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Executive summary Final Report

Executive Summary

This document is the final report of a study undertaken for the European Commission
Environment Directorate General by AEA Technology to assess the climate change impacts
of options for municipal solid waste (MSW) management in the EU. The study covers the
fifteen member states of the European Union and the time horizon 2000 to 2020.

The study is intended to inform developing EU-level waste policy, in terms of climate change
impacts only. Climate change impacts are only one of a number of environmental impacts
that derive from solid waste management options. Other impacts include health effects
attributable to air pollutants such as NO,, SO,, dioxins and fine particles, emissions of ozone-
depleting substances, contamination of water bodies, depletion of non-renewable resources,
disamenity effects, noise, accidents etc. These environmental impacts are in addition to the
socio-economic aspects of alternative ways of managing waste. All of these factors need to
be properly considered in the determination of a balanced policy for sustainable waste
management, of which the climate change elements are but one aspect. The study is not
intended as a tool for municipal or regional waste planning, where local factors, such as the
availability of existing waste management facilities and duration of waste management
contracts, markets for recyclables, geographic and socio-economic factors, will exert the
dominant influence.

The study assesses climate change impacts in terms of net fluxes of greenhouse gases from
various combinations of options used for the management of MSW. The waste management
options considered are:

Landfill of untreated waste. Bulk untreated MSW is deposited in landfills. Alternative
assumptions concerning the control of methane emissions in landfill gas (including the use
of gas for electricity generation) are tested in the analysis.

Incineration. Options assessed include mass-burn incineration of bulk MSW with and
without energy recovery (as electricity only and combined heat and power - CHP),
refuse-derived fuel combustion and pyrolysis and gasification;

Mechanical biological treatment (MBT). Bulk MSW, or residual wastes enriched in
putrescible materials after the removal of dry recyclables, is subjected to a prolonged
composting or digestion process which reduces the biodegradable materials to an inert,
stabilised compost residue. The compost, which cannot be used in agriculture or
horticulture because of its poor quality, is then landfilled. The treatment results in a
significant reduction in methane forming potential of the compost in the landfill
compared with untreated waste. Metals are recovered for recycling during the MBT
process. Some of the paper and plastics in the incoming waste are diverted from the
MBT process. These rejects are sent for either direct landfilling or incineration.
Composting. Good quality garden and food wastes are segregated at source and
composted, producing a bulk-reduced stabilised humus residue of compost that is of
sufficient quality to be marketed as a soil conditioner or growing medium in agriculture
or horticulture. Options of centralised composting facilities and home composting are
considered.

Anaerobic Digestion (AD). Like composting, this option produces a compost residue
from source-segregated putrescible wastes for use in agriculture or horticulture. The
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waste is digested in sealed vessels under air-less (anaerobic) conditions, during which a
methane-rich biogas is produced. The biogas is collected and used as a fuel for electricity
generation or CHP.

Recycling. Paper, glass, metals, plastics, textiles and waste electrical and electronic
equipment are recovered from the waste stream and reprocessed to make secondary
materials.

Options are considered for MSW collected in bulk with limited recovery of recyclable
materials and for materials segregated at source for more extensive recycling and (in the case
of food and garden wastes) composting or AD. In addition to MSW, the study also assesses
the greenhouse gas fluxes associated with managing waste electrical and electronic
equipment (WEEE) disposed of with the MSW stream.

The principal processes quantified in the study that lead to positive greenhouse gas fluxes are
as follows:

Emissions of methane from the landfilling of biodegradable wastes (mainly paper and food
and garden wastes — the latter known collectively as putrescible waste);

Emissions of fossil-derived carbon dioxide from the combustion of plastics and some
textiles in incinerators;

Emissions of nitrous oxide during incineration of wastes;

Emissions of fossil-derived carbon dioxide from the collection, transportation and
processing of wastes, from the fuel used in these operations.

Emissions of halogenated compounds with high global warming potentials used in WEEE
(as refrigerants and insulating foam in fridges and freezers).

A number of processes lead to negative fluxes of greenhouse gases. These are as follows:

Avoidance of emissions that would have been produced by other processes — for

example:

- energy recovered from incineration avoids the use of fossil fuels elsewhere in the
energy system;

- recycling avoids the emissions associated with producing materials recovered from
the waste from primary resources;

- use of compost avoids emissions associated with the use of any peat or fertiliser that it
displaces.

The study also takes account of non-fossil carbon stored (ie sequestered) in the earth’s
surface for longer than the 100-year time horizon for global warming adopted for the
analysis. The main contributors to carbon sequestration are:

- slowly degrading carbon stored in landfills receiving untreated biodegradable waste;

- biodegradable waste stabilised by MBT treatment prior to landfilling, and

- carbon in compost that is incorporated into stable humus in the soil

The net greenhouse gas flux from each waste management option is then assessed as the sum
of the positive and negative fluxes. The study has also gathered information on the costs of
alternative waste management options.

The conclusions are as follows:
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1. The study has shown that overall, source segregation of MSW followed by recycling (for
paper, metals, textiles and plastics) and composting /AD (for putrescible wastes) gives the
lowest net flux of greenhouse gases, compared with other options for the treatment of
bulk MSW. In comparison with landfilling untreated waste, composting / AD of
putrescible wastes and recycling of paper produce the overall greatest reduction in net
flux of greenhouse gases. The largest contribution to this effect is the avoidance of
emissions from landfills as a result of recycling these materials. Diversion of putrescible
wastes or paper to composting or recycling from landfills operated to EU-average gas
management standards decreases the net greenhouse gas flux by about 260 to 470 kg CO,
eg/tonne of MSW, depending on whether or not the negative flux credited to carbon
sequestration is included.

2. The issue of carbon sequestration is a particularly important for landfills (and for MBT
compost after landfilling), where the anaerobic conditions enhance the storage of carbon.
Carbon sequestration plays a relatively small role in the overall greenhouse gas flux
attributed to composting, because of the relatively rapid rate of decomposition of the
compost after its application to (aerobic) soils.

3. The advantages of paper recycling and composting over landfilling depend on the
efficiency with which the landfill is assumed to control landfill gas emissions. For sites
with only limited gas collection, the benefits of paper recycling and composting are
greater, but less when best practice gas control is implemented. In this case the net
greenhouse gas savings from recycling and composting range from about 50 to 280 kg
CO, eg/tonne MSW. If landfills further reduce methane emissions with a restoration
layer to enhance methane oxidation, then recycling and composting incur a small net
penalty, increasing net greenhouse gas fluxes to about 20-30 kg CO, eg/tonne MSW, if
carbon sequestration is taken into account. If sequestration is neglected, then recycling
and composting attract a net flux saving of about 50 (putrescibles) to 200 (paper) kg CO,
eg/tonne MSW.

4. The study has also evaluated the treatment of contaminated putrescible waste using
MBT, which may be appropriate if such waste cannot be obtained at high enough quality
for composting with the aim of using the compost as a soil conditioner. MBT performed
almost as well as AD with CHP in terms of net greenhouse gas flux from putrescible
waste, but this advantage was largely determined by the credit for carbon sequestration.
If this was not taken into account, then composting or AD of source-segregated wastes
remained the best options. Omitting carbon sequestration significantly worsens the
greenhouse gas fluxes calculated for landfills and MBT, but has a much smaller effect on
composting or AD.

5. It must be emphasised that the apparent advantage of high-quality landfilling over
composting and recycling of putrescibles and paper noted above refers only to
greenhouse gas fluxes. Issues of resource use efficiency, avoided impacts due to paper
making from virgin pulp and improvements in soil stability, fertility and moisture-
retaining properties stemming from the use of compost in agriculture must all be
considered as part of the assessment of the overall *best’ option. These factors are outside
the remit of the present study, but their inclusion would almost certainly point to
recycling and composting in preference to any form of landfill disposal for these waste
components. Improving landfill gas management to reduce greenhouse gas emissions is
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therefore essentially an ‘end of pipe’ solution, which reduces only one of the impacts of
landfilling biodegradable waste without tackling the root cause.

For other materials (glass, plastics, ferrous metal, textiles and aluminium), recycling offers

overall net greenhouse gas flux savings of between about 30 (for glass) and 95 (for
aluminium) kg CO, eg/tonne MSW, compared with landfilling untreated waste. For
these materials, the benefits are essentially independent of landfill standards and carbon
sequestration.

For mainstream options for dealing with bulk MSW as pre-treatment for landfill, the
option producing the lowest greenhouse gas flux (a negative flux of some 340 kg CO,
eg/tonne MSW) is MBT (including metals recovery for recycling) with landfilling of the
rejects and stabilised compost. MBT with incineration of rejects (energy recovered as
electricity) gives a smaller net negative flux of about 230 kg CO, eg/tonne. Mass-burn
incineration where half the plants operate in electricity only and half in CHP mode gives
a net negative flux of about 180 kg CO, eq/tonne MSW. If all the incineration capacity
were assumed to operate in CHP mode, then the net flux from incineration would be
almost the same as from MBT with landfill of rejects. On the other hand energy
recovery from incineration as electricity only would produce a net flux of only -10 kg
CO, eg/tonne. These figures are based on EU-average landfill gas control, inclusion of
carbon sequestered in MBT compost after landfilling and the replacement of electricity
and heat from EU-average plant mix.

If the benefits of carbon sequestration are left out of the comparison of options just
presented, then the MBT options both produce net positive greenhouse gas fluxes of 23
to 55 kg CO, eg/tonne MSW. Incineration is unaffected by assumptions on carbon
sequestration.

The performance of MBT with landfilling of rejects is further improved as higher
standards of landfill gas control are implemented, relative to mass-burn incineration,
provided the contribution from carbon sequestration is included. If sequestration is
omitted, incineration continues to perform better than MBT.

As stated in point 7 above, under the baseline assumptions used in this study, MBT with
landfill of rejects gives rise to a lower (net negative) greenhouse gas flux than MBT with
incineration of rejects. The main reason for this difference is lies in the source of
greenhouse gas emissions in the two options. In MBT with landfill, methane emissions
from the landfilled material is the main contributor to the positive flux, whilst for MBT
with incineration, methane emissions are much lower but are more than outweighed by
fossil carbon dioxide released from incinerating the plastic rejects. The relative
performance of the two options depends crucially on the effectiveness of landfill gas
control and, in the case of MBT with incineration, the energy source that is displaced by
recovering energy from incineration. In the analysis performed here, we have assumed
that electricity only is recovered, although in some cases there may be opportunities for
recovering heat as well. This would further enhance the performance of MBT with
incineration compared with MBT with landfill. It appears therefore that the choice
between these options will largely depend on local circumstances, although either will
offer a major improvement over current practices of landfilling untreated bulk MSW.
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The issue of the source of displaced energy is critical to the performance of incineration
in terms of net greenhouse gas flux. The base case is predicated on the assumption that
energy from waste displaces electricity or heat generated at a CO, emission factor
representative of average EU power and heat sources. For electricity, there has been an
increasing trend to combined cycle gas turbine technology in recent years, but this has
not been assessed separately because the emission factor from this technology is very close
to average plant mix. Two alternatives to replacement of ‘average’ electricity are
considered. They are (a) replacement of coal-fired power generation, and (b)
replacement of electricity generated from renewable sources — in this case wind. The
example given in (a) could come about, for example, from the accelerated retirement of
an old coal-burning power station due to the commissioning of new incineration
capacity, or through the use of RDF as a coal substitute. Example (b) may result from
the inclusion of energy from waste (ie incineration) technology within a member state’s
target for renewable energy — as is the case in the UK. The greater the CO, emission
factor of the replaced generation source, the greater the emission saved due to its
replacement by incineration.

Replacement of coal-fired electricity generating plant by mass-burn incineration would
result in a net negative greenhouse gas flux of almost 400 kg CO, eq/tonne MSW, with
equal proportions of power only and CHP incineration capacity. Under these
circumstances, mass-burn incineration would give practically the same emission saving as
recycling and composting of source segregated materials. With all incinerators in CHP
mode, mass-burn incineration would be the best overall option in terms of greenhouse
gas flux. Combustion of RDF as a coal substitute in power stations or cement kilns gives
rise to a net negative greenhouse gas flux of about half this sum.

A different picture emerges for the situation in which the electricity displaced by
incineration comes from wind power, as an example of low-emissions renewable energy
sources. Here the displaced generation source has almost no greenhouse gas emissions.
In this case, mass-burn incineration is virtually neutral in greenhouse gas terms. In
comparison, MBT with landfill of rejects produces a net negative flux of almost 340 kg
CO, eg/tonne MSW, which makes it the best option for non-source segregated wastes.
MBT with incineration of rejects gives a net negative flux of about 150 kg CO, eg/tonne
MSW. These comparisons are on the basis of sequestered carbon being included in the
overall flux from the MBT options.

If carbon sequestration is omitted, incineration and MBT with landfill of rejects have a
similar net greenhouse gas flux in absolute terms (of 8 to 26 kg CO, eg/tonne MSW),
whilst that for MBT with incineration is much higher, at about 135 kg CO, eg/tonne
MSW.

Alternatives to mass-burn incineration have also been evaluated. From the perspective
of greenhouse gas fluxes, emissions from pyrolysis and gasification are assessed as being
similar to those of mass-burn incineration.  Greenhouse gas fluxes from RDF
manufacture and combustion (plus landfill of residues and recycling of recovered metals)
depends highly on the fuel which they replace. Combustion as a replacement for average
electricity plant mix results in higher greenhouse gas fluxes than for mass-burn
incineration, due mostly to methane emissions from the landfilled residue left over from
RDF manufacture. Improvements in landfill site gas control therefore improve the
performance of this option relative to mass-burn incineration, although overall this RDF
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17.
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option performs consistently worse in greenhouse gas flux than MBT with incineration of
rejects.

Recycling of WEEE containing CFC refrigerants and foam agents now banned because
of their ozone —depleting properties results in a net increase in greenhouse gas flux due to
the escape of some of these agents during recycling operations. This leakage is more than
sufficient to compensate for the considerable greenhouse gas benefits of recycling the
metals from WEEE. Nevertheless, recycling of WEEE containing these materials is far
preferable to landfill, where the greenhouse gas flux would be much higher. The use of
less harmful refrigerants and foam agents and the adoption of more efficient collection
procedures will largely eliminate the net positive greenhouse gas flux associated with
WEEE recycling and result in substantial net greenhouse gas savings, due largely to the
avoided emissions attributable to metal recycling. However, a considerable backlog of
equipment containing CFCs remains to come through to the waste stream over the next
5-10 years and further efforts to minimise the release of GHG during recycling would be
desirable.

Overall, emissions of greenhouse gas associated with transportation of waste, residues and
recovered materials are small in comparison with the much larger greenhouse gas fluxes
in the system, such as those related to avoided energy / materials, landfill gas emissions
and carbon sequestration. Variations in emissions due to alternative assumptions about
transport routes and modalities will therefore have a negligible impact on the overall
greenhouse gas fluxes of the waste management options.

The study has evaluated four scenarios alternative scenarios of waste management in the
year 2020 and compared the impacts on greenhouse gas fluxes with the year 2000.
Achievement of the landfill directive’s target to reduce the landfilling of untreated wastes
in 2016 to 35% of 1995 levels is predicted to result in an overall reduction in greenhouse
gas flux from a positive flux of 50 kg CO, eg/tonne in 2000 to a negative flux of almost
200 kg CO, /tonne in 2020. Even if achievement of the directive’s target is delayed
until 2020 (rather than 2016), then a negative flux of about 140 kg CO, eg/tonne results.
Further reductions in greenhouse gas fluxes (to about —490 kg/CO, /tonne) could be
achieved through investment in recycling, incineration with CHP and MBT.
Alternatively, a scenario with no incineration and maximum biological treatment of
waste achieves an overall greenhouse gas flux of —-440 kg CO, eg/tonne.

The study has also examined the costs of waste disposal through the various waste
management options, as reflected in disposal fees or the prices commanded by recycled
materials. Wide difference in disposal costs exist between different member states.
Landfill disposal, currently the cheapest option, will inevitably increase in cost with the
requirement for higher environmental standards and the consumption of void space as
existing sites fill up and close. Little information is available on the costs of MBT, but
what there is suggests that this option may become increasingly competitive with landfill
and incineration, especially when benefits of increased efficiency of landfill void space use
and lower requirements for gas and leachate control are taken into account. Further
growth in composting and AD for food and garden wastes will depend to a large extent
on continuing success in reducing the costs of separate collection of feedstock and in
establishing local markets for the compost product. Recycling remains highly dependent
on the market value of the recycled product. W.ith the principal exception of
aluminium, the price of materials recovered from MSW does not cover the costs of
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20.

21.

separating and reprocessing, compared with virgin materials, and such operations usually
require subsidy. This is particularly so of plastic wastes. In this instance the option of co-
incineration as a coal-replacement offers comparable greenhouse gas benefits to recycling
but at a substantially lower cost.

Overall, the study finds that source-segregation of various waste components from MSW,
followed by recycling or composting or AD of putrescibles offers the lowest net flux of
greenhouse gases under assumed baseline conditions. Improved gas management at
landfills can do much to reduce the greenhouse gas flux from the landfilling of bulk
MSW, but this option remains essentially an ‘end of pipe’ solution. Incineration with
energy recovery (especially as CHP) provides a net saving in greenhouse gas emissions
from bulk MSW incineration, but the robustness of this option depends crucially on the
energy source replaced. MBT offers significant advantages over landfilling of bulk MSW
or contaminated putrescible wastes in terms of net greenhouse gas flux.

It must be emphasised that in practice other impacts of waste management options will
need to be considered in addition to just greenhouse gas fluxes. These wider
considerations will include factors such as resource use efficiency (which will, for
example, impinge upon the choice between the disposal option of MBT and the recycling
option of composting or AD) and the impacts of other emissions such as those associated
with waste incineration. Furthermore, substantial environmental benefits are associated
with the use of compost to improve soil organic matter status and more environmentally-
benign methods of cultivation, but only the relatively modest benefits associated
specifically with greenhouse gas fluxes have been considered in this study.
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ABBREVIATIONS
AD Anaerobic digestion
Al aluminium metal
CCGT Combined Cycle Gas Turbine
CF, Carbon tetrafluoride
CFC Chloro Fluoro Carbons
CH, Methane
CHP Combined Heat and Power
CO, Carbon dioxide
CVv Calorific Value
DDOC Dissimilable Degradable Organic Carbon
DOC Degradable Organic Carbon
EC European Commission
EU European Union
FBC Fluidised Bed Combustor
Fe iron (ferrous metals)
GCV Gross Calorific Value
GHG Greenhouse Gas
GJ Giga Joule
GWP Global Warming Potential (of greenhouse gases, relative to CO2, over
a specified time horizon)
HCFC Hydro Chloro Fluoro Carbon
HDPE High Density Polyethylene
HFC Hydro Fluoro Carbon
HHW Household waste
IPCC Intergovernmental Panel on Climate Change
kg kilogram
kt kilotonnes
kWh kilowatt hour
LDPE Low Density Polyethylene
LLDPE Linear Low Density Polyethylene
MBT Mechanical and Biological Treatment
MJ Mega Joule
MRF Materials Reprocessing Facility
MSW Municipal Solid Waste
Mt million tonnes
N,O Nitrous oxide
NCV Net Calorific Value
OCGT Open Cycle Gas Turbine
PE Polyethylene
PET Polyethylene terephthalate
PP Polypropylene
PVC Polyvinyl chloride
RCV Refuse Collection Vehicle
RDF Refuse Derived Fuel
RTS Refuse Transfer Station
t tonne
TJ Tera Joule
WEEE Waste Electrical and Electronic Equipment
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1 Introduction

1.1 THE AIM OF THIS STUDY

The European Commission Environment Directorate General has contracted AEA Technology
to undertake this study of the climate change impacts of options for managing municipal solid
waste (MSW). The study covers the fifteen member states of the European Union (EU) and the
time horizon 2000 to 2020.

The results will help to inform waste management policy at the EU level, but only as far as
greenhouse gas impacts are concerned. Waste management has a wide variety of impacts
on the environment apart from those associated with climate change and these impacts, which
are outside the remit of the present study, but which also require proper consideration as part of
a complete evaluation of the options. Some of the main environmental impacts of each waste
management option are shown in Table 1. In addition, local factors exert a profound influence
on the choice of waste management options, and for these reasons the output from this study are
not aimed at informing waste management decisions at the local level.

Table 1 Some environmental impacts of the main waste management options

Option Main environmental impacts

All options - Emissions of carbon dioxide and other pollutants, noise, odour and congestion from
vehicles transporting waste and by-products to and from treatment plants

Landfill - Methane emissions from biodegradable waste, contributing to global warming and local

hazards such as the risk of fires and explosions

Risks of water pollution from leachate (liquor) formed as waste decomposes

Land use — non-sustainable use of resources

Noise and odour

Some carbon compounds may be retained in the landfill for long periods (sequestered)
and so not returned to the atmosphere as CO,

Incineration - Emissions of harmful airborne pollutants such as NO, , SO, , HCI, fine particulates and
dioxin
Emissions of carbon dioxide from fossil-derived waste (e.g. plastics) and N,O
contributing to global warming
Energy recovered can replace fossil fuels thus avoiding emissions of carbon dioxide
Fly ash and residues from air pollution control systems require stabilisation and disposal
as hazardous waste
Bottom ash may be reused as a secondary aggregate - metals may be recovered for
recycling from bottom ash

Recycling - Saves energy (generally less energy is required to manufacture products from recycled
feedstocks) and hence emissions of greenhouse gases and other pollutants
Prolongs reserves of finite resources (e.g. metal ores) — contributes to the sustainable use
of resources
Avoids impacts associated with extraction of virgin feedstock (e.g. quarrying of ores and
sand, felling of old growth forest to produce wood for paper)
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Table 1 continued

Composting - Avoids methane production from degradation of organic waste in landfills (as
degradation is aerobic)
Compost can be used as a soil improver and can replace fertilisers and peat to some
extent (both have negative environmental impacts)
Potential for carbon sequestration through increasing the store of soil organic matter
Improvements in soil fertility and soil organic matter content leading to possible down-
stream benefits from reduced need for inorganic fertilisers, reduced need for irrigation
and lower soil erosion rates.
Needs careful control of the composting process to avoid bioaerosols.

Anaerobic - As for composting, plus energy recovered can replace fossil fuels thus avoiding emissions
digestion of carbon dioxide

Mechanical - Reduces methane and leachate production from degradation of treated organic waste in
biological landfills (as biological fraction is composted before disposal)

treatment - Materials may be recovered for recycling and/or energy recovery

More effective use of landfill void space since pre-treatment reduces bulk of waste
needing disposal

Still dependent on landfill as repository of final waste, so not as sustainable as recycling
or composting.

1.2 WASTE MANAGEMENT AND GREENHOUSE GASES

Human activity is increasing the concentration in the atmosphere of greenhouse gases. This is
expected to result in a significant warming of the earth’s surface and other associated changes in
climate within the next few decades. The greenhouse gases that are making the largest
contribution to global warming are carbon dioxide (CO,), methane (CH,) and nitrous oxide
(N,O). All three are produced during the management and disposal of wastes. Estimated total
emissions of these gases from the EU are shown in Table 2, which also shows the contributions
from solid waste disposal. It should be noted that there is considerable uncertainty surrounding
these emission estimates.

Table 2: Anthropogenic emissions of CO,, CH, and N,O in the EU in 1994 [1].

Direct Emissions GWP [2] Global Warming Global warming equivalence
GHG (Mt) (over 100  Equivalence of all emissions emissions from waste
years) Mt equiv CO, disposal
(% from solid waste disposal) Mt equiv CO,

(% of total waste
management component for

each gas)
CO, fossil 3,215 1 3,215 (<0.5 %) 15 (9 %)
CH, 22 21 460 (33 %) 152 (89 %)
N,O 1.05 310 325 (1 %) 3(2%)

Note: The global warming potential (GWP) is a factor that allows the concentrations of greenhouse gases to be expressed in terms of the amount
of CO, that would have the same global warming impact. It depends on the spectral properties of the gas in question, its life time in the
atmosphere and the time horizon chosen for climate change impacts. The GWP of CO. from fossil sources is assigned a value of unity. Methane
and N0 are, respectively, 21 and 310 times more potent in global warming terms than the same mass of CO: (over a 100-year horizon).

The impact of solid waste management on the global warming equivalence of European
greenhouse gas emissions comes mostly from CH, released as biodegradable wastes decay under
the airless (anaerobic) conditions in landfills. About a third of anthropogenic emissions of CH,
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in the EU can be attributed to this source [1]. In contrast, only 1% of N,O emissions [3] and less
than 0.5% of CO, emissions are associated with solid waste disposal.

For this reason it is often assumed that reducing the amount of CH, emitted from landfills would
have the greatest potential for reducing the overall climate change impacts of solid waste
management. Furthermore, because the atmospheric lifetime of CH, is relatively short (only 12
years), it is estimated that overall emissions would need to be reduced by about 8 % from
current levels to stabilise CH, concentrations at today’s levels. This is a much smaller
percentage reduction than those needed to stabilise the concentrations of the other two major
greenhouse gases, CO, and N,O.

The developed countries have agreed under the UN Framework Convention on Climate
Change (the Kyoto protocol) to reduce emissions of greenhouse gases f4]. For the EU, this
amounts to a reduction on 1990 emissions of 8% in the period 2008-2012. \Waste management
policy will play a part in achieving this objective.

1.3 WASTE MANAGEMENT POLICY IN THE EU

Waste management policy in the EU enshrines the principles of sustainable development in the
familiar waste management hierarchy, which underpins policy in this area. The hierarchy of
waste management options places the greatest preference on waste prevention. Where wastes
cannot be prevented, the order of preference decreases in order re-use, recycling, recovery of
energy and finally (as the least preferred option) the disposal in landfills of stabilised wastes from
which no further value can be recovered. With some 60% of MSW within the EU still being
disposed of to landfill without any form of pre-treatment and extensive reliance on incineration
for treatment of most of the remainder [LO], it is clear that there is considerable scope for
improvement.

As part of the suite of measures to improve the sustainability of waste management, the Landfill
Directive (1999/31/EC) introduces requirements on member states to reduce the amount of
biodegradable wastes disposed untreated to landfills. To achieve this objective, the Directive
has introduced targets for reducing biodegradable waste disposed of to landfills to 75% of 1995
levels by 2006, reducing to 50 and 35% by 2009 and 2016°. The directive also requires
improvements in environmental standards of landfills, in particular by requiring greater use of
landfill gas collection and energy recovery from the methane in it, in order to reduce the main
greenhouse gas impact of this waste management option.

To help meet the targets in the landfill directive, the European Commission is currently
considering introducing further measures to encourage the adoption of alternatives to landfill for
managing biodegradable wastes p]. The general principles developed for the treatment of
biodegradable wastes (‘biowastes’) are, in order of preference, as follows:

1. prevent or reduce biowaste production and its contamination by pollutants;

2. re-use biowastes (eg cardboard);

3. recycle separately-collected biowaste into original material (eg paper and cardboard)
whenever environmentally justified;

# Member States which currently rely heavily on landfill have additional time to comply with these targets.
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4. composting or anaerobic digestion of separately-collected biowaste that is not recycled into
original materials, with the compost so produced being used in agriculture or for other
environmentally beneficial purpose;

5. mechanical and biological treatment (MBT) of non-source separated biowaste as a pre-
treatment for landfill disposal, and, finally;

6. use of biowaste for energy recovery.

To help inform the developing policy in this field, this study has undertaken a comparative
assessment of the climate change impacts of landfilling biodegradable components in MSW and
alternative treatments of recycling, composting, AD, MBT and incineration. The study focuses
on emissions of greenhouse gases associated with the collection, transportation, treatment, use
and disposal of materials arising from landfilling, recycling, composting and AD, MBT and
incineration. It also considers the wider impacts of the waste management options in terms of
greenhouse gas emissions elsewhere in the system. These are principally emissions averted by
recovering energy from waste rather than using conventional fossil-based energy sources or
through the use of recycled materials or compost in place of ‘virgin’ materials or peat/inorganic
fertilisers. The study includes an assessment of waste management options for non-biowaste
components in MSW (plastic, glass, metals etc) and waste electrical and electronic equipment
(WEEE) that may enter the MSW stream. In addition to emissions of greenhouse gases from
within the waste management systems and displaced emissions mentioned above, the study also
estimates the scope for carbon storage (sequestration). Biogenic carbon that is sequestered for
longer than the 100-year time frame for global warming is counted as a negative flux. This
factor may be particularly important for carbon storage in landfills and in soil following the
application of biowaste-derived compost.

The study focuses exclusively on the climate change impacts of waste management. It does not
include any other environmental or health related factors (such as impacts on air, water or soil
pollution, amenity impacts such as noise, odours and traffic and other accidents etc) that will also
play a role in determining waste management policy. Whilst the focus of the study is on
greenhouse gas fluxes, summary information on the private costs of waste management via the
options assessed is also provided for comparative purposes.

The results from the study provide a comparison at the EU level between the waste
management options for various waste components in terms of the greenhouse gas fluxes that
drive climate change, indicating the distribution of emissions between the various steps in the
waste management chain. Sensitivity analyses have been undertaken to assess the impacts of
variations in key parameters on the overall greenhouse gas impact for each option. Finally, a
scenario analysis is presented to compare three alternative views of waste management in 2020
with the overall position in 2000.

1.4 STRUCTURE OF THE REPORT

Further details on the approach and methodology of the analysis are given in section 2, which
defines the scope of the analysis and provides a brief description of each waste management
option addressed and the approach adopted in analysing the principal greenhouse gas impacts.
Detailed information on each waste management options, including detailed background
information, key assumptions, derivation of parameters and selection of values used in the
analysis is then provided in a series of appendices. The reader may therefore refer to this
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detailed background information as required, without interrupting the flow of the main body of
the report. Section 3 of the main report gives the results from the comparative analysis, along
with the sensitivity analyses and an illustrative scenario analysis for the year 2020. The
conclusions from the study are given in section 4.
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2 Approach and methodology

This section outlines the approach and overall methodology used in the study. It defines the
types of waste material and the waste management options considered and the climate change
impacts that have been assessed. The section also provides an overview of how the climate
change impacts for each waste management option were characterised for the analysis, which
was undertaken using a spreadsheet model developed in Microsoft Excel 97 for Windows.

2.1 TYPE OF WASTE

The study deals with management options for the various components of municipal solid waste
(MSW). Definitions of MSW vary from country to country, but the definition used in this study
is that given by the landfill directive, namely:

‘waste from households, as well as other waste which, because of its nature or composition, is similar

This is compatible with the IPCC definition, which includes household waste, yard/garden
waste and commercial/market waste.

According to the latest OECD data, total MSW arisings in the EU added up to about 170
million tonnes in the late 1990s (not all countries provided up to date information), the average
composition of which is shown in Figure 1. In addition, the study also includes a comparison of
options for dealing with waste electrical and electronic equipment (WEEE) produced by
householders, since this too may have significant greenhouse gas impacts, although not all of this
type of waste falls within the definition of MSW adopted above.

Figure 1: EU average MSW composition, based on OECD data for 1999 [10]

Textiles
and other
15%

Paper and
board
29%

Metal
5%

Glass
11%

Food and
8% 32%

‘Textile and other waste’ is made up of 2% textiles, 6% miscellaneous combustibles, 2% miscellaneous non-
combustibles and 5% fines (ie dust). The ‘Metal’ category is made up of 4% ferrous and 1% non-ferrous..
Food & garden waste is together known as ‘putrescible’ waste.
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2.2 WASTE MANAGEMENT OPTIONS

Various options are available for the treatment of either whole MSW or of materials separated
from it for recovery/recycling or pre-treatment prior to disposal. After waste prevention and
re-use, the waste management hierarchy accords the highest preference to recycling, over
energy recovery and disposal options. For economic success, recycled products need to find a
market at a price that at least covers the cost of their recovery less any subsidies. The price
commanded by recycled materials is highly dependent on quality, with clean, well-sorted and
contaminant-free secondary materials commanding a higher price than mixed, low quality or
dirty material. Indeed, in many instances low quality recyclate has no market and so must be
disposed of at cost. Experience has shown that for MSW, segregation of material for recycling at
the point at which it is produced (ie at households) provides the highest degree of clean,
contaminant-free material for recycling. Two main types of waste management system are
therefore considered, depending on whether bulk MSW or source-separation of various waste
components is undertaken. The greenhouse gas fluxes associated segregating, collecting and
transporting wastes are considered under the general heading of ‘mobilisation’, as follows

Mobilisation. A common link between the waste management options is the need for
collection, sorting, processing and transport from the source of the waste to the waste
treatment / disposal facilities and end markets for recovered materials. All of these steps
have greenhouse gas impacts, mostly through the use of fossil fuels and associated emissions
of CO,. As well as the direct transport of wastes and materials recovered from it, we also
need to consider impacts due to residue disposal and any specific reagents required for the
treatment option. Mobilisation processes and greenhouse gas fluxes are described in
Appendix 1.

The waste management options considered in this study are outlined as follows:

2.2.1 Options for bulk collected MSW

Landfilling. Landfilling involves the managed disposal of waste on land with little or no
pre-treatment. Landfilling of biodegradable wastes results in the formation of landfill gas.
The methane emitted in landfill gas is thought to represent the main greenhouse gas impact
of MSW management. Currently about 60% of MSW in the EU is disposed of directly to
landfills. As the least favoured option in the waste management hierarchy, landfill should be
reserved for stabilised wastes from which no further value may be recovered. Landfill gas
may be collected and either disposed of by flaring or used as a fuel. All components of
MSW are currently acceptable for landfilling, including residual fractions left over after the
separation of materials for recycling and the residues from pre-treatment processes such as
incineration and MBT. Landfilling is described in detail in Appendix 2.

Incineration. The most widely practised alternative to landfilling is mass-burn
incineration, where bulk MSW is burnt with little or no pre-treatment. Modern MSW
incinerators are required to recover energy released by the combustion process. Energy
recovered from waste can replace the need for electricity and/or heat from other sources.
The net climate change impacts of incineration depends on how much fossil-fuel carbon
dioxide is released — both at the incinerator itself and in savings of fossil fuel from
conventional energy sources displaced by incineration. The main residue from incineration
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is a volume-reduced inorganic ash, which has virtually no capacity to produce methane
when disposed of in landfills. Incineration may therefore be considered as a landfill pre-
treatment. Incinerators typically operate at scales of over 100,000 tonnes/year and require
waste within a fairly narrow range of calorific value (CV). The disposal fees charged are
supported by revenue from energy sales. With an operational life of 20-30 vyears,
incinerators need a guaranteed supply of waste within specified composition ranges. Waste
management planners must therefore take careful account of the impact of recycling
activities on the availability and composition of waste destined for incineration under long-
term contracts. For example, extensive recycling or paper or plastics could result in a
residual waste enriched in food and garden wastes that would be too wet to incinerate.
Incineration is detailed in Appendix 3.

There are several thermal treatment options available for refuse-derived fuel (RDF), made
from paper, plastics and other combustible materials separated from bulk MSW. RDF may
be burnt in dedicated combustors co-firing wood, peat or coal, or as a fuel supplement in
cement kilns or coal-fired power stations. Although developed in the early 1980s, RDF
technology is not widely deployed. Interest is also increasing in alternative thermal
treatments such as gasification and pyrolysis. Here the waste is heated under carefully
controlled conditions in either the complete absence of air, or with limited air supply,
causing organic compounds to breakdown to form gaseous or liquid products that are then
used to fuel engines to generate electricity. These options are not yet widely deployed for
commercial scale MSW treatment.

Mechanical-Biological Treatment (MBT). MBT is a pre-treatment option for
landfilling. Raw MSW (or residual waste enriched in putrescible wastes after the removal of
materials for recycling) is processed by a combination of mechanical and biological steps
(shredding, sieving, composting and sometimes anaerobic digestion) to reduce the bulk and
biological activity of the processed waste, which is then landfilled or used for landfill site
cover or restoration. Recyclable or combustible materials may be removed from the waste
for recycling or incineration. Pre-treatment of MSW by MBT prior to landfilling
significantly reduces methane emissions from the landfilled waste, compared with untreated
MSW. MBT is currently mostly confined to Austria and Germany. Appendix 4 provides a
more detailed account of MBT.

2.2.2 Options for source segregated MSW

Composting. Composting and the related process of anaerobic digestion (see below) are
used for food and garden wastes. Composting makes use of micro-organisms to oxidise
biodegradable wastes to carbon dioxide and water vapour, using oxygen in the air as the
oxidising agent. A humus-like residue is left that is then used as a soil conditioner in
agriculture or land reclamation or possibly as a growing medium in gardening or
horticulture. Use of compost may have beneficial effects on greenhouse gas fluxes by
replacing other products like fertiliser and peat and may also lead to increased storage of
carbon in the soil (carbon sequestration). Industrial scale composting can be undertaken in
open heaps that are turned and mixed mechanically (windrows), or alternatively in closed
vessels with internal mixing and aeration. Composting can, of course, be undertaken with
minimal equipment at home in most houses with suitable garden space. Efficient source-
segregation of food and garden wastes destined for centralised composting is an absolute
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prerequisite if the resultant compost is to be of sufficient quality for marketing. See
Appendix 5 for further information.

Anaerobic digestion (AD). Like composting, AD is a biological process, but it takes
place in sealed vessels in the complete absence of air (ie under anaerobic conditions). The
process converts biodegradable waste to a biogas containing methane and carbon dioxide.
The biogas is then used as a fuel, potentially displacing fossil-fuels. AD is essentially a
controlled and accelerated decomposition process using the same types of micro-organisms
that produce methane in landfills. The volume-reduced solid residue (digestate) is used like
compost, but usually after a period of maturation by composting. Clean source-segregated
feedstock is essential if the compost is to be suitable for marketing. See Appendix 6 for
further information.

Recycling. Recycling diverts components of the waste stream for reusing the materials
contained within them. Provided the greenhouse gas impacts of separating and processing
the recycled material into new products are less than those of manufacturing the products
from primary material, then net saving results. Some materials can be recovered
mechanically from bulk-collected MSW, such as metals recovered in incinerator ash and
metals and glass recovered from MBT. The subsequent clean up of these materials for
recycling is relatively straightforward and so there may be a market for them. To obtain
higher quality of material requires segregation from other wastes at source. This is usually
essential for paper and plastics recycling, and for all wastes, a higher price and better market
access is usually achieved for source-segregated materials. Recycling is described in
Appendix 7.

The waste management options are summarised in Figure 2.

Figure 2: Waste management options considered.

Landfill of untreated waste

Thermal treatments
incineration
advanced thermal conversion
co-incineration

Mechanical recycling
Glass, paper, metal etc

Mobilisation
(segregation, collection,
transport and sorting)

Landfill Pre-treatment

Options Recycling Options

Biological recycling
Composting
Anaerobic Digestion

Mechanical Biological treatment
(MBT)

An option not explicitly considered in the present study is waste prevention. Waste prevention
is invariably the most environmentally favourable waste management option. Not only does it
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avoid the need to process the waste itself, but it also eliminates the burdens associated with
producing the material that becomes the waste in the first place.

A number of variations on each of the major options identified above are also evaluated in the
study. These sub-options are listed in Table 3.

Table 3. Waste management options and their variations assessed in this study

Waste management option

Variations considered in the study

Landfilling of untreated wastes

Landfill gas recovered and used for energy production
Landfill gas recovered and disposed of by flaring
No recovery of landfill gas

Incineration and  other  thermal
treatments with energy recovery as
electricity or electricity and heat. Metals
recovered for recycling.

mass-burn incineration with:

- no energy recovery

- energy recovered as electricity

- energy recovered as heat and power (CHP)
pyrolysis/gasification

fluidised bed combustion of refuse-derived fuel (RDF)
co-incineration of RDF in cement Kilns and power plants

MBT with metal recovery for recycling.

with landfilling of reject fraction
with incineration of reject fraction

Composting with compost recovered
for beneficial use in agriculture /
horticulture.

open systems (ie windrows)
closed systems (ie in-vessel composting)
home composting

Anaerobic digestion with compost
recovered for beneficial use in agriculture
/ horticulture.

with power generation
with heat and power recovery (CHP)

Recycling

paper and cardboard

glass

plastics

iron and steel

aluminium

textiles

waste electrical and electronic equipment (WEEE)

2.3 SCOPE OF ASSESSMENT

The study evaluates greenhouse gas impacts and private financial costs of the waste management
options listed above in the years 2000 and analyses four scenarios for waste management for the

year 2020.

The model includes the following factors:

Direct emissions from waste treatment processes
Energy used (and hence greenhouse gas emissions arising) in the treatment and disposal of

waste including transport

Energy (and emissions) saved from reduced production of feedstock when feedstock is

replaced by recycled materials (including replacement of peat or fertiliser use by compost)

Energy (and emissions) saved from avoided transport of raw feedstock to the factory when

recycled materials are used

ED21158
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Energy process savings through the use of recycled feedstock

Energy generation emissions avoided through energy recovery

An estimate of emissions saved through the storage of carbon in landfill sites or in the soil
following the application of compost.

The model does not include:
Non-greenhouse gas impacts of waste management options
Emissions from plant construction.

2.4 TREATMENT OF GREENHOUSE GASES IN THE MODEL

2.4.1 Carbon Dioxide and Methane

Carbon dioxide is released both during combustion of fossil fuels for energy used in waste
treatment processes and directly from the waste during treatment. Carbon in the waste itself can
be either released as CO, or CH, during the treatment process or remain in the waste or waste
products (e.g. compost). These flows of carbon are shown in Figure 3 and Figure 4 for
biodegradable and non-biodegradable materials respectively (for clarity, emissions of carbon
from energy use or avoided emissions from energy production are not shown).

For biodegradable materials (putrescible waste comprising food and garden waste, paper and
cardboard) the carbon will have been absorbed from the atmosphere by photosynthesis during
plant growth relatively recently. If this carbon is released again as CO, during the treatment
process then the carbon re-enters the natural carbon cycle. For this ‘short term’ carbon cycle,
as the emissions have recently been offset by the uptake of an equivalent amount of carbon
dioxide, then there is no net global warming impact, and no global warming potential is
associated with the CO, emission, since the atmospheric concentration of short-cycle carbon
dioxide is relatively constant from year to year. These emissions are reported here as ‘short
term CO,’ or ‘biogenic CO,’ and are given a global warming potential of zero. If the emission
occurs in the form of CH,, (the atmospheric concentration of which has been rising as a result of
man’s activities) however, then this has a higher global warming potential than CO,, (Table 2)
so must be accounted for.

In some organic materials, particularly plastics, the carbon originates from fossil carbon reserves
laid down many millions of years ago. Reserves of these fossil fuels constitute an almost
permanent sink for carbon. Combustion of fossil fuels releases the stored carbon into the
atmosphere as fossil-derived CO,, the concentration of which has almost doubled since
industrialisation and is widely recognised as being the main driver for global warming. These
emissions are reported as ‘fossil CO,’” and have the usual CO, global warming potential of one.
Fossil-derived organic materials in MSW are mostly plastics plus some textiles. They are
essentially completely non-biodegradable* and the only way in which the carbon they contain
may be released to the atmosphere as CO, is by combustion or other thermal processes.

# Some fossil-derived organic wastes, for example, certain household solvents such as acetone and industrial
alcohol, are biodegradable, but as they form a tiny proportion of MSW, all the fossil-derived carbon is assumed
to reside in non-biodegradable plastics.
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However, for almost all treatment options, not all of the carbon released from organic materials
during the treatment process is returned to the atmosphere; some remains in the ‘residue’ from
the treatment process. This raises the issue of how this carbon should be accounted for, when
comparing the treatment options in terms of climate change. If the carbon is sequestered in a
form which is unavailable to the natural carbon cycle over a sufficiently long time period, then it
could be argued that a ‘sink’ for carbon has been created and the treatment options should
receive a carbon credit for this. The two main routes for carbon storage in waste management
are in landfills (where the anaerobic conditions inhibit the decomposition of certain types of
waste, particularly woody materials) and in compost applied to soil (where a proportion of the
carbon becomes converted to very stable humic substances which can persist for hundreds of
years). The permanency of such sinks is difficult to assess, and depends on the time scale used to
define permanent. Awvailable data suggests that ‘woody’ type materials in landfill may have only
partially degraded over a one hundred year time scale, but degradation rates over a 500 year
period are not known.

There is on-going debate as to whether this type of carbon sink will be included under the
Kyoto Protocol. At present, the topic of carbon storage in soils is being considered for inclusion
[6], but the issue of landfills as a carbon sink has not been raised. This study attempts to assess
the possible size of such sinks. Given the uncertainties associated with the permanency of such
sinks, we have examined the sensitivity of the results to our estimates of carbon sequestration
potential.
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Figure 3: Carbon flows in the management of biodegradable (short cycle C) wastes
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Figure 4. Carbon flows in the management of wastes containing fossil-derived (non-
biodegradable) materials
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2.4.2 Nitrous oxide and other greenhouse gases

The principal non-carbon greenhouse gas of interest to waste management is N,O. Nitrous
oxide is formed in trace amounts from nitrogen gas in the air and from compounds of the
element present in waste during combustion in incinerators, landfill gas flares and combustion
engines. Other sources of N,O potentially relevant to this study include emissions from soil and
fertiliser manufacture.

Other greenhouse gases that originate from waste disposal operations are the chloroflurocarbons
(CFCs), originally used as aerosol propellants and refrigerants, and their replacements, HFCs
and HCFCs® These gases have very high global warming potentials. We therefore take account
of the emission of CFCs, HFCs and HCFCs in the landfilling or recycling of household waste

# The use of CFCs is being phased out under international agreement under the 1994 Montreal Protocol, due to
their ozone-depleting effect. HFCs and HCFCs are the main replacement at present. As refrigerators have service
life times of 5-10 years, CFC-containing refrigerators will be coming through the waste stream for a several years
to come. Aerosol cans formerly used CFCs as propellants, but these relatively short-lived products are rapidly
declining in the MSW stream and so have been omitted from the present study.
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electrical equipment, where fridges and freezers contain appreciable amounts that may be
released into the atmosphere at the end of the product’s life. The study also takes account of the
displacement of emissions of carbon tetrafluoride (CF,), a potent greenhouse gas used in primary
aluminium refining, by recycling aluminium from MSW.

2.4.3 Global warming potentials and time effects

For consistency with standard practice in greenhouse gas assessments, all global warming
potentials are those which apply over a 100 year time horizon [7/]. Treatment of the main
greenhouse gases is summarised in Table 4.

Table 4: Treatment of the principal greenhouse gases from waste management.

Emission Origin Trendin Effective Global Warming Potential
atmospheric (100 years)
concentration Emission Carbon
sequestration
CO, (fossil C) Combustion of Increasing +1 0
plastics
CO, (short- Combustion and Stable 0 -1
cycle) respiration of biomass
C.
CH, (short- Methane-forming Increasing +21 (not applicable)
cycle) decomposition under
anaerobic conditions
N,O Combustion Increasing +310 (not applicable)

processes. Nitrogen
metabolism in soils.
Fertiliser manufacture.

CFC-12 Refrigerant / Increasing +8100 (not applicable)
insulation foam

CFC-11 Refrigerant / Increasing +3800 (not applicable)
insulation foam

HFC-134a Refrigerant / Increasing +1300 (not applicable)
insulation foam

HCFC-141b  Refrigerant / Increasing +600 (not applicable)
insulation foam

CF, Primary aluminium Increasing +6500 (not applicable)
smelting

In line with the IPCC default methodology for waste, all greenhouse gas fluxes are treated as
though they take place instantaneously. In fact, some fluxes such as emissions from landfills
occur over a period of decades, and so the greenhouse impacts will vary with time. Here we
assess total emissions, not their phasing. This simplification does not undermine the value of the
approach in comparing waste management options in terms of overall greenhouse gas
contributions. As greenhouse gas fluxes in this study have not been given an economic
valuation, discounting is not required, and so the phasing of emissions within the 100-year time
horizon can be ignored. Short-cycle carbon stored on land for longer than this time scale is
considered to have been sequestered, and is so credited with a global warming potential of minus
1.
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2.4.4 EU average approach

For many of the technologies assessed, emissions vary widely depending on the age of the plant,
abatement technologies used, etc. Emissions will vary between the EU countries depending on
technical differences and also differences in markets for secondary products such as compost or
recycled goods. We have adopted an approach of looking first at ‘EU average’ emissions for the
year 2000. ‘Best practice’ emissions will be lower than the ‘EU average’ emissions. The ‘EU
average’ emissions will generally decrease in future years due to improvements in energy
efficiency etc. We have attempted to take into account future emission changes when assessing
future scenarios for the year 2020.

2.5 STEPS IN THE WASTE MANAGEMENT PROCESS

The waste management options assessed in this study impact upon climate change through a
number of different steps. These fall into the following categories:

Mobilisation. Climate change impacts of waste mobilisation are mostly indirect emissions
associated with collection, sorting, processing and transporting waste. The main greenhouse
gas is fossil derived carbon dioxide from vehicle fuels.

Process. Process or treatment emissions include greenhouse gases derived from the waste
itself (direct emissions) and from fuel used in its treatment (indirect emissions) prior to
disposal of any residue. Examples of direct emissions include carbon dioxide emitted from
waste combustion during incineration. Indirect emissions include those originating from
fuel use in composting etc.

Disposal/use. Greenhouse gas emissions result from the ultimate disposal of the waste in
landfills or the use of materials derived from the waste. One of the main greenhouse gas
impacts of waste management originates from methane emissions from biodegradable wastes
in landfills. In addition, some short-cycled carbon is locked up in the landfills and prevented
from being returned to the atmosphere as carbon dioxide for longer than the 100-year time
horizon adopted in the study. This carbon is classed as being stored or sequestered. Waste
management options in which sequestration is significant are landfill MBT and the use of
compost from AD and composting plants.

Displaced emissions. Emissions avoided as a result of useful energy or materials being
recovered from waste displaces emissions that would have happened if alternative energy or
materials had been used elsewhere in the system. When energy is recovered from waste,
either as electricity, heat or both in combined heat and power (CHP applications), it
displaces an equivalent amount of energy elsewhere in the system. The greenhouse gas
emissions from this replaced energy recovery is therefore included in the analysis as an
avoided emission. Waste management options which have an energy recovery component
include incineration and other thermal treatments, AD and landfill where the gas is
recovered for energy production. Recycling also displaces materials, together with their
associated greenhouse gas impacts. This effect must also be taken into account, in terms of
the net greenhouse gas impacts of making and using a product made from recycled material,
compared with its alternatives. This issue is significant for recycled materials such as glass,
metals and plastics, where recycling displaces the need to manufacture the product from
virgin resources. It is also important in the case of waste-derived composts, which may
replace inorganic fertilisers or peat in some applications.
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The overall climate change impact of each waste management option is the sum of impacts for
each of the stages listed above. The remaining part of this section provides an outline
description of how each of these processes is treated in the analysis. Further details for each
waste management option are given in the appendices.

2.6 MOBILISATION

Greenhouse gas impacts of mobilisation of waste for treatment include:

- Transportation of waste from point of arising to treatment facility, via any intermediate
steps, such as household wastes sites, refuse transfer stations etc;
Transport of residues and recycled materials from the waste treatment facility to ultimate
disposal sites and markets.

Emissions are dominated by fossil carbon dioxide released by transportation. Nitrous oxide
emissions account for less than 1% of the global warming impact of carbon dioxide emitted from
vehicles [7], and so have been ignored. Mobilisation emissions were estimated from the
emission characteristics of the vehicles employed in various stages of waste transportation and
estimates of payload and average journey distances. Estimates range from about 4.2 to just over
12 kg CO, / tonne of waste, depending on the waste and option under consideration. Further
details of the approach to estimating mobilisation emissions and costs are provided in Appendix
1.

2.7 PROCESS

Impacts from waste treatment considered in the analysis are summarised Table 5. Further
information on the approach adopted for each impact is given in the appendices dealing with
each waste management option.

Table 5: Greenhouse gas fluxes from waste management processes / treatments.

Impact Approach adopted
Landfill
Fossil CO, emissions from fuel used in landfill Estimated from fuel use per tonne of waste and
operations. emission factor.
N,O emissions from fuel used in landfilling Negligible - not quantified.
operations.

Incineration & other thermal processes

Fossil CO, emissions from carbon compounds in
the waste.

Short-cycle CO, from carbon compounds in the
waste (no global warming impact).

N,O emissions from waste combustion.

CO, emission from fuel use for incineration.

MBT, composting, AD and recycling

CH, emissions during processing.

Short-cycle CO, from  organic  waste
decomposition (no greenhouse gas impact).

Estimated from carbon content and origin in the
waste.

Estimated from carbon content and origin in the
waste.

Based on emission factors.

Internal use of energy is included in estimating
power exported. This impacts on displaced
emissions (see below).

Assumed to be zero for aerobic processes of MBT
and composting. Fugitive emissions of 0.5% of
CH, produced is assumed for AD.

Estimated from data on organic matter
degradation.

For composting and MBT, estimated from fuel use
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CO, from fuel used in treatment process.

N,O emissions from fuel used in treatment process

per tonne of waste and emission factor. For AD,
internal energy use is included in estimates of
power exported and addressed under displaced
emissions (below).

Negligible - not quantified.

2.8 DISPOSAL / USE
Greenhouse gas impacts arising from disposal of waste components or use of waste derived

products (such as compost) are summarised Table 6.

Table 6: Greenhouse gas fluxes from waste disposal / use of waste-derived products.

Impact

Approach adopted

Lan

dfill

CH, emission in landfill gas.

Short-cycle CO, emission in landfill gas or in off-
gas from flares or engines (no greenhouse gas
impact).

Short-cycle carbon retained in the landfill for
>100 years.

Fossil CO, in landfill gas emissions.

N,O emissions from landfills or from landfill gas
flares or engines.
Release of CFCs/HFCs from WEEE

Incineration & other thermal processes

MBT

Emissions of greenhouse gases from thermal
treatment residues (ash) after disposal.

CH, emission from MBT compost in landfill gas.
Short-cycle CO, emission from MBT residues
landfilled or compost applied to soil (no
greenhouse gas impact).

Short-cycle carbon retained in the landfill for
>100 years.
N,O emission from landfilled MBT compost.

Composting and AD

CH, from compost applied to soil. Short-cycle
CO, from compost applied to soil.

Short-cycle carbon retained in the soil for >100
years.

Recycling

Emissions of CFC/HFC during WEEE recycling.
Other impacts from recycling

Estimated using IPCC default methodology, based
on estimates of degradable organic carbon content
(DOC), proportion of DOC that dissimilates or
mineralises (DDOC) and proportion  of
dissimilated carbon released as CH, or CO, during
a 100-year period. The amount of CH, escaping
to the atmosphere is estimated from the efficiency
of gas collection for flaring or energy recovery and
oxidation in the landfill. Non-dissimilated DOC is
assumed to be stored for >100 years (ie is
sequestered).

Not included - all fossil-derived organic
compounds are assumed to be non-biodegradable.
Not included — considered to be negligible.

Based on published burdens of CFC/HFC in
WEEE and emission factors.

Not included — considered to be negligible.

Based on IPCC methodology for landfilled waste
(see above), taking account of reduction in
degradable carbon content during MBT treatment
and impacts of gas control practices after landfill
disposal.

Non-dissimilated carbon is
sequestered.

Not included — considered to be negligible.

assumed to be

Estimated from turnover time of organic matter
added to soils.
Non-dissimilated carbon added to soils is assumed
to be sequestered. Estimated from organic matter
turnover time.

Based on published burdens of CFC/HFC in
WEEE and emission factors.

No other significant disposal-related impacts
associated with recycling.
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2.9 DISPLACED EMISSIONS
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Displaced emissions of greenhouse gases originate from the substitution of energy or materials
derived from waste for alternative sources. We deal first with displaced energy emissions:

2.9.1 Displaced energy

The displaced energy components considered in the analysis are outlined in Table 7. The table
is followed by further discussion of the approach adopted in deciding the source of the energy

displaced by the waste management options.
Table 7: Displaced energy impacts

Approach adopted

Impact
Landfill
Energy recovery from landfill gas for electricity
generation.

Incineration and other thermal processes
Electricity, heat and combined heat and power
applications.

AD
Electricity, heat and combined heat and power
applications.

Composting, MBT and recycling

Calculated from gas recovered, calorific value,
conversion efficiency and assumed emission factors
for displaced alternative energy source.

Calculated from calorific values of waste
components, conversion efficiency and assumed
emission factors for displaced alternative energy
source.

Calculated from gas recovered, calorific value,
conversion efficiency and assumed emission factors
for displaced alternative energy source.

No energy recovered, so no displaced energy

impacts.

A number of issues related to the estimation of the emissions actually displaced are common to
all waste management options in where energy is recovered and these are addressed in the
following paragraphs. Details concerning the calculation of energy recovered from each waste
management option are given in the relevant appendices.

Energy recovered as part of the waste management process, either as heat, electricity or both in
CHP applications, replaces the need for an equivalent amount of heat or power to be generated
from other sources elsewhere in the energy system. The difficulty comes in knowing precisely
what is being replaced. Some important factors affecting this assessment (for electricity
generation) are:

The operating pattern of the new generation system — peak lopping or base-load. Waste-
based energy recovery systems such as incinerators or landfill gas schemes operate
continuously. As part of an integrated power system, such schemes will compete with base-
load generation. In much of the EU this would have been dominated by open-cycle coal or
oil-fuelled steam turbine power stations but an increasing proportion is now provided by
more efficient combined-cycle gas turbines (CCGTs). Renewable sources of energy (such
as biomass and wind power) are also gaining ground. Nuclear power provides the mainstay
of base-load power generation in France and Belgium. Nuclear power and renewable
energy sources produce no direct greenhouse gas emissions, but have associated emissions
from other parts of the fuel cycle. For example, emissions are produced during production
of materials for construction of nuclear power plants, wind turbines, solar panels etc.
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Emissions also arise from use of fuel and production of fertilisers for growing and harvesting
biomass. However, emissions of greenhouse gases per unit of energy produced are much
lower for renewable and nuclear sources than for fossil fuel sources.

The costs of generation by the new source of energy compared with existing or proposed
new alternative sources. Energy traded into the distribution system will, in a free market,
compete on price with alternatives. Suppliers may enter into long-term contracts at
negotiated prices to ensure that they have a guaranteed market for the energy recovered.

Subsidy schemes. Governments may influence the market through taxes or subsidies to
the advantage or disadvantage of particular energy sources. Governments often subsidise
renewable energy in order to achieve environmental objectives. Some of these systems
involve competitive bidding where different renewable options compete against each other,
and the most cost-effective schemes are granted subsidies. This was the case with the UK
government’s NFFO (non-fossil fuel obligation) scheme. If energy from waste is included in
these schemes, it is possible that it might displace other renewable energy schemes.

The amount of spare generating capacity in the market. New plant coming on-stream
may delay or prevent the need for commissioning new capacity elsewhere in the system, as
opposed to displacing more costly existing older plant. New plant is likely to be CCGT or
renewable energy (most countries are unlikely to commission new nuclear capacity for the
time being, although Finland has just announced plans for a new plant).

Local factors that may limit access to power or heat markets, and hence the extent of
competition with alternative fuels. Local limitations on the grid may affect the nature of
displaced generation. For example, island communities adopting waste incineration because
of the shortage of a suitable landfill may have a completely different generation plant mix
compared to the adjacent mainland, with a different spectrum of displaced emissions.

Wide differences in displaced emissions are therefore to be expected, depending on local
circumstances. The range of typical CO, emission factors per unit of energy recovered is
illustrated in Figure 5 (electricity generation) and Figure 6 (heat generation). The figures are
based on the following information sources:

The emission factor for the EU average mix was calculated from EUROSTAT 1998 figures
for the total fuel mix for electricity production, with fuel use figures multiplied by carbon
emission factors from the IPCC Revised 1996 IPCC Guidelines for National Greenhouse
Gas Inventories.

Emission factors for renewable sources were taken from the ExternE study [8,9].

The emission factor for coal steam cycle plant assumed a generation efficiency of 36% and
carbon content of coal of 25.8 t/TJ. The emission factor for CCGT plant assumed a
generation efficiency of 50% and carbon content of gas of 15.3 t/TJ.

The factors for gas and oil boilers assume heat generation efficiencies of 75% and carbon
contents of 15.3 t/TJ (gas) and 21.1 t/TJ (oil).

The EU-average industrial heat mix (excluding the iron and steel industry) was calculated
using EUROSTAT 1995 fuel use data for industrial heat use (excluding iron and steel) and
standard fuel carbon emission factors, assuming 75% boiler conversion efficiency.
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Figure 5: CO, emission factors for electricity generating technologies
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Figure 6: CO, emission factors for heat generating technologies
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Common practice in life cycle assessment is to assume that either coal-fired steam cycle plant,
CCGT or the average EU generating mix is displaced. For this study, we are also interested in
the possibility of renewable sources being directly displaced by energy from waste schemes in
cases where countries provide subsidy schemes where energy from waste competes on a cost
basis with other renewable energy sources. The baseline analysis assumes that the average
EU generating mix is being displaced (this includes existing renewables, nuclear and
CHP schemes as well as the conventional use of coal, lignite and CCGT). However,
because of the critical impact of the source of the displaced energy for some
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technologies (notably incineration) which is sufficient to swing the outcome of the
analysis, alternative cases in which wind or coal-generated electricity are also
assessed. The CCGT case was not evaluated separately because emissions from CCGT are
very similar to those from the current mix. Wind power was chosen to represent renewable
energy because it has the lowest life cycle emissions (compared with solar photovoltaic power
or biomass) and thus allows the lowest end of the sensitivity range to be assessed.

Heat recovered is considered to replace the EU-average industrial heat mix at 0.28 kg CO,
/KWh (excluding the iron and steel industry, which uses a distinctive fuel mix not representative
of the rest of EU industry) as shown in Figure 6. Alternative heat sources were not further
evaluated in the study. It is, however, conceivable that a waste incinerator displacing electricity
from biomass could also displace any useful heat from the same source. Heat-generating
renewable energy sources are not widely deployed to input to heat mains suitable for
incinerators in CHP applications, and so our choice of displacement of average heat technology
emissions seems reasonable.

2.9.2 Displaced materials

Table 8 shows the greenhouse gas impacts associated with the displacement of alternative
materials with waste-derived products are considered in the study. Details for each waste
management option are found in the appendices.

Table 8: Climate change impacts through displaced materials.

Impact Approach adopted

Landfill
Incineration and other thermal processes
Ferrous metal recovery in incinerator residues.

No materials displaced by landfilling.

Assumed 90% of input ferrous metal is recovered,
attracting the same displaced emissions (per tonne)
as recycled material.

Other recyclable materials recovered in incinerator Not included.

residues (eg bottom ash).

MBT

Metals are recovered for recycling at the MBT
plant.

Other recyclable materials recovered from MBT.

Compost & AD
Displaced fertiliser use due to nutrients in compost.

Displaced use of alternative organic substrates.

Impacts due to changing farming practices
associated with compost use.

Recycling
Impacts on greenhouse gas emissions from
manufacturing products from recycled materials
rather than virgin substrates.

Assumed 100% of input metal is recovered,
attracting the same displaced emissions (per tonne)
as recycled material.

Not included.

Greenhouse gas emissions avoided by replacing

mineral fertilisers, including fuel use for
manufacture and N,O emissions from N-fertiliser
manufacture.

Reduction in fossil CO,
displaced by compost.
Impacts discussed but not quantified include
changes in energy use for crop production and
N,O emissions from reduced input of N to soils.

emission from peat

Fossil CO, emissions from fuel use in manufacture
from primary materials as opposed to reprocessing
recycled materials. Carbon tetrafluoride emissions
averted by aluminium recycling.
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2.10 COST ESTIMATION

The focus of this study is to quantify greenhouse gas fluxes from alternative waste management
options, not to undertake a detailed cost-effectiveness analysis of the options, which would
require a much more detailed analysis of economic costs. The costs data reported here are
provided to give an indication of the likely costs of waste treatment and the range of variation
observed.

DG Environment has requested the use of gate fees as a proxy for economic costs for this study.
Gate fees are the fees charged by the operators of waste management facilities for disposal of
received waste. They can be seen as representing the actual financial costs of waste
management to the public more accurately than technology costs. Gate fees will be set at a
level to recover all capital and operating costs, but will also include a profit element. In the
case of recycling, sometimes a price is paid for receipt of recycled materials — this can be viewed
as a negative gate fee.

In a competitive market, gate fees tend to be set at the level which the market can bear, and are
therefore strongly influenced by the cost of nearby methods of waste disposal. For example, the
fee charged by a composting plant may be set just below the fee charged by nearby landfill sites
or incineration plants. Therefore gate fees vary very widely across the EU and also within
countries. We have attempted to estimate average or typical values for each member state.
Where this has not been possible, we have extrapolated gate fees from a member state with a
similar geographical location, economic status and approach to waste management, as detailed in
the text. Full details of the cost estimates are given for individual processes in the relevant
appendices.

Gate fee estimates in national currencies and for years other than 1999 were converted to 1999
Euro using the appropriate year's conversion rate and the Eurostat Industrial Producer Price
Index. As far as possible the level of any taxes, subsidies for plant, or premium prices for
products have been indicated in the report.

The gate fee represents the cost of all treatment once the waste has been delivered to the
treatment plant. However, costs are incurred prior to this in collecting the waste and, if
necessary, sorting, cleaning, shredding or compressing it. These costs are normally borne by the
local waste collection authority or by a private company which will recover the costs by sale of
valuable scrap to the treatment plant. We have included estimates of these collection and pre-
treatment costs as described in Appendix 1.
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3 Results

This section presents the main findings of the study in terms of greenhouse gas fluxes from each
waste management option and combinations of options. The details of each waste management
options, including the mobilisation of the waste from point of arising to treatment centre
(including the movement of any residues or reagents) is described in detail in the appendices.
The appendices contain background assumptions and detailed tables of results. Key findings are
presented graphically in this section, along with summary information on the characteristics of
each option. Results are usually presented in terms of greenhouse gas flux per tonne of MSW,
based on the average composition shown in Table 9. Information on fluxes per tonne of waste
component are given in the appendices.

Table 9: Average EU MSW composition, derived mostly from OECD data. See
Table 12 on page 55 for further details.

Component Per cent fresh
weight
Paper 29%
Putrescible 31%
Plastic 8%
Glass 11%
Metal 5%
Textiles 2%
Fines 5%
Miscellaneous. combustible 6%
Miscellaneous non combustibles 2%

The following topics are addressed:

Options for bulk (non-source segregated) MSW
Options for source-segregated MSW
Waste Electrical and Electronic Equipment that enters the MSW stream, and

Disposal costs

The final part of this section is comprised of a discussion of the key uncertainties, followed by an
analysis of alternative waste management scenarios for 2020. Conclusions from the analysis are
presented in section 4.

3.1 OPTIONS FOR NON-SOURCE SEGREGATED WASTES

There are four main waste management options for dealing with bulk MSW - ie waste that is
collected in bulk from households, with any segregation for recycling and recovery of particular
materials undertaken at a MRF or at the waste treatment/disposal facility. These options are:

Landfill — waste is collected in bulk and taken to the landfill. No materials are recovered or
diverted.
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Mass-burn incineration — bulk waste is taken to an incinerator. Ferrous metal is
recovered for recycling from the ash, which is then disposed of to landfill.

RDF combustion — bulk MSW is collected and taken to a MRF, where plastic, paper and
textiles are converted to RDF for combustion. The residual waste is disposed of to landfill,
after removal of metals for recycling.

MBT - bulk MSW is processed by MBT with various fractions being removed for
recycling, incineration or direct landfilling. The composted stabilised residue is then
landfilled.

3.1.1 Landfill

Detailed information on landfill is given in Appendix 2. Greenhouse gas fluxes associated with
landfilling paper, putrescible wastes and raw MSW(expressed in terms of CO, eg/tonne of
MSW) are shown in Figure 7. The graph refers to base case assumptions concerning the
amount of degradable carbon that dissimilates to methane and CO,, (ie DDOC content) and
assumes EU-average landfill gas collection efficiency. Greenhouse gas fluxes are dominated by
methane emissions (positive) and sequestered carbon (negative). The category labelled ‘avoided
energy and materials’ refers to electricity generated from landfill gas. All other flux sources are
negligible for the landfill option.

Figure 7: Greenhouse gas fluxes due to landfilling untreated MSW, paper and
putrescible waste (kg CO2 eq / tonne MSW) — base case dissimilable carbon content
and EU-average gas collection.
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Net fluxes are shown by the diamond symbols. Putrescible wastes show the highest net flux.
Paper and putrescible wastes account for 20 and 70 % respectively of net greenhouse gas flux
from landfilled MSW. The net flux from paper is lower since a greater proportion of
degradable carbon is sequestered in the landfill. The net flux from mixed MSW amounts to
about 330 kg CO, eg/tonne MSW. Plastic wastes are inert in landfills and so do not contribute
to methane emissions and, since all of their carbon is of fossil origin, there is no carbon
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sequestration attributable to this component either. Fluxes various MSW components are given
in Appendix 2.

The sensitivity of the greenhouse gas fluxes to alternative views of the proportion of carbon that
dissimilates in the landfills (ie DDOC) is shown by Figure 8.

Figure 8: Impact of DDOC on greenhouse gas fluxes due to landfilling untreated
MSW, paper and putrescible waste (kg CO2 eq / tonne MSW).
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The graphs show that for alternative assumption of the value of DDOC the total greenhouse gas

flux for MSW can range from about 40 to over 650kg CO, eqg/tonne waste.
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Further uncertainty is seen regarding the impact of gas collection efficiency and the use of a
‘restoration layer’ to increase the rate of methane oxidation at the landfill surface. Figure 9
compares the total net greenhouse gas flux from untreated MSW landfilled in sites
corresponding to EU-average gas collection (‘Base case’, left hand columns) with alternative sets
of assumptions. The ‘limited collection’ case refers to the use of peripheral landfill gas collection
intended to prevent gas migration into surrounding land, rather than to reduce surface emissions
per se. Negative fluxes are seen for the ‘best practice’ and ‘restoration layer’ cases because the
negative flux due to carbon sequstration (about —370 kg CO, eqg/tonne, from Figure 7) is
greater for these types of sites than the positive flux due to methane emissions. The graph also
shows greenhouse gas fluxes where carbon sequestration is ignored (right hand columns). The
net flux excluding carbon sequstration reduces with improving standards of gas management
mostly through reduced emissions of methane but also through more extensive use of methane
for electricity generation.

Figure 9: Total greenhouse gas fluxes from landfilling of untreated MSW, with and
without credit for carbon sequestration (base case DDOC, flux in kg CO2 eqg/tonne
MSW).
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Improving the management of landfills to reduce methane emissions would clearly
result in a major reduction of greenhouse gas emissions from this option, even
converting a net source into a net sink for greenhouse gases, if carbon sequstration is
taken into account.

3.1.2 Incineration

The breakdown of greenhouse gas fluxes from incineration depends strongly on the material
being combusted, which is illustrated in the comparison between paper and plastic, incinerated
in mixed MSW, shown in Figure 10. Energy is recovered as electricity only in this example.
The replaced energy is assumed to come from the average EU-2000. Emission savings due to
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avoided energy and materials (ie the electricity that would have been generated by other means)
are important for both paper and plastic waste. However, the main component is process CO,,
resulting from fossil CO, emissions from plastic waste. Emissions due to transportation of waste
and residues and N,O emissions from combustion together make up less than 10% of the net
fluxes.

There is a net saving (negative net flux) in greenhouse gas emissions when paper is incinerated of
about —235 kg CO, eqg/tonne paper, dominated by emissions avoided from replaced energy, but
in the case of plastic waste, this is more than off-set by the large process emission of fossil CO,,
resulting in a net positive flux of about 1560 kg CO, eg/tonne plastic.

Figure 10: Greenhouse gas fluxes from mass-burn incineration of plastics and paper,
replaced energy is EU-average electricity generation, kg CO2 eg/tonne of paper or
plastic.
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The greenhouse gas fluxes from incinerating bulk MSW are shown in Figure 11. The graph
compares the impact of alternative assumptions on the type of energy recovery used. In the
left-hand bar, where incineration takes place without energy recovery, the greenhouse gas
benefits of avoided energy and materials are limited to those associated with recycling the
ferrous metal recovered from the combustion residues. Overall, there is a net positive
greenhouse gas flux from this option of about 180 kg CO, eq/tonne. The central bar represents
the case where electricity only is recovered during incineration and EU-2000 average power
generating mix is replaced (in addition to the benefits from ferrous metal recovery). However,
the avoided emissions are almost completely neutralised by process fluxes of fossil CO, from
plastic waste, resulting in a virtually neutral (-10 kg CO, eg/tonne) net greenhouse gas flux.
The right-hand bar shows the situation where both heat and power are recovered from mass-
burn MSW incineration. The additional recovery of heat (displacing average EU-heat sources)
leads to an overall negative net greenhouse gas flux of some —350 kg CO, eg/tonne.
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Figure 11: Greenhouse gas fluxes from mass-burn incineration of MSW. Displaced
energy is EU-2000 average electricity and heat sources. (kg CO2 eg/tonne MSW).
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The graph shows that energy recovery can make a substantial contribution to the net
greenhouse gas flux from mass-burn incineration, but the magnitude of this effect depends on
the energy sources that are replaced. In the above example, the avoided emissions associated
with energy were assumed to come from EU-average plant mix. Two alternative views are
now considered — firstly the displacement of coal-fired electricity generation and secondly, wind
powered generation. In both instances the replaced heat source remains as average EU-2000
heat mix.

Figure 12 (upper section) shows the results for when coal-fired electricity is replaced. This
results in a marked reduction in net greenhouse gas fluxes due to MSW incineration for
electricity and CHP applications to —225 and -560 kg CO, eg/tonne.

However, when wind-powered electricity generation is replaced (lower section in Figure 12),
electricity-only incinerators perform almost as badly in greenhouse gas flux terms as those
without any energy recovery (net greenhouse gas flux of about 180 kg CO, eg/tonne), although
CHP plant (with heat replacing EU-average) still shows a negative net flux of about —160 kg
CO, eg/tonne.
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Figure 12: Impact of source of replaced electricity on greenhouse gas fluxes from
mass-burn incineration of MSW. EU-2000 average heat sources is assumed for CHP
options. (kg CO2 eg/tonne).
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Pyrolysis and gasification of bulk MSW with energy recovered as electricity only produce
virtually identical greenhouse gas fluxes as mass-burn incineration, and so are not described
further. More information is provided in Appendix 3.

ED21158

AEA Technology

31



3. Results Final Report

Mass-burn incineration of MSW, even without energy recovery, gives lower net
greenhouse gas fluxes than landfilling with EU-average standards of gas collection.
With best practice standards of landfill site management, incineration with CHP
energy recovery has the lower net flux (assuming that average EU-2000 electricity
and heat sources are replaced, and taking account of carbon sequestered in the
landfills). If carbon sequestration in landfills is not included, then MSW incineration
with energy recovered as electricity only, as well as CHP plants, have lower fluxes
than the best standards of landfills. The advantage of incineration depends crucially
on the sources of energy it replaces. If coal-fired electricity generators are replaced,
then electricity-only incinerators have lower greenhouse gas fluxes than even the best
types of landfills, and even more so in the case of CHP incinerators. However, if
wind turbines are the replaced generators, then the best standards of landfills have a
lower net flux than CHP incinerators.

3.1.3 Refuse Derived Fuel (RDF) combustion

An alternative to mass-burn incineration that has found limited application is in the production
and combustion of RDF, made from paper, plastics and textiles. In this analysis, we consider
the greenhouse gas fluxes of RDF burnt in either a dedicated combustor (in this instance, we
assume a fluidised bed combustor (FBC), probably co-firing with wood, peat or coal) or as a
substitute for coal in a cement kiln or pulverised fuel powers station. Here we assume that the
RDF displaces coal on an equivalent energy content basis and that there is no change in thermal
efficiency associated with co-firing. The issue of alternative choices for replaced generation
emissions is therefore not relevant in these latter cases. However, there is some uncertainty
over what would be replaced in the FBC instance. Clearly for a pre-existing plant, if RDF
were not used then more wood, peat or coal would be required. However, if a new facility
were to be built, it could substitute for new renewable electricity technology with a much
lower emission factor, such as wind or biomass, so reducing the net greenhouse gas benefit of
RDF combustion. In this instance, we have assumed that the RDF-FBC electricity replaces
power that would otherwise have come from EU-2000 average plant mix.

This analysis also considers fluxes from disposal of the residual MSW to landfill and those
associated with recovering metals for recycling during the RDF preparation.

Greenhouse gas fluxes from RDF combustion are shown in the three left-hand bars in Figure
13. For RDF combustion in FBC boilers, there is a net positive greenhouse gas flux of about 70
kg CO, eg/tonne, with the energy benefit being outweighed by the process emission of fossil
CO, from plastic combustion. Where RDF replaces coal in pulverised fuel power stations or in
cement kilns, the displaced energy benefits are much larger and as a result a net negative
greenhouse gas flux of about —340 kg CO, eg/tonne of MSW occur.

The RDF options also incur greenhouse gas fluxes from the disposal of residual MSW (mostly
putrescible waste, but also glass and miscellaneous materials) and from the recycling of metals
recovered during sorting and fuel preparation. We consider the issue of residual MSW
components first.

Net greenhouse gas emissions from the landfill of MSW residues are dominated by methane
emissions, which are only partly offset by carbon sequestration, resulting in a positive net
greenhouse gas flux of about 260 kg CO, eg/tonne MSW. Base case levels of DDOC and EU-
average gas collection are assumed for the landfill of MSW residue.
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Recovery and recycling of metals (assumed to be 4% ferrous and 1% aluminium in MSW) from
the MSW processed to RDF provides a significant saving in emissions of about -160 kg CO,
/tonne MSW.

Finally, the overall greenhouse gas fluxes from the RDF combustion, plus landfilling of residual
MSW and metals recovered for recycling are shown in the two right-hand bars. RDF
combustion in cement kilns and power stations produce the same outcome and so only one set
of data are shown for these situations. Overall, RDF combustion in the FBC system gives rise
to an overall positive greenhouse gas flux (about 180 CO, eq/tonne MSW), compared with a
net negative flux of about —230 kg CO, eg/tonne for co-firing as a coal substitute in cement
kilns or pulverised fuel power stations.

Figure 13: Greenhouse gas fluxes from refuse-derived fuel (RDF) combustion and
landfill disposal of residual MSW, kg CO2 eg/tonne MSW.

The results are based on EU-average electricity as the replaced energy source, except for combustion in power stations or cement kilns, where
coal is assumed to be replaced. Landfill fluxes are calculated for base case DDOC and EU-average gas control.
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RDF combustion currently accounts for less than 10% of waste incinerated. Where
the RDF is combusted as a direct replacement for coal in power stations or cement
kilns, and the residue is disposed of to landfill operated to EU-average standards, then
an overall negative greenhouse gas flux results. The greenhouse gas flux is much
smaller than that resulting from the disposal of bulk MSW to EU-average standard
landfills, but of similar magnitude to that achievable through the highest standards of
landfill gas management. Where the RDF replaces EU-average electricity sources,
then the greenhouse gas flux from the landfilled residue outweighs the negative flux
from the incineration step and RDF results in an overall positive net greenhouse gas
flux. This is only slightly less than that achieved by landfilling the bulk MSW, with
EU-average landfill gas management.

ED21158 AEA Technology 33



3. Results Final Report

3.1.4 Mechanical Biological Treatment (MBT)

Two main options for MBT have been analysed — MBT treatment followed by landfilling of the
compost and diversion of a proportion of the paper, plastics, textiles, miscellaneous combustible
and miscellaneous non-combustibles to (a) either direct landfilling or (b) mass-burn incineration
with energy recovered as electricity. The proportion of rejects diverted was as follows:

Paper 20%
Plastics 100%
Textiles 50%
Miscellaneous combustibles 50%
Miscellaneous non-combustibles 100%

Full details of the MBT process assumptions are given in Appendix 4. Materials sent to landfill
directly were assumed to decay with base case DDOC and with EU-average gas collection
efficiency. Electricity generated at the incinerator was assumed to displace EU-2000 average
generation mix. In both cases, all of the metals (assumed to be 4% ferrous and 1% aluminium in
MSW) were recovered for recycling.

The behaviour of the compost following MBT is examined under three sets of assumptions:

Case 1. The highly stabilised compost is landfilled and all of the small amount of
methane formed is oxidised before it escapes.

Case 2. Less completely stabilised compost is landfilled and 25% of the methane
formed escapes, the rest is oxidised.

Case 3. The highly stabilised compost is used as a surface dressing for landfill site
restoration and decays aerobically. Because further decomposition occurs under the
aerobic conditions under which the compost is used, sequestration of carbon is
limited to the much lower rate used for compost applied to agricultural land.

Cases 1 and 2 are thought to represent the most likely end uses for MBT compost once the
technique becomes established. Case 3 is most likely to be important when MBT is initially
established on a working landfill, but opportunities for disposing of compost as surface dressing
will diminish as the option becomes more firmly established. Results are presented for all three
cases separately, and as an average of cases 1 and 2, since for the reasons just given, these are
thought to most closely represent the major fate of the compost. Levels of methane production
from MBT compost were assumed to be too low to allow energy recovery.

We will consider first the case of MBT with landfill of rejects. The greenhouse gas fluxes
associated with this option are shown in the upper graph of Figure 14. Net greenhouse gas
emissions are strongly negative for cases 1 and 2, which benefit from the large amounts of
carbon sequestered, and less so for case 3, with lower levels of sequestration. The negative
fluxes associated with avoided energy and materials come from the recycling of metals
recovered from the process. The methane emissions in Case 1 and Case 3 originate almost
entirely from the 20% of paper that is removed for direct landfilling before the composting
stage, although emissions from MBT compost also contribute in Case 2. Direct landfilling of
paper also contributes to the relatively large component of carbon sequestration seen in Case 3,
where the compost itself is used for site restoration and so there is relatively little carbon
sequestration associated with the compost in this application.
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Figure 14: MBT with landfill or incineration of rejects and recycling of metals
(kgCO2 eq/tonne MSW).
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Turning now to the option of MBT with incineration of rejects, shown in the lower graph of
Figure 14, the results show a slighly smaller net negative flux for the three cases considered,
compared with the MBT with landfill of rejects discussed above. The benefits of avoided
materials and energy which are dominated by the avoided fluxes associated with metal recycling
are in this case supplemented by the relatively small contribution of avoided emissions due to
electricity generation at the incinerator. However, this is outweighed by the increase in process
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emissions due to fossil CO, emissions from plastics incineration, so that the overall net (negative)
flux is slightly less than the corresponding results for MBT with landfill of rejects. In this option,
all of the methane emissions and carbon sequestration are attributable to the compost iteslf, since
all rejects are incinerated,rather than going to landfill.

The main advantage of MBT over landfilling of untreated MSW lies in the much
lower amount of methane emitted from the stabilised waste, along with avoided
emissions due to recycling metals and energy recovery from incineration of rejects.
On the other hand, incineration of plastic rejects contributes to process-derived
emissions. Owverall, MBT results in a lower greenhouse gas flux than EU-average
standard of landfilling when the composted residue is landfilled to maximise carbon
sequestration, but is comparable with fluxes from the highest standards of landfill.
The relative performance of specific MBT schemes will depend on flows of various
waste streams and so these examples provide only a guide. Non-greenhouse gas
benefits of MBT over landfilling of raw waste include more effective use of landfill
void space, greater stabilisation of the waste, reducing the threat from leachate
escape and the consequent reduction in environmental management costs at the
landfill. Benefits also accrue from the recycling of materials recovered in the option.
MBT is less sensitive than incineration to assumptions about the source of replaced
energy.

3.2 OPTIONS FOR SOURCE-SEGREGATED WASTES

Having considered the main waste management options for bulk MSW or MSW subject to only
minimal segregation following collection, we will now examine greenhouse fluxes from waste
segregated at source. The analysis is based on the assumption that the segregated wastes are
completely removed from the MSW stream for recycling or composting / AD (in the case of
putrescible wastes), and that only residual material (consisting of fines - ie dust - and
miscellaneous combustible and non-combustible materials) remain. This residue is then
disposed of to landfill without further treatment.

3.2.1 Putrescible wastes

Figure 15 shows the greenhouse gas fluxes associated with composting and AD of putrescible
wastes — ie food and garden wastes. The main component of the net negative flux for each
option is from avoided energy and materials use — which comprise benefits due to the reduced
need for peat, mineral fertilisers and, in the case of AD, energy also. A relatively small
additional benefit comes from carbon sequestration due to the storage of carbon in soil following
the use of compost in agriculture. Organic matter in aerobic soils turns over much more rapidly
than under anaerobic conditions in landfills, which accounts for the lower sequestration benefit.
Details of assumptions for composting and AD are given in Appendices 5 and 6.

Overall, the AD options have the greatest net greenhouse gas flux, especially in the CHP
version. The results are presented for the case where the electricity replaced by AD comes
from average EU generating plant mix. Smaller benefits would be seen if wind energy were the
displaced generation source and in this case the greenhouse gas benefits of AD would be similar
to those of composting. Correspondingly larger benefits would accrue if coal-fired power
generation were displaced. Positive greenhouse gas fluxes come from transportation and, in the
case of open and closed costing systems, energy used in the process. In the case of AD, energy
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use is included in the overall energy efficiency of the process and so is not shown separately. For
home composting there are no transport or energy use emissions.

Overall, the net greenhouse gas fluxes associated with the management of separated putrescible
waste range from —-12 to -58 kg CO, eqg/tonne MSW, with an overall average of —26 kg CO,
/tonne MSW, shown in the right-hand column of the graph.

Figure 15: Greenhouse gas fluxes from composting and AD of putrescible wastes,
assuming average EU electricity replaced. kg CO2 eg/tonne MSW.
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3.2.2 Recycling

Greenhouse gas fluxes from recycling source-segregated materials are summarised in Figure 16,
based on background information given in Appendix 7. Appendix 7 also shows the greenhouse
gas fluxes expressed per tonne of each material recovered. Here we show the flux associated
with recycling each component per tonne of MSW. The results for plastics are based on
HDPE. Paper and aluminium offer the ‘best’ returns from recycling per tonne of MSW,
compared with glass, which offers the least benefit. The total flux from recycling is shown in
the right-most bar, which is the sum of the individual waste components. Recycling all of the
materials indicated would result in a net negative greenhouse gas flux (ie a saving) of about —470
kg CO, eg/tonne MSW.
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Figure 16: Greenhouse gas fluxes from recycling, kg CO2 eq/tonne MSW.
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In addition to the fluxes associated with recycling source-segregated materials, we also need to
take account of the fluxes associated with disposal of the residual material, in this case to landfill.
These results are shown in Figure 17, based on the assumption that the landfill gas collection is
managed to EU-average standards. A net flux of about 30 kg CO, eqg/tonne MSW results from
this stage in the process, if we count the benefit due to carbon sequestration, or 80 kg CO,
eg/tonne MSW without.

Figure 17: Greenhouse gas flux from recycling residue disposed of to landfill kg CO2
eq/tonne MSW.
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From these results, we can now calculate the overall greenhouse gas flux associated with
maximum recycling and composting for separately collected wastes and landfilling of the
residue, under the base-case assumptions outlined above. This is shown in Table 10, with and
without the negative flux credited to carbon sequestration (both in the landfilled residue and
compost applied to soil):

Table 10: Net greenhouse gas fluxes from recycling and composting of source-
separated wastes, kg CO2 eq/tonne MSW.

Including C sequestration Excluding C sequestration
Compost /AD -26 -19
Recycling -467 -467
Landfill of residue 31 80
Total flux -461 -406

Recycling and composting / AD of source segregated wastes offer the lowest
greenhouse gas fluxes of the waste management options analysed, under base case
assumptions on landfill gas management and the source of replaced energy. The
performance is relatively insensitive to assumptions concerning the inclusion of
carbon sequestration, replaced energy and landfill site management.

3.2.3 Overall results

In the following graphs, the net average greenhouse gas fluxes from source separated materials
managed through maximum recycling and composting / AD is compared with options for
treating bulk MSW not subjected to source segregation.

Figure 18 compares the waste management options under base-case assumptions for landfill gas
management and replaced electricity source. All options appear ‘better® than landfill of
untreated MSW, with the maximum recycling option performing best of all. The results are
presented with and without the credit due to carbon sequestration. Sequestration makes only a
minor difference to the recycling and composting option, but has a large impact on landfill itself
and the MBT options. Landfill remains the ‘worst’ option even when sequestration is taken into
account. If sequestration is not included, then the next best option to recycling and composting
IS mass-burn incineration, illustrated here by the average fluxes from electricity-only and CHP
applications. However, if sequestration is counted, then MBT becomes the next preferred
option (with landfill of residues performing better than incineration of residues). RDF
combustion is the second worst option after landfilling untreated wastes — assuming average EU
electricity plant is the avoided source of electricity. The RDF options in which it replaces coal
in either a pulverised fuel power station or cement kiln are not shown in these graphs. These
options achieve high net negative fluxes (see Figure 13) but opportunities for their widespread
deployment are very limited.

# In this context, ‘better’, ‘best’, ‘worse’ and ‘worst’ etc are used to denote the relative performance of options in
terms of greenhouse gas fluxes only.
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Figure 18: Overall net greenhouse gas fluxes from waste management options - EU-
average landfill gas collection and EU-2000 average electricity replaced kg CO2
eq/tonne MSW.
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The impact of improving landfill gas collection and management through adopting ‘best
practice’ and the use of ‘restoration layers’ at landfills to reduce methane escape and increase its
collection for energy recovery is shown in Figure 19 and Figure 20. The maximum recycling
and composting option remains the best option for both sets of assumptions, irrespective of
whether or not carbon sequestration is included. With landfilling with a restoration layer, the
net carbon flux (including sequestration) is lower than that of mass-burn incineration, which
becomes the worst option. In this case, MBT with landfill of rejects is the next best option to
recycling and composting.

Where sequstration is not taken into account, mass-burn incineration performs second best to
recycling and composting, and better than MBT or RDF combustion.
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Figure 19: Overall net greenhouse gas fluxes from waste management options — best
practice landfill gas collection and EU-average electricity replaced kg CO2 eq/tonne
MSW.
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Figure 20: Overall net greenhouse gas fluxes from waste management options —
‘restoration layer landfill gas collection and EU-average electricity replaced kg CO?2
eqg/tonne MSW.
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Where wind-generated electricity is the displaced energy source (see Figure 21, Figure 22 and
Figure 23), recycling and composting remain the best options, irrespective of whether carbon
sequstration is included or the assumed landfill gas collection efficiency.

Figure 21: Overall net greenhouse gas fluxes from waste management options — EU-
average landfill gas collection and wind electricity replaced kg CO2 eq/tonne MSW.
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Figure 22: Overall net greenhouse gas fluxes from waste management options — best
practice landfill gas collection and wind electricity replaced kg CO2 eq/tonne MSW.
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Figure 23: Overall net greenhouse gas fluxes from waste management options —
restoration layer landfill gas collection and wind electricity replaced kg CO2 eg/tonne

MSW.
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In the case where coal-fired electricity is replaced, recycling and composting still provide the
best overall outcome, but mass-burn incineration is the next best option, ahead of MBT and
RDF (Figure 24). However, the performance of incineration is based on equal deployment of

power-only and CHP schemes.
performance than recycling and composting — see Figure 12.

In this comparison, CHP plant would give a better

Figure 24: Overall net greenhouse gas fluxes from waste management options — EU-
average landfill gas collection and coal-fired electricity replaced kg CO2 eqg/tonne

MSW.
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Diversion from landfill to recycling

From the greenhouse gas fluxes reported above for recycling various separately-collected MSW
components (including putrescible wastes diverted to composting and AD), we can now
calculate the impact on overall greenhouse gas flux by diverting material to recycling that would
otherwise have been landfilled without further treatment. In this instance, the overall change in
flux is the difference between the net flux from landfilling the waste and the net flux from
recycling it. The results are expressed on a per tonne of MSW basis, to show which waste
streams, on recycling, yield the greatest improvement in greenhouse gas fluxes.

We start first with the case where waste is diverted from landfills operated to EU-average
standards of gas management (Figure 25). Results are shown with and without the negative flux
attributed to carbon sequestration. The greatest impact of including the sequestration terms falls
on the avoided flux from landfill, since the sequestration term for composted putrescible waste is
relatively small. Taking the case where sequestration is included in the net flux, the results
show that diversion of putrescible wastes from landfill to composting/AD (we assume here the
average treatment flux from composting or AD treatment shown in Figure 15) gives the overall
greatest reduction, closely followed by paper. If carbon sequestration is excluded, greater
overall savings accrue because of the worse performance of landfill, and in this case, diversion of
paper, rather than putrescibles, from landfill offers the greatest benefit. Considerably smaller
savings result from diverting the remaining wastes shown in the figure.

Figure 25: Overall impact of diverting waste components from landfill with EU-
average standard of gas collection to recycling (or composting / AD for putrescible
waste), kg CO2 eg/tonne MSW. Positive values indicate a net saving in flux.
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The overall impact of diversion to recycling depends strongly on the performance of the landfills
from which the waste is diverted. If waste is diverted from a site with a high greenhouse gas
flux, then the overall benefits will be proportionatly greater. This is illustrated in Figure 26,
which shows the effect of diverting waste from sites with limited gas collection.
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Figure 26: Overall impact of diverting waste components from landfill with limited
gas collection to recycling (or composting / AD for putrescible waste), kg CO2
eqg/tonne MSW. Positive values indicate a net saving in flux.
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Where landfill performance is improved through higher standards of gas collection and
management, the advantages of recycling in terms of reduced greenhouse gas flux diminish.
Figure 27 shows the situation for waste diverted from sites having ‘best practice’ standards of gas
management.

Figure 27: Overall impact of diverting waste components from landfill with best
practice gas collection to recycling (or composting / AD for putrescible waste), kg
CO2 eg/tonne MSW. Positive values indicate a net saving in flux.
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Lastly, the impacts of diverting waste from high quality landfills with a restoration layer to
further reduce methane emissions is shown in Figure 28. Where the negative flux attributed to
carbon sequestration is included, it can be seen that composting or recycling of putrescible or
paper results in a small increase (ie a negative saving) in overall greenhouse gas flux, compared
with landfill. Where the contribution due to sequestration is excluded, composting and
recycling still give positive benefits compared with landfill. In this instance, it appears that
although paper recycling still offers the greatest flux saving, a greater benefit is obtained by
recycling ferrous metals, aluminium and textiles, than by persuing composting / AD of
putrescibles.

Figure 28: Overall impact of diverting waste components from landfill with
restoration layers to recycling (or composting / AD for putrescible waste), kg CO2
eg/tonne MSW. Positive values indicate a net saving in flux.
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It is also useful to consider the case where markets for dry recyclable materials are obtained, but
opportunities for marketing compost at the price needed to justify separate collection of
putrescible wastes have not been found. Contaminated putrescible wastes can then either be
landfilled directly or treated through MBT as an alternative to composting / AD. The option of
incineration for residual putrescible waste is not considered. Although these wastes are
incinerated as part of bulk MSW, higher concentrations are unacceptable for incineration
because they reduce the heat value of the waste below the minimum needed for efficient
combustion. This comparison is shown in Figure 29. Note that in this case the values are
expressed in units per tonne of putrescible waste, rather than MSW. The graph shows the
results for EU-average standards of landfilling and EU-2000 average electricity and heat as as
the displaced energy sources, and shows the contribution due to carbon sequestration. The
average of case 1 and case 2 for MBT has been assumed.

The results show that MBT followed by landfill disposal of the compost performs almost as well
in terms of net greenhouse gas flux as AD-CHP of source segregated putrescible waste. MBT
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performs well because of the credit due to carbon sequestration. On the other hand, the energy
benefit of AD with CHP makes this the best option in terms of greenhouse gas flux, ahead of the
composting options and AD with energy recovery as electricity only. Composting and AD, as
explained above, do not benefit from the large term for carbon sequestration attributed to
MBT. However, this evaluation takes no account of non-greenhouse gas advantages of
composting over MBT which would have to be taken into account in an overall comparison of
the options. If the negative flux due to carbon sequestration is left out of the comparison, the
performance of landfill worsens considerably, MBT returns a net positive flux and becomes the
second worst option, whilst options for source-segregated waste are relatively unaffected.

Figure 29: Net greenhouse gas emissions from options for treating putrescible wastes
(base case assumption), kg CO2 eg/tonne putrescible waste.

The left hand bars include the negative flux due to carbon sequestration, the right
hand bars exclude this component.
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3.2.4 Greenhouse gas fluxes from WEEE management

WEEE is estimated to make up about 4% of MSW arisings in Western Europe, but this
proportion is increasing [119]. WEEE contains a mixture of ferrous and other metals, plastics,
glass etc that reflects the great diversity of products that eventually become WEEE. Further
details on this waste stream are given in Appendix 7. Most WEEE is currently landfilled, but
forthcoming EU and member state legislation will increase the amount collected for recycling
or recovery. Here we compare greenhouse gas emissions from the major elements involved
with either recycling or landfilling. Incineration of WEEE is generally not widespread and
where it does happen foam and refrigerants are expected to be destroyed by the combustion
process.

A major contribution of greenhouse gas emissions from WEEE management comes from
refrigerators. Although refrigerators (plus freezers and similar equipment) only make up 9% of
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WEEE, the refrigerant itself and the gas used to make the insulating foam have significant global
warming impacts. The refrigerant itself is removed for destruction before recycling, but
shredding used for metal recycling releases most of the remaining greenhouse gas from the foam
into the atmosphere under present practices, as does landfilling. The most potent greenhouse
gases found in refrigerators, the CFCs, have been phased out under the Montreal Protocol, since
they are also ozone depleting agents. They have been replaced by the less harmful HFCs,
which have lower, but still significant, global warming potentials (see Table 4). The analysis
presented here considers the greenhouse gas fluxes due to landfilling or recycling of ‘old’
WEEE, in which the refrigerators contain the now banned CFCs and ‘new’” WEEE, in which
the CFCs are replaced by HFCs. Details of the underpinning assumptions are given in
Appendix 7.

The summary results are shown in Figure 30. The greenhouse gas fluxes include those
associated with incinerating plastic separated as part of the WEEE recycling process in a mass-
burn incinerator with CHP energy recovery. Emissions due to transport and landfill operations
are omitted since these are negligible in comparison with the fluxes shown.

Figure 30: Greenhouse gas fluxes associated with WEEE landfilling or recycling (kg
CO2 equivalent/tonne). ‘Old’ refers to WEEE in which the refrigerators contain
CFCs, ‘New’ refers to refrigerators containing HFCs.
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The results indicate the major impact of CFCs on greenhouse gas impacts of WEEE
management. Landfilling of ‘old” WEEE from which CFCs have not been removed makes this
materials the most concentrated source of greenhouse gas emissions at almost 5,600 kg CO,
equivalent / tonne. Even recycling this material creates a net greenhouse gas flux of over 1500
kg CO, equivalents/ tonne, due to emissions of CFC from refrigerator foam (the refrigerant is
removed for destruction on recycling), unless effective measures are taken to trap emissions. On
the other hand, recycling of WEEE containing refrigerators using HFCs (‘New WEEE’) shows a
net benefit in greenhouse gas terms, because the impacts of HFC releases are more than
compensated for by the savings due to metal recycling. These benefits are of course absent
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when new WEEE is landfilled, and releases of HFC from foam and refrigerant contribute to a
substantial net greenhouse gas emission of some 390 kg CO, equivalents / tonne. Landfilling of
WEEE will reduce significantly in the future following the implementation of the WEEE
Directive, but agreement is still to be reached over the best way of reducing emissions from
refrigerator foam during the crushing and shredding stages of WEEE recycling. Because of the
relatively long product lifetime of refrigerators (10-15 years), equipment containing the banned
CFCs will be coming through into the waste stream for several years to come.

3.2.5 Costs of waste treatment
The cost of each treatment option is summarised in Table 11. As discussed earlier, these costs
are based on gate fees for waste treatment options (or prices paid for recyclable materials at
reprocessing plants) plus the incremental costs of source separate collection where appropriate.
incremental cost over that of bulk waste

This study has focussed on the assessment of greenhouse gas impacts of waste management
options as the primary aim, but indicative data on costs have been collected where possible. A
comprehensive assessment of waste management costs throughout the EU would require a
detailed study in its own right, although such information would be required for a detailed cost-
benefit analysis of the alternative waste management options.

We will consider first the costs of managing bulk MSW, via the treatment options of landfill,
incineration and MBT, shown in the top three rows of Table 11. Overall average gate fees
(including tax) of 56 Euro/tonne for landfilling and 64 Euro/tonne appear to be comparable,
but conceal a very wide range of variation, shown by the ranges in the right hand column.
Values towards the lower end of the price range are believed to reflect disposal charges to older
or low quality facilities with low environmental protection standards. In the case of landfills, we
would expect to see a significant increase in disposal costs as countries bring their landfills into
line with the standards required in the landfill directive. In the case of incineration, the disposal
fee may be subsidised, through, for example, price support for energy sales. This mechanism is
used in the UK, for example, to encourage waste incineration as a ‘renewable’ energy source.

Despite the apparent cost advantage of landfill over incineration, the costs of collecting bulk
waste for disposal plays an important role in determining the choice between the two options.
Incineration tends to be favoured in large metropolitan areas and cities, where the population
density and therefore waste production rates are highest. Incineration is highly capital intensive,
and there are significant economies of scale that reduce unit disposal costs at high scales of
operation (over about 100 kt/y). In such locations the higher disposal fees for incineration,
followed by transportation and disposal of the residues in rural landfills, is often more cost
effective than long-haul transport and direct landfilling of raw wastes.
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Table 11 Cost of Waste Treatment Options (Euro/t treated)

Treatment Typical average cost Overall range reported
Euro/tonne Euro/tonne
Bulk MSW
Landfill 56 11-162
Incineration 64 31-148
MBT 60 - 75 87
Putrescible - food / garden waste
Separate collection 40 in 2000 0-75
10 in 2020
Composting
Open systems 35 16 — 174 (open/closed)
Closed systems 50 0 (home)
Home 0
AD 65 41-153
Paper
Separate collection 40 in 2000
10in 2020
Recycling -450
Plastics
Separate collection 400 250-1242
Recycling 300 (mechanical) 100-500
150 (feedstock) 50-250
Metals
Separate collection 40 in 2000
10in 2020
Recycling
-22 (steel)
-945 (aluminium)
Glass
Separate collection 40 in 2000
10 in 2020
Recycling -34 -45-0
WEEE
Separate collection 300 200-400
Recycling 50 (large household equipment) 10-80
250 (refrigerators) 200-300
450 (equipment with monitors) 100-800
350 (small household equipment) 200-500

Experience of MBT as a pre-treatment for landfill is almost entirely limited to Germany and
Austria at present. The limited disposal fee data collected in this study suggest that the
technique has the potential to compete on cost with both landfill and incineration. With
limitations due to be implemented on the disposal of untreated biodegradable waste to landfill,
MBT appears to offer a solution with little or no increase in cost. Indeed, some further cost
reductions could be anticipated through the use of MBT, such as the reduced need for landfill
gas and leachate management and better use of landfill void space. Perhaps the greatest barrier
at present to the widespread adoption of MBT outside Germany and Austria is lack of familiarity
amongst the waste management industry and local authority waste planners.

Composting disposal fees reflect the costs of investment and operation of the facility and income
from the sale of the compost so produced. Open systems tend to be cheaper than the more
complex closed systems, which may offer better control over process conditions and odours etc.
Typical disposal charges of 30 — 50 Euro/tonne for biodegradable wastes processed by
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composting are less than those for the bulk waste disposal options. In the case of AD, however,
costs are higher (~65 Euro/tonne), reflecting the greater complexity of the process. For both
composting and AD, we also need to consider the costs of separate collection, which is essential
if usable compost is to be produ