seeds or pathogens.
A crop that is grown to reduce soil erosion, conserve nutrients, and provide organic matter.
Cover crop A cover crop may also be grown to nurse or protect another tender species until it is
established.
Cultivation Working the soil with implements in order to prepare it for sowing of crops.
Decomposition The breakdown of organic waste materials by micro-organisms.

Denitrification

An anaerobic biological process which converts nitrogen compounds to nitrogen
gas or nitrous oxide.

Dry matter

The portion of a substance that is not comprised of water. The dry matter content
(%) is equal to 100% minus the moisture content (%).

Ecological integrity and

biodiversity

the degree to which the fundamental ecological processes (e.g. water and
nutrient cycling, the flow of energy and biodiversity) are maintained

Ecological sustainable

development

Using, conserving and enhancing the community's resources so that ecological
processes, on which life depends, are maintained and the total quality of life,
now and in the future, can be increased

Ecotoxicity

Eco-toxicity deals with effects of toxic substances on terrestrial and aquatic
ecosystems. The potential effects on ecosystems depend on the actual
emission, the exposure to these emissions and the fate of specific substances in
terrestrial and aquatic ecosystems.

Electrical conductivity

A measure of a solution’s ability to carry an electrical current; varies both with
the number and type of ions contained in the solution. Usually measured in deci-
Siemens per metre (dS m"1).

Erosion

The wearing away of the soil by water or wind. This may be natural or induced
by land management practices.

Eutrophication

Process by which waters become enriched with nutrients, primarily nitrogen and
phosphorus which stimulate the growth of aquatic flora and/or fauna.

Evapotranspiration

Removal of moisture from soil by evaporation and by transpiration by plants
growing in the soil.

Exchangeable cations

Cations that are held by electrical charge to negatively charged clay or humus
surfaces in the soil and can be exchanged with other cations in the soil solution.
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Term Definition
Refers to the market segment within the recycled organics sector which
Extensive agriculture incorporates: Pasture Farming, Broadacre Farming, and Forestry Farming.

A farming practice in which land is left without a crop or weed growth for extended periods

Fallow
to accumulate soil moisture.
Organic materials used for composting or related biological treatment systems. Different
Feedstock feedstocks have different nutrient concentrations, moisture, structure and contamination
levels (physical, chemical and biological).
Fertliser A substance that is added to the soil to supply essential nutrients for plant growth.

Fertilisers may be natural or manufactured.

Field " The amount of water remaining in the soil after free draining due to gravitation. It is the
ield capacity
maximum amount of water that a soil can hold under free drainage conditions.

The food organics material definition is defined by its component materials, which include:

fruit & vegetable material; meat & poultry; fats & oils; seafood (including shellfish,

excluding oyster shells); recalcitrants (large bones >15mm diameter, oyster shell, coconut

. shells); dairy (solid and liquid); bread, pastries & flours (including rice & corn flours); food

Food organics ) )

soiled paper products (hand towels, butter wrap); biodegradables (cutlery, bags,

polymers). Such materials may be derived from domestic or commercial and industrial

sources. The definition does not include grease trap waste. Food organics is one of the

primary components of the compostable organics stream.

The garden organics material definition is defined by its component materials including:
Putrescible garden organics (grass clippings); non-woody garden organics; woody garden

) organics; trees and limbs; stumps and rootballs.
Garden organics
Such materials may be derived from domestic, commercial and industrial and commercial

and demolition sources. Garden organics is one of the primary components of the

compostable organics stream.

A term used to describe the role of atmospheric trace gases - water vapour,
carbon dioxide, methane, nitrous oxide, ozone, in keeping the earth's surface
warmer than it would be otherwise

Global warming

Global warming potential Heat trapping potential of a gas.

The addition to the natural greenhouse effect resulting from human activities
such as the burning of fossil fuels and land clearing, which increase the

Greenhouse effect atmospheric levels of greenhouse gases such as carbon dioxide, methane,
nitrous oxide, ozone and CFCs (see also global warming)

Emission of those gases that, by affecting the radiation transfer through the
atmosphere, contribute to the greenhouse effect (see enhanced greenhouse

Greenhouse gas emissions
9 effect)

A group of metallic elements that include lead, cadmium, zinc, copper, mercury,
and nickel. Can be found in considerable concentrations in sewage sludge and

Heavy metals several other waste materials. High concentrations in the soil can lead to toxic
effects in plants and animals ingesting the plants and soil particles.

Herbicides/pesticides Agents used to inhibit plant/animal growth or kill specific plant/animal types.

The impact category human toxicity contains effects of toxic substances on
humans. The potential effect on humans depends on the actual emissions, the

Human toxicity fate of the specific substance emitted to the environment and the time of
exposure.

o The chemical or biological compounds composed of dark organic substances
Humic acids that are precipitated upon acidification of a basic extract from soil or compost.
H The dark or black carbon-rich relatively stable residue resulting from the

umus

decomposition of organic matter.

150 Department of Environment and Conservation NSW



Term

Immobilisation, nitrogen

Or Nitrogen Drawdown Index or

Nitrogen Drawdown
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Definition

Conversion of nutrient compounds from an inorganic form, available to plants,
into the organic tissue of microorganisms (or other plants). The nutrients are
unavailable until the microorganisms die and the microbial tissues containing
these nutrients decompose. Nitrogen immobilisation occurs when materials with
a high C:N ratio are land applied. The microorganisms that use the carbon also
assimilate the available nitrogen, rendering it unavailable to plants.

Infiltration

The downward movement of water into soil. It is largely governed by the
structural condition of the soil, the nature of the soil surface including presence
of vegetation, and the antecedent moisture content of the soil.

Intensive agriculture

Refers to the market segment within the recycled organics sector which incorporates:
Nurseries — production, Nurseries — wholesale, Fruit & Orchard Growing, Market

Gardening, Mushroom Farming, Turf Grass Growing, and Viticulture.

Land application

The spraying or spreading of solid, semi-solid or liquid organic products onto the
land surface, or their injection below the land surface.

Land degradation

The decline in land quality caused by improper use of the land.

Macronutrient or major nutrient

An essential nutrient that is needed in relatively large amounts. For example
nitrogen, phosphorus, potassium.

Micronutrients or trace elements

An essential nutrient that is needed in small amounts. Foe example zinc, copper,
boron, molybdenum.

Manure

Refers to all faecal and urinary excretion of livestock and poultry that are
appropriate for collection and use as feedstock materials for composting or in
related biological treatment systems. This material may also contain bedding,
spilled feed, water or soil.

See also agricultural organics.Such material may be derived from agricultural
sources.

These materials form one of the material description subcategories within the
Agricultural Organics material description.

Maturation

Final stage of composting where temperatures remain steady below 45°C, and
the compost becomes safe to use with plants due to the absence of toxins.

Maturity of compost

Is related to the level of composting feedstock material receives. A mature
product is stable and does not cause toxicity to plants. See also Maturation and
Stability.

Mineralisation

The breakdown of organic matter into its constituent inorganic components, carried out
chiefly by decomposer microorganisms, and, for carbon, during respiration when carbon

dioxide is returned to the environment.

Mulch

Any composted and pasteurised product (excluding polymers which do not degrade such
as plastics, rubber and coatings) that is suitable for placing on soil surfaces. Mulch can be
either composted mulches or pasteurised mulches. Mulch has at least 70% by mass of its

particles with a maximum size of equal or greater than 16 mm.

Municipal solid waste

The solid component of the waste stream arising from all sources within a
defined geographic area.

Nitrate nitrogen

A negatively charged ion comprised of nitrogen and oxygen (NO3). Nitrate is a
water soluble and mobile form of nitrogen. Because of its negative charge, it is
not strongly held by soil particles (also negative) and can be leached away.

Nitrification

The biochemical oxidation of ammonia-nitrogen to nitrate.

Nitrogen (N)

Chemical symbol for nitrogen.

Nitrogen Drawdown Index

A measure of the ability of a composted organic product to supply soils and/or
plants with soluble nitrogen. See also immobilisation, nitrogen.

Nutrient availability

The relative proportion of a nutrient in the soil (or compost) that can be absorbed
and assimilated by growing plants.

Organic matter

Chemical substances of animal or vegetable origin, consisting of hydrocarbons
and their derivates.
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Term

Pasteurisation

Definition

An organic product that has undergone controlled aerobic and thermophilic
biological transformation to achieve pasteurisation, but is relatively immature
and lacking in stability compared to compost.

Pasteurised mulch

Any pasteurised organic product (excluding polymers which do not degrade
such as plastics, rubber and coatings) that is suitable for placing on soil
surfaces. Mulch has at least 70% by mass of its particles with a maximum size
of greater than 15 mm.

Pasteurised products

An organic product that has undergone pasteurisation (a process whereby organic
materials are treated to significantly reduce the numbers of plant and animal pathogens

and plant propagules) but is relatively immature and lacking stability.

Pasteurised soil conditioner

Any pasteurised organic material that is suitable for adding to soils. This term
also includes ‘soil amendment’, ‘soil additive’, ‘soil improver’ and similar terms,
but excludes polymers which do not degrade such as plastics, rubber and
coatings. Soil conditioner has not more than 15% by mass of particles with a
maximum size above 15 mm.

Pathogens

Microorganisms capable of producing disease or infection in plants or animals. Pathogens

can be killed by heat produced during thermophilic composting.

Permanent wilting point

The amount of water still held in the soil when plants wilt to the extent that they
won’t recover even if water is added. Soils differ in the amount of water still held
at permanent wilting point.

pH

A measure of the concentration of hydrogen ions in a solution. pH is expressed
as a negative exponent. Material that has a pH of 8 has ten times fewer
hydrogen ions than a material with a pH of 7. The lower the pH, the more
hydrogen ions are present, and the more acidic the material is. The higher the
pH, the fewer hydrogen ions present, and the more basic itis. ApH of 7 is
considered neutral.

Phosphorus (P)

Chemical symbol for phosphorus.

Photochemical oxidation

This category considers releases of organic compounds contributing to photochemical
ozone formation (mostly hydrocarbons, ie. ethylene, propene, higher alkenes, ethane,
propane, butane, benzene, toluene, xylene, formaldehyde and aromatic aldehydes,

acetone and acetylene)

Plant available nutrient

A nutrient that can be easily taken up by plants from the soil solution.

Plant available water

Soil moisture that can be used by plants and is held at soil moisture potential between field

capacity and permanent wilting point.

Plant productivity

It is the total quantity of harvested crop.

Plant propagule

Plant or part of a plant that could generate a new plant, e.g. a seed, part of a rhizome,

corm, bulb, etc.

Potassium (K)

Chemical symbol for potassium

Processing

Subjecting a substance to a physical, chemical or biological treatment or a
combination of treatments. Composting, for example, is a form of processing.

Recycled Organics

The term Recycled Organics has been adopted by NSW Waste Boards and EcoRecycle
Victoria as a generic term for a range of products manufactured from compostable organic
materials (garden organics, food organics, residual wood and timber, biosolids and

agricultural organics).

Resource depletion

Resource depletion can be either abiotic (non-biological) or biotic (biological).
Abiotic resources are natural resources such as phosphate ore, crude oil and
wind energy which are non-living while biotic resources are living material
resources e.g. rainforest.

Runoff

Rainfall that is not immediately absorbed into the soil. Water flows across the soil
surface and depending on the soil condition the runoff may pick up soil particles
and cause erosion.
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Salinity

Life Cycle Inventory and Life Cycle Assessment for Windrow Composting Systems

Definition

The concentration of sodium chloride or dissolved salts in water, usually
expressed in electrical

Saturated Extract

A solution derived by saturating a soil sample with water under standard
conditions for a period long enough to dissolve any salts present.

Sodic soils/Sodicity

Soils with a high proportion of sodium relative to calcium, potassium and magnesium in the

composition of the exchangeable cations on the clay fraction.

Soil aggregate

Groups of soil particles clumped together to form the structure of the soil.

Soil buffering capacity

The ability of a soil to withstand changes in pH. Soils with high levels of clay or organic

matter have high buffering capacity.

Soil conditioners

Any composted or pasteurised organic product, including vermicast, manure and
mushroom substrate that is suitable for adding to soils (excluding polymers which do not
biodegrade, such as plastics, rubber and coatings. Soil conditioners any be either
composted soil conditioners or pasteurised soil conditioners. Soil conditioners has not
more than 20% by mass of particles with a maximum size above 16 mm and complies with

appropriate criteria.

Soil degradation

Soil in which the structure has been damaged, compaction or erosion has occurred. It may

also refer to soil acidity and salinity and the loss of nutrients from a soil.

Soil profile

Description of each of the layers (soil horizons) in the soil. Examination of the profile is

made to determine depth, drainage, texture, structure and classification of the soil.

Soil structure

The combination or arrangement of primary soil particles into secondary particles, unit, or

peds. Compost helps bind primary soil particles to improve the structure of soil.

A characterisation of soil type, based on the relative proportions of sand, silt, and

Soil texture clay in a particular soil.
A general term used to describe the features of particular soils in terms of
Soil type fertility, colour, texture and parent material.

Stability of compost

The rate of change or decomposition of compost. Usually stability refers to the
lack of change or resistance to change. A stable compost continues to
decompose at a very slow rate and has a low oxygen demand. See also
maturation.

Subsoil

Soil in the lower horizons of the soil profile. The nature and depth of the subsail
is important for drainage and the growth of deep-growing plant roots.

Sustainability

In agriculture, sustainable practices are those which are, and will continue to be,
profitable for farmers, that will conserve soil, vegetation and water resources and
protect the environment, and that will assure adequate and safe food supplies
into the future.

Plant species that grow best in cool climates, or during the cooler months of the

Temperate year; (as opposed to tropical plants, which grow in warmer climates).
The shape of the ground surface, such as hills, mountains, or plains. It also
Topography refers to the slope of the land.
The top part of the soil profile that contains the most fertile portion of the soil. It is
usually darker than the subsoil, because it contains most organic matter. The
T . topsoil is the most important part of the soil for agriculture, and must be
opsoil . - .
protected by wise management. Original surface layer of soil from grassland,
bushland or cultivated land.
Toxicity The potential or ability of a material to cause adverse affects in an organism.
Viticulture is the term used to describe grape growing for production of various products
Viticulture mainly for wine, dry grapes, fresh consumption (table fruits), juice for non-alcoholic

consumption and concentrated juice.

Water holding capacity

The amount of water held in a soil after any excess has drained away following
saturation, expressed as a percentage of the oven-dry weight of the soil.
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Term Definition

The condition of a soil, which is saturated with water and in which most or all of
the soil air has been replaced. The condition, which is detrimental to most

Waterlogged plant growth, may be caused by excessive rainfall, irrigation or seepage, and is
exacerbated by inadequate site an/or internal drainage.

Weeds A plant growing where it is not wanted.

Windrow composting is a process for aerobic (aerated) and thermophilic (hot) biological
. . transformation of organic materials. The process generates heat that destroys pathogens
Windrow composting . . . .
and produces stabilized compost products for use as a mulch, soil conditioner and topsoil

additive.

Without backloading means trucks transporting composted products to application sites

Without backloading
return without any load or empty.
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Appendix 1: Detailed description of phases in an LCA

Stage
of LCA

Component Description Section

Goal of study Intended application of the study and the reasons for carrying 11
out the study and the intended audience are clearly identified

Components of the study are described (see glossary for
definitions):
1. The functions of the product system;

2. The functional unit — e.g. 1 tonne of source separated
recycled organics/food organics/garden organics;

3. The product system to be studied (e.g. composting
system);

The product system boundaries (e.g. collection to post
application);

Allocation procedures (allocating data to unit processes);

Types of impact and methodology of impact assessment;

Data requirements;

Assumptions;

9. Limitations

Flow diagrams are required, outlining all unit processes to
be modelled, including interrelationships

Detailed descriptions of each unit process are made. All
data categories associated with each unit process are
identified 21

1.2

Goal and scope definition
Scope of study
N

© No g

Must specify the units of measurement for each unit process
Description of data collection techniques and calculation
techniques for each data category

Document any special cases, irregularities or other issues
associated with the data provided from different sources

The steps used for data collection may vary with each unit
process. Procedures used and reasons are documented

Avoid double counting or gaps by describing both
qualitatively and quantitatively: the inputs and outputs of a
system; where a process begins and ends, and the function
of each unit process

Inputs and outputs need to be quantified using appropriate
units of measurement (e.g. MJ). Where applicable, record
the mass or volume of fuels used.

Reference the source of the collected data collected. For
data that impacts significantly on the conclusions of the
study, provide additional information (e.g. time when data
collected, additional data quality indicators)

Consideration should be made for the resources
(elementary flows- coal, oil etc) associated with the
production of electricity

Inputs and outputs related to combustible material e.g. 2.3
oil, gas or coal, can be transformed into an energy
equivalents by multiplying the material by its heat of
combustion

Check data validity during the collection process

collection

Preparation prior to data

2.2

Life cycle inventory analysis (LCI)
Collecting the data

Calculation
procedures
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Stage

of LCA

Component

Calculation procedures (cont)

Description

Address gaps in data or missing data — justification should be made when
using ‘non-zero’ data values; or ‘zero’ data values to fill in the missing data.
Calculated values based on the reported values from unit processes
employing similar technologies can be used. Document all procedures used
to fill in the missing data.

For each unit process, an appropriate reference flow needs to
be determined (e.g. 1 kg of material or 1 MJ of energy)

Data aggregation - data categories should only be aggregated
if they are related to equivalent substances and to similar
environmental impacts

Iterative refinement of data via sensitivity analysis —
refinement of system boundaries. This process allows for the
exclusion of life cycle stages or unit processes when data is
shown to not be significant and vice versa for inputs and
outputs that are shown to be significant. This will limit further
data handling to data that is significant

Section

23

Allocation of
flows and
releases

LCI analysis relies on linking unit processes within a product
system by simple material or energy flows

Document the allocation procedure (of inputs and outputs)
used for each unit process

25

Limitations and
conclusions

Identify all limitations associated with LCI analysis, including:
1) Data quality and assessment and sensitivity analysis; 2)
The system functions and functional units 3) The system
boundaries 4) Uncertainty analysis; 5) Limitations identified by
the data quality and assessment and sensitivity analysis

Conclusions and recommendations

2.6

Background

LCIA is used to examine a product system from an
environmental perspective using impact categories and
category indicators connected with the LCI results. The LCIA
phase also provides information for the life cycle interpretation
phase.

3.1

SELECTION of impact categories
(classification/categorisation)

An impact category is used to represent environmental issues
of concern to which LCI results may be assigned (e.g.
acidification)

Category indicators are quantifiable representations of an
impact category (e.g. global warming potential)

Characterization models reflect the environmental mechanism
by describing the relationship between the LCI results,
category indicators and in some cases category endpoints.
The characterization model is used to derive the
characterization factors used to calculate the category
indicator results

For each impact category, a category indicator is selected and
the category indicator result (indicator result) is calculated.
The collection of indicator results (LCIA profile) provides
information on the environmental issues (category endpoints)
associated with the inputs and outputs of the product system.

3.2
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Stage
of LCA

Component Description Section

Necessary components for each impact category include:

1. Identification of the category endpoints (areas affected by
the impact e.g. forests, rivers etc.);

2. Definition of the category indicator for given category
endpoints;

3. ldentification of appropriate LCI results that can be
assigned to the impact category, taking into account the
chosen category indicator and identified category
endpoint(s);

4. ldentification of the characterization model and the
characterization factors.

Steps that need to be taken during the classification and
characterisation process:

1. Select impact categories, category indicators and
characterization models that are consistent with the goals
and scope of study

2. Reference all sources for impact categories etc
Justify the selection of impact categories etc

4. Use accurate and descriptive names for the impact
categories and category indicators

5. Describe the environmental mechanism and
characterization model which relate the LCI results to the
category indicator and provide the basis for
characterization factors

6. Describe the appropriateness of the characterization
model used for deriving the category indicator in the
context of the goal and scope of the study.

1. The impact categories, category indicators and
characterization models should be internationally
accepted

2. The impact categories should represent the aggregated
emissions or resource use of the product system on the
category endpoint(s) through the category indicators

3. Value choices and assumptions made during the
selection of impact categories, category indicators and
characterization models should be minimized.

4. The impact categories, category indicators and
characterisation models should avoid double counting 3.4
unless required by the goal and scope definition- e.g. ’
when a study includes both human health and
carcinogenicity

5. The characterization model for each category indicator
should be scientifically and technically valid, and based
upon a distinct identifiable environmental mechanism
and/or reproducible empirical observation

6. The extent to which the characterization model and the
characterization factors are scientifically and technically
valid should be identified

7. The category indicators should be environmentally valid

3.3

w

SELECTION of impact categories (classification/ categorisation)

Life cycle Impact Assessment (LCIA)

Other issues to consider during classification/
categorisation
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Stage
of LCA

Component Description Section

Identify the environmental relevance (at least qualitatively) of
the category indicator in respect to the category endpoint(s)
including:
1. The condition of the category endpoint(s);

2. The relative magnitude of the assessed change in the
category endpoints;

3. The spatial aspects, such as duration, residence time,
persistence, timing etc;

4. The reversibility of the environmental mechanism, and the
uncertainty of the linkages between the characterization
model and the changes in the category endpoints.

LCI results may be allocated exclusively to one impact
category (e.g. carbon dioxide is allocated to Global Warming)
or to more than one (e.g. SO, is allocated between the
impact categories of Human Health and Acidification). If LCI 3.6
results relate to more than one impact category, then
allocations should be made on the basis of the goal and
scope of the study (i.e. only allocate LCI results to impact
categories that are relevant to the study)

Calculations involve the conversion of LCI results to common
units and the aggregation of the converted results within the
impact category. This conversion uses characterization
factors, giving a numerical indicator result. One example of a
category indicator is infrared radiative forcing. A 3.7
characterization factor, in this case global warming potential,
is used to calculate the converted LCI results for each gas in
units of carbon dioxide equivalents. Their contributions are
then aggregated into an indicator result in terms of total
carbon dioxide equivalents

Normalisation of indicator results is done to better
understand the relative magnitude for each indicator result.
This procedure transforms an indicator result by dividing it by
a selected reference value, e.g. total emissions or resource
use for a given area (global, regional or local); total emissions
or resource use for a given area on a per capita basis

Grouping is assigning impact categories into one or more
sets as predefined in the goal and scope definition. It is done
by sorting by: 1) sorting impact categories on a nominal
basis, e.g. by characteristics such as emissions and 3.8
resources, or scales, global, regional etc.; 2) ranking the
impact categories in a given hierarchy (high medium low etc).
Ranking is based on value choices

Weighting is the process of converting indicator results of
different impact categories by using numerical factors based
on value choices. Weighting is achieved by: 1) converting
indicator results or normalised results with selected weighting
factors; 2) aggregating these converted indicator results or
normalised results across impact categories

3.5

Category indicator details

results during
classification

Calculation of category | Assignment of LCI
indicator results
(characterization)

Life cycle Impact Assessment (continued)

Optional elements (Valuation)

Additional techniques and information may be needed to
. understand the significance, uncertainty and sensitivity of the 3.9
analysis LCIA results, e.g. gravity analysis (pareto analysis);
uncertainty analysis or sensitivity analysis

Data quality
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Interpretation phase

Component

Limitations of
LCIA

Life Cycle Inventory and Life Cycle Assessment for Windrow Composting Systems

Description

Identify all limitations inherent in the LCIA, e.g value choices
for the selection of impact categories etc; variation in
precision of category indicators; limitations of the LCI phase
such as limitations in system boundary etc.

3.10

Critical review of
LCIA

It is necessary that a critical review of the report is performed
by outside organisations with appropriate expertise in the
area of study

3.1

Objectives

The objectives of life cycle interpretation are to analyse
results, reach conclusions, explain limitations and provide
recommendations based on the findings of the preceding
phases (goal and scope, LCI and LCIA) and to report the
results of the life cycle interpretation in a transparent manner

41

Identification of
significant
issues

The significance of the results from the LCI and LCIA need to
be determined. Significant issues can include: inventory data
categories, such as energy, emissions, waste etc.; impact
categories, such as resource use, global warming potential
etc; essential contributions from results, such as individual
unit processes or groups of processes like transportation and
energy production

4.2

Evaluation

Establish and enhance the confidence in and the reliability of
the results of the study, including the significant issues
identified above. During the evaluation, the use of the
following should be considered: 1) completeness check 2)
sensitivity check 3) consistency check

Completeness check: ensures that all relevant information
and data needed for the interpretation are available and
complete.

Sensitivity check: assess the reliability of the final results and
conclusions by determining whether they are affected by
uncertainties in the data, allocation methods or calculation of
category indicator results

Consistency check: Determine whether assumptions,
methods and data are consistent with the goal and scope.
Questions asked:

Are differences in data quality along a product system life
cycle and between different product systems consistent with
the goal and scope of the study?

Have regional and/or temporal differences been consistently
applied?

Have allocation rules and system boundaries been
consistently applied to all product system?

Have the elements of the impact assessment bee
consistently applied?

4.3

Conclusions

Identify the significant issues

Evaluate the methodology and results for completeness,
sensitivity and consistency;

Draw conclusions and check that these are consistent with
the requirements of the goal a scope of the study, including,
in particular, data quality requirements, predefined
assumptions and values, and application oriented
requirements. Make recommendations.

4.4
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Appendix 2: Components of a composting system than can be quantified

LCI results

Life c¥cle

stage

1.1 Collection fuel production and

combustion

GHG emissions from

Impact
category (IC)

Global warming

Associated SOE
indicator

GHG atmospheric
concentrations — indicator
1.10 (SOE — atmosphere)

Indicator result
(assigned to IC)?

Kg of CO;
equivalents

Time requirements

Excluded from study

Location
in the
report

Excluded

1.2

2.1 | Receival

piling of material
(litres/tonne of
feedstock)

(SOE — water)

data

Motor vehicle exhaust | Human toxicity/ Not yet classified Not yet classified Excluded from study Excluded
emissions Eco-toxicity
GHG emissions from | Global warming | GHG atmospheric Kg of CO; Consultation with Not done
fuel production and concentrations — indicator equivalents composting facilities and use
combustion 1.10 (SOE — atmosphere) of existing LCI data
GHG emissions from | Global warming | GHG atmospheric Kg of CO; Use of existing LCI data for Not done
electricity use concentrations — indicator equivalents electricity use
1.10 (SOE — atmosphere)
Motor vehicle exhaust | Human toxicity/ Not yet classified Not yet classified Modification of research data | Not done
emissions Eco-toxicity
SO, emissions Human toxicity/ | Concentration of SO, in SO; ppm Use of existing LCI data/ Not done
(electricity production) | Eco-toxicity urban areas — Indicator 3.2 modification of research data
(SOE — atmosphere)
Water use Energy/Resourc | Not yet classified Not yet classified Consultation with Not done
e depletion composting facilities and the
use of existing LCI data for
water use
Leachate from stock Eutrophication Nutrient loads — indicator 3.3 | Total N and P (ppm) | Use of existing LCl/research | Not done

2 See Appendix 1, Table A1, Section 3
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. . Location
LClI results Impact Ass_oclated SOE Indlc_:ator result ,  Task in the
category (IC) | indicator (assigned to IC)
report
Fuel production and | Global GHG atmospheric Kg of CO, Use of existing LCI data Not done
combustion warming concentrations — indicator | equivalents (see Section 2.1)
1.10 (SOE — atmosphere)
Decomposition of Global GHG atmospheric Kg of CO, Use of existing research Not done
feedstock warming concentrations — indicator | equivalents data and modification for
1.10 (SOE — atmosphere) use as LCI data
Leachate Eutrophication | Nutrient loads — indicator | Total N and P Use of existing Not done
(litres/tonne of 3.3 (SOE — water) LCl/research data (see
feedstock) Section 2.6)
Water use Energy/Resour | Not yet classified Not yet classified | Use of existing LCI data Not done
ce depletion (see Section 2.5)
Emissions from Global GHG atmospheric Kg of CO, Use of existing LCI data Not done
electricity use warming concentrations — indicator | equivalents (see Section 2.2)
1.10 (SOE — atmosphere)
SO, emissions Human Concentration of SO, in SO, ppm Use of existing LCI data Not done
(electricity toxicity/eco- urban areas — Indicator (see Section 2.4)
production) toxicity 3.2 (SOE - atmosphere)
Motor vehicle Human Not yet classified Not yet classified | Modification of research Not done
exhaust emissions | toxicity/ Eco- data (see Section 2.3)
toxicity
GHG emissions Global GHG atmospheric Kg of CO, Use of existing LCI data Not done
from fuel production | warming concentrations — indicator | equivalents (see Section 2.1)
and combustion 1.10 (SOE — atmosphere)
Motor vehicle Human Not yet classified Not yet classified | Adaptation of research Not done
exhaust emissions | toxicity/ Eco- data (see Section 2.3)
toxicity

SOE = State of the Environment Reporting system developed by Environment Australia
' See Appendix 2 — system model — refers to processing stage in composting cycle
2 See Appendix 1, Table A1, Section 3
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SOE = State of the Environment Reporting system developed by Environment Australia; NRA = National Registration Authority; TGA = Therapeutic Goods

Life c¥cle
stage

Land
application

Post
application

LCl results Impact Associated SOE Indicator result Task Location

category (IC) | indicator (assigned to IC)? in report
GHG emissions Global GHG atmospheric Kg of CO, Use of existing LCl data — | Not done
from fuel production | warming concentrations — indicator | equivalents 10 days (consultation with
and combustion 1.10 (SOE — atmosphere) Agriculture NSW)
Motor vehicle Human Not yet classified Not yet classified | Modification of research Not done
exhaust emissions | toxicity/ Eco- data (see Section 2.3)

toxicity
Leachate from Eutrophication | Nutrient loads — indicator | Total N and P Use of existing Not done
stockpiling of end- 3.3 (SOE — water) LCl/research data
product
Carbon Global GHG atmospheric Kg of CO2 Use of existing research Section
sequestration warming concentrations — indicator | equivalents data (consultation with 8.6

1.10 (SOE — atmosphere) Agriculture NSW)

Leachate from Eutrophication | Nutrient loads — indicator | Total N and P Modification of research Excluded
application of end- 3.3 (SOE — water) data for use as LCl data
product
Pesticide Human/ Eco- Total immobile Toxicity Modification of research Section
production toxicity contaminant load on land | factor/tonne of data for use as LCI data 8.5
(tonnes/ha of area — Indicator 6.1 (SOE | avoided product (consultation with NRA,
avoided product) —land) TGA, NOHSC)
Herbicide Human/ Eco- Total immobile Toxicity Modification of research Section
production toxicity contaminant load on land | factor/tonne of data for use as LCl data 8.4
(tonnes/ha of area — Indicator 6.1 (SOE | avoided product (consultation with NRA,
avoided product) —land) TGA, NOHSC)
Pesticide Global GHG atmospheric Kg of CO, Modification of existing Section
production GHG warming concentrations — indicator | equivalents research/LCl data 8.4

emissions (per
tonne of avoided
product)

1.10 (SOE — atmosphere)

Administration; NOHSC = National Occupational Health and Safety Commission
' See Appendix 2 — system model — refers to processing stage in composting cycle
? See Appendix 1, Table A1, Section 3
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Life cycle LCl results Impact Associated SOE Indicator result Task Location
stage category (IC) | indicator (assigned to IC) in report
Herbicide Global GHG atmospheric Kg of CO, Modification of existing Section
= production GHG warming concentrations — indicator | equivalents research/LCl data 8.4
ost o
Aoplication emissions (p.er 1.10 (SOE — atmosphere)
PP tonne of avoided
product)
Fertilizer production | Human/ Eco- Not yet classified Not yet classified | Modification of existing Section
(per tonne of toxicity research/LCl data 8.3
avoided product) (consultation with NRA,
TGA, NOHSC)
Fertilizer production | Global GHG atmospheric Kg of CO, Modification of existing Section
(per tonne of warming concentrations — indicator | equivalents research/LCl data 8.3
avoided product) 1.10 (SOE — atmosphere)
Gypsum production | Human Not yet classified Not yet classified | Modification of research Section
toxicity/Eco- data (consultation with 8.7
toxicity NRA, TGA, NOHSC)
Gypsum production | Global GHG atmospheric Kg of CO, Modification/use of Section
warming concentrations — indicator | equivalents existing research data 8.7
1.10 (SOE — atmosphere)
Erosion (tonnes/ha) | Erosion Surface soil loss index — Tonnes/ha of soil | Modification of existing Section
Indicator 1.4 (SOE —land) | loss research data, 8.8
consultation with technical
advisors
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Life cycle

LCl results

stage

Dryland salinity

Impact
category (IC)

Salinity

Associated SOE
indicator

% area of land

Indicator result
(assigned to IC)

% land potentially

Task

Modification of existing

Location
in report

Section

technical advisors

(area affected) effected by dryland rehabilitated / research data, 8.7
salinity and acidity by tonne of consultation with technical
catchment — indicator compost? advisors
3.3 (SOE - land)
Sodicity (area Sodicity % area of land % land potentially Modification of existing Section
affected) effected by dryland (r:%r::sg:ged [tonne of | research data, 8.7
salinity and acidity by ' consultation with technical
catchment advisors
Water conservation | Resource Not yet classified Not yet classified Use of existing research Section 8.2
depletion data, consultation with

Administration; NOHSC = National Occupational Health and Safety Commission
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Appendix 3: Glossary of LCA terms

All terms defined in this glossary are based upon definitions given in the AS/NZS I1ISO 14040 series of

international standards.

Term ‘ Definition

Category end-points

Environmental issue or area affected by an impact category — e.g.
forests, oceans, soil, rivers, reservoirs etc.

Category indicator

Quantifiable representations of an impact category (e.g. global
warming potential)

Characterisation

Characterization models reflect the environmental mechanism by
describing the relationship between the LCI results, category
indicators and in some cases category endpoints. The
characterization model is used to derive the characterization factors
used to calculate the category indicator results

Comparative assertion

Environmental claim regarding the superiority or equivalence of one
product/system (e.g. composting) versus a competing
product/system (e.g. waste-to-energy) which performs the same
function (e.g. processing or compostable organics)

Composting system

In this LCA context, ‘composting system’ refers to the system model
defined in Appendix 2, which includes processes associated with
commercial windrow composting technology such as the collection
and transport and receival of source separated compostable organic
materials, and the manufacture, distribution and application of
recycled organics products (i.e. compost).

Data quality

Characteristic of data that identifies its ability to satisfy stated
requirements. Precision of data or compatibility of data with the
goals and objectives of a study

Elementary flow

1. Material or energy entering the system being studied, which has
been drawn from the environment without previous human
transformation (e.g. coal, oil)

2. Material or energy leaving the system being studied, which is
discarded into the environment without subsequent human
transformation (e.g. waste materials)

Fugitive emission

Uncontrolled emission to air, water or land

Functional unit

The function or service that a system provides — for use as a
reference point to make comparisons of environmental impacts. An
appropriate functional unit for composting processes is the treatment
of a specified amount of compostable organics (e.g. 1 tonne of
compostable organics per year)

Impact category

Class representing environmental issues of concern to which LCI
results may be assigned. Typical impact categories include: global
warming, ozone, eutrophication, human toxicity, eco-toxicity and
energy.

Material or energy that enters a unit process (stage in a system) —

Input may include coal, oil, electricity etc. required to operate equipment
Consecutive and interlinked stages of a product system, from raw
Life cycle material acquisition or generation of natural resources to the final

disposal of the end-product

Life cycle assessment
(LCA)

Compilation and evaluation of the inputs, outputs and the potential
environmental impacts of a product system throughout its life cycle.
LCA comprises three main phases, Life Cycle Inventory Analysis
(LCI); Life Cycle Impact Assessment (LCIA), and Life Cycle
Interpretation.
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Term

Life cycle impact
assessment (LCIA)

‘ Definition

Phase of life cycle assessment aimed at understanding and
evaluating the magnitude and significance of the potential
environmental impacts of a product system

Life cycle inventory

Modified data used to determine the total environmental impact
associated with processes in a system. Derived from a number of
sources, including research data, consultation and experimentation.
Mathematical transformations are usually required to adapt data for
use in the context of an LCA and to adhere to the goals and scope of
a study

Life cycle inventory
analysis (LCI)

Phase of life cycle assessment involving the compilation and
quantification of inputs and outputs (inventory data), for a given
product or system throughout its life cycle

Life cycle interpretation

Phase of life cycle assessment involving the compilation and
quantification of inputs and outputs (from LCI and LCIA phases), for a
given product system throughout its life cycle

Output

Material or energy which leaves a unit process

Product system

Collection of materially and energetically connected unit processes
which performs one or more defined functions (e.g. windrow
composting system)

Raw material

Primary or secondary material that is used to produce a product (e.g.
coal or oil used for electricity generation)

System boundary

Interface between a product system and the environment or other
product systems

Sensitivity analysis

Systematic procedure for estimating the effects on the outcome of a
study of the chosen methods and data — method for determining the
significance or value of results in a life cycle assessment

Transparency

Open, comprehensive and understandable presentation of
information

Uncertainty analysis

Systematic procedure to ascertain and quantify the uncertainty
introduced into the results of a life cycle inventory analysis due to the
cumulative effects of input uncertainty and data variability

Unit process

Smallest portion of a product system for which data are collected
when performing a life cycle assessment (e.g. stockpiling
compostable organics materials at a composting facility; size
reducing compostable organics materials; etc)
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