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Abstract

The waste-LCA model EASEWASTE quantifies potential environmental effects from biological
treatment of organic waste, based on mass and energy flows, emissions to air, water, soil and
groundwater as well as effects from upstream and downstream processes. Default
technologies for composting, anaerobic digestion and combinations hereof are available in
the model, but the user can change all key parameters in the biological treatment module so
that specific local plants and processes can be modelled. EASEWASTE is one of the newest
waste LCA models and the biological treatment module was built partly on features of earlier
waste-LCA models, but offers additional facilities, more flexibility, transparency and user-
friendliness. The paper presents the main features of the module and provides some examples
illustrating the capability of the model in environmentally assessing and discriminating the
environmental performance of alternative biological treatment technologies in relation to
their mass flows, energy consumption, gaseous emissions, biogas recovery and
compost/digestate utilization.
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1. Introduction

Biological treatment is a common option for management of organic municipal solid waste.
At present, approximately 2000 composting facilities (Boldrin et al., 2009), 185 anaerobic
digestions plants (IEA, 2008) and 180 Mechanical Biological Treatment (MBT) plants (ECN,
2009) treating — or co-treating — organic municipal waste are in operation in Europe.

Biological treatment of organic waste affects the environment in several ways. The type
and magnitude of the effects strongly depend on the specific waste system and technology.
The actual quantification of potential environmental effects from biological treatment
requires knowledge about mass and energy flows, emissions to air, water, soil and
groundwater as well as effects from upstream and downstream processes. Life Cycle
Assessment (LCA) is a systematic approach and a standardized methodology for reporting and
assessing the abovementioned aspects. A complete LCA study is iteratively carried out through
four phases: goal and scope definition, life cycle inventory (LCl) analysis, life cycle impact
assessment (LCIA) and interpretation (including uncertainty analysis) (ISO, 2006).

The LCA-model EASEWASTE includes a module for biological treatment of organic waste.
This module enables the user to quantify the essential environmental effects from a specific
biological treatment technology under local conditions, assuming that defined key parameters
describing the system are available. The module contains several default datasets based on
existing technologies (windrow composting, tunnel composting, anaerobic digestion,
combined digestion/compost, home composting), which may be used if no specific data are
available. The basic principles of EASEWASTE are described in Kirkeby et al. (2006).

Since EASEWASTE was built on experience generated by previous models, the first part of
this paper presents a brief overview of biological treatment modules in dedicated waste LCA
models. In the second part, the functionality of the biological treatment in EASEWASTE is
described in detail. Finally, data from four case studies will be presented to: 1) illustrate the
functionality of the model; 2) provide dataset useful for LCA studies on biological treatment
of organic waste; 3) indicate key issues and relevant parameters regarding LCA modelling of
biological treatments; 4) show the capability of the model of discerning different technologies.
This paper focuses on the biological treatment technologies. The environmental issues of
using the output from biological treatment in terms of compost and digestate is described in
another paper by Hansen et al. (2006).

2. Review of biological treatment modules in existing waste-LCA models

A number of models for environmental assessment of waste systems include biological
treatment of organic waste. However, the approach and level of detail vary between the
models influencing the flexibility (possibility of including specific data) and complexity (user
friendliness). The following sub-chapters give a short summary of the approaches used, and
some of the strength and weaknesses of each model. The described models have been chosen
according to the following criteria:

e A complete waste management system can be modelled and biological treatment is one
of the available options. This makes it possible to pay attention to various source sorting
schemes upstream from the biological treatment.

e Several waste fractions can be handled simultaneously. Each fraction is described with a
chemical composition and can be routed to different treatment. This makes it possible to
introduce various guidelines for sorting at the source and thereby include differences in
organic waste composition.



e Both anaerobic digestion and composting are included as technological alternatives (an
exception is the MSW-DST model which includes only composting; see later).

e Emissions to the environment are distinguished in process- and waste-related emissions.
The latter makes it possible to relate emissions to the composition of the waste treated.

An overview of the different features included in the described models is provided in Table 1,

while a review of the general technical assumptions is provided by Gentil et al. (2010).

2.1. The IFEU Project

The IFUE Project is a German model for environmental assessment of waste systems based on
modelling from the software UMBERTO. The model was developed for comparison of different
treatment options for urban organic waste, including municipal organic waste, and the
quantification of environmental effects from biological treatment is therefore relatively
detailed, as described in Vogt et al. (2002).

Anaerobic digestion is defined by “wet one-step mesophilic digestion” and “dry one-step
thermophilic digestion”. The digested organic waste is separated into a wet and a dry fraction;
the wet fraction led to wastewater treatment and the dry fraction stabilized by a composting
step. The produced methane is used for electricity — delivered to the grid - and heat - primarily
utilized at the biogas plant. Emission of unburned methane from combustion of the gas is
quantified and included in the assessment. Detailed mass balances for carbon and nitrogen
describe the fate of the two components in the investigated systems. During the anaerobic
digestion a fraction of the carbon is transformed into biogas or eventually lost to wastewater.
The rest of the carbon is transferred to the composting step, where it is partly lost as emissions
to air (e.g. CO, or CHa) or as wastewater. A substantial part of the nitrogen contained in the
wet fraction is lost as ammonia. During the composting stage nitrogen may be emitted to air
(NHs, N2O, N3) or to wastewater. The remaining nitrogen is found in the treated organic waste.

Treatment of municipal organic waste by composting is defined by an intensive composting
step (open or enclosed) followed by a stabilising composting step (open air windrows). The
mass balances for carbon and nitrogen for the two composting steps are similar to the ones
performed by the stabilizing composting step after anaerobic digestion. For the closed
composting process air cleaning by biofilters may be included to reduce emissions.

2.2. Organic Waste Research: ORWARE

ORWARE is a Swedish model developed by a cooperation of different research institutes and
universities. The model was originally developed for environmental assessment of
biodegradable liquid and organic waste (including sludge), but it can also handle treatment of
mixed waste. The modelling in ORWARE is done using a modular approach and transfer
coefficients are used to define the elemental distribution in each environmental
compartment. Transfer coefficients are also used to model the degradation of organic
persistent pollutants (CHX, AOX, PAH, Phenols, PCB and dioxins). In ORWARE, available
biological treatments for organic waste are anaerobic digestion and composting. Detailed
description of biological treatment in ORWARE can be found in Dalemo et al. (1997) and
Dalemo (1999).

Anaerobic digestion is exemplified by a continuously stirred tank reactor (CSTR) one-step
mesophilic digestion. Four pre-treatments are possible for the incoming waste: hygienisation
(70°C), sterilization (130°C), maceration, and separation of metal and plastic. The degradation
of organic matter is estimated taking into account the degradation potential of the substrate
and the retention time in the digester. Degradation is estimated separately for the different



organic compounds (fat, protein, carbohydrates, etc.). The production of biogas (CO2 + CHa) is
proportional to the amount of organic matter degraded. Mineralisation of organic nitrogen to
ammonium and sulphur to hydrogen sulphide are proportional to the degradation ratio of
proteins contained in the waste. The electricity consumption is estimated to be approximately
5% of the energy contained in the biogas, while the heat consumption is estimated taking into
account the surface area of the reactors and the retention times. Utilisation of the biogas is
modelled in a separate sub-module, with various options for the energy recovery (engine,
boiler, buses, cars and trucks). When the produced biogas is combusted in a stationary engine,
the energy recovery efficiency is 30% for electricity and 60% for heat.

Three options are available in ORWARE for treatment of municipal organic waste by
composting: home-, windrow- and reactor composting. The models are basically the same,
the differences are modelled in terms of energy consumption, gas cleaning system and
content of heavy metals - i.e. lower concentrations in small systems such as home composting.
The model assumes that anaerobic conditions never occurs (i.e. no CHs emissions) and that all
leachate water is recirculated. The gaseous losses of nitrogen are calculated according to the
Kirchmann’s equation (see Dalemo et al., 1997) and distributed into N2O (2%), N2 (2%), and
NHs (96%). When used, the gas cleaning system is composed of a condensation unit and
biofilter. The removal efficiencies are 90 % for NHs and N0, and 50% for CH4 (user defined).

In ORWARE, the produced compost/digestate can be routed to a use-on-land module,
where environmental consequences of spreading residuals to arable land can be modelled.
The composition of biotreated material is calculated based on the waste composition.

2.3. Decision Support Tool: MSW-DST

The Integrated Solid Waste Management-Decision Support Tool (MSW-DST) is a model for
environmental and economic assessment of integrated waste management systems
developed by the Research Triangle Institute (RTI), North Carolina State University and the
United States Environmental Protection Agency (USEPA). MSW-DST includes a module for
composting of organic MSW (Weitz et al.,, 1999), eventually pre-treated to reduce
contamination.

Two main windrow composting technologies are available, the main difference being
whether the composting pad is enclosed in a building or outdoor. In the first case, the waste
— mixed household organic waste and garden waste - is shredded in a horizontal hammermill
and watered to obtain a moisture content of around 50% (wet weight). Composting windrows
are aerated and occasionally turned by a windrow turner. An odour-control system is installed,
but specific gas removal (e.g. NH3) is not modelled. Disposal of rejects in landfill is not included
in the LCI.

The outdoor windrow facility treats source separated garden waste. Branches are shredded
with a tub grinder and no water is added to the feedstock, because garden waste has initial
water content already higher than 50% (wet weight). The windrows are turned monthly with
a front loader. No odour control system is installed. A post-processing trommel screen is used
to produce a fine compost material.

For all technologies, the MSW-DST model includes specific consumptions of electricity and
fuel, as well as emissions from the machineries utilized. The model assumes that during the
composting process no CHa is emitted and that no nitrogen is lost in gaseous form. No leachate
control is defined and the model does not calculate the generated amounts and type of
substances released to the receiving recipients.



Compost composition is predefined in the model and thus it is not waste specific. Three
compost qualities can be produced: high quality compost (from sorted household waste), low
quality compost (from mixed household waste) and garden waste compost. High quality
compost and garden waste compost can be used for soil amendment and landscaping at
farms, plant nurseries and on derelict land. Low quality compost is to be landfilled.

2.4. WRATE

WRATE (Waste and Resources Assessment Tools for the Environment) is an English model for
environmental assessment of waste management systems. WRATE was jointly developed by
Environmental Resources Management and Golder Associates on behalf of the Environment
Agency for England and Wales. WRATE includes a number of biotreatment technology
modules based on a consistent process input/output framework. These technologies include
4 types of anaerobic digestion, 10 types of composting and 15 types of MBT-plants as default
data.

The composition of the biotreated materials is predefined in the model where four generic
grades of biotreated materials can be chosen.

The biotreatment processes include construction, maintenance and decommissioning
data. All the direct operating emissions are based on the typical emissions of existing plants
(whether measured or estimated). These emissions are directly proportional to the
composition (waste specific emissions) and the quantity of waste (process specific emissions)
defined by the user.

For anaerobic digestion systems, the quantity of electric energy produced is linearly
correlated to the quantity of biogenic carbon in the incoming waste, however, it is not possible
to see the quantity of methane produced by such a system. All the typical fugitive emissions
(e.g. CHa, N2O, NHs) are defined for each waste management facility. N emissions are
calculated based on the N content of the incoming waste.

All the biotreatment processes include the management of rejects that can be transported
to different technologies (e.g. incineration, landfills, etc.). Default data include the typical
guantity and composition of waste rejected from a specific process but can be modified by
the expert user.

2.5. Integrated Waste Management: IWM2

The Integrated Waste Management (IWM) model was developed by Procter & Gamble for
environmental and economic assessment of waste management systems. Composting and
anaerobic digestion are the options available in the module for biological treatment
(McDougall et al., 2001). Different technologies can be modelled in each sub-module by
defining specific process data and parameters. Different pre-treatment are available prior to
the biotreatment.

The anaerobic digestion module calculates the amount of biogas and compost produced
based on the mass of organics lost during the process, defined by the user. The amounts of
energy used in the process and recovered from biogas are estimated by the user and entered
in the model in terms of kWh Mg wet weight (ww) input to the digester. The value regarding
energy production covers a number of other parameters determining the methane yield and
recovery, such as the methane potential of the waste, methane and energy contents of the
biogas, and engine type and efficiency. Air emissions are included in terms of CO,, generated
both from the degradation process and the combustion of biogas. No other air emissions are
considered. Liquid residue from the digestion process is routed to wastewater treatment



plant, but such process is not included in the model. The composition of digestate is
predefined in the model. Both the compost and the eventual residue from screening operation
can be routed to further treatments (incineration, landfill). Compost can as an alternative be
sent out on the market; replacement of mineral fertilizers is modelled by means of default
substitution processes.

The composting module calculates the amount of compost produced based on the mass of
organics lost during the process, defined by the user. The amount of energy used — which
depends on the technology employed - in the process is user defined and entered in the model
in terms of kWh Mg ww input to composting. Air emissions are included in terms of CO;
generated from the degradation process. No other air emissions are considered. The
composition of compost is predefined in the model and its quality determines the final use.
Similarly to the digestate, both the compost and the eventual residue from screening
operation can be routed to further treatments — compost to use on land and reject to
incineration or landfill.

2.6. WISARD

WISARD is a waste management life cycle assessment software developed by Ecobilan
(France) to assist decision makers when evaluating alternative waste management scenarios
(The Ecobilan Group, 2004). WISARD includes generic modules for composting and anaerobic
digestion, where case specific parameters — among which construction, maintenance and
decommissioning of the plant - are used for modelling treatment facilities defined within the
scope of the study.

In WISARD, energy and material consumptions, and the mass balance are calculated on a
monthly basis and then converted to process specific data using time-based operational
parameters of the facility (e.g. working days per month, tonnage treated per month). Emission
factors for different material and processes (e.g. diesel combustion) are included by default,
but they can be re-defined by the user. Flows of reject materials can be routed to further
treatment or to disposal.

The composition of biotreated material is predefined in the model with varying degree of
detail, but the user can customise it to the specific case. The biologically treated material is
used on land and different compounds — nitrogen, phosphate, magnesium, and potassium
fertilizers, and lime — can be offset, according to some utilization coefficients specific for each
compound. The model also calculates leaching to groundwater of nitrate, phosphate and
heavy metals. Use of energy for transportation and spreading on land of the stabilized material
is accounted for in the model.

The modelling of composting includes also emissions to air of different gases (i.e. CHs, NH3,
N20) and leaching of different compounds (i.e. organic matter, heavy metals, sulphur,
phosphorous) occurring during the process.

The anaerobic digestion module includes modelling of biogas production and utilization.
Biogas production is calculated on the amount of putrescible material within the waste using
biogas generation values provided by defaults in the database for the landfill gas generation.
The composition of biogas (CO2, CHa, H2S, hydrocarbons) is defined on a mass basis (g kg™* of
biogas) and a fraction of its loss between the digester and the generator. The quantity of
electricity and heat recovered from biogas utilization is defined on a monthly basis. For the
heat recovered, the substituted energy technology is defined by the user — coal, natural gas
and oil are the options.



2.7. LCA-IWM

LCA-IWM is a model for assessing the environmental sustainability of municipal waste
management planning. It was funded by the European Commission under the Fifth Framework
Programme and developed by a cooperation of different institutions (Technical University of
Darmstadt, Germany; University of Tarragona, Spain; novaTec, Luxemburg). The model is
described in details in De Boer et al. (2005) and De Boer et al. (2007). Anaerobic digestion and
composting are the available biological treatments in LCA-IWM. In both cases, mechanical pre-
treatments are possible and waste characteristic is a user defined input. Default mass flows
of the processes are provided by the model, but adjustments can be made by the user.

Anaerobic digestion is defined with a thermophilic dry 1-stage process. Wastewater,
biogas, and digestate are the outputs of the process. Biotreated material and wastewater
compositions are calculated based on the waste composition. Leaching coefficients are used
to determine the distribution of several substances between wastewater and digestate.
Wastewater can be routed (user defined) to a wastewater treatment plant, which includes
phosphorous removal and sludge stabilisation. Biogas yield is calculated based on methane
potential defined by the user (in m® Mg biowaste), in case taking into account the level of
contamination in the waste. The produced biogas is used for energy production in a
combustion unit with electricity and (optionally) heat recovery (CHP). The amount of the
energy generated is linked to the amount and quality of the biogas, while air emissions of
several substances generated during the combustion process are process specific and user
defined (in mg m3 of flue gas) and should take into consideration a possible installation of an
flue gas treatment system. In the default data it is assumed that the CHP is equipped with an
oxidative catalytic air cleaning unit. The solid residue produced during the digestion process
is aerobically stabilized to produce marketable compost. The maturation phase is 4 weeks long
and takes place in windrows in a rotting hall. No air cleaning system is installed. The compost
composition is calculated using decomposition rates for C and N. Emissions to air are modelled
using emissions factors describing distribution of degraded C- and N-containing matter into
different compounds (i.e. CO2, CHa, NMVOC, NHs, N2O, N3). It is assumed that no leaching of
metals and nutrients occurs during the maturation phase. The produced compost can be
further routed to a use on land module. Energy consumptions occurring throughout all phases
of the process are summed up to a unique “overall energy consumption” value, which is used
in the calculation.

Composting is exemplified with a fully encapsulated composting plant, including a first
stage of intensive composting in boxes and a subsequent maturation phase in enclosed
windrows. The box composting process takes approximately 11 days. Degradation of organic
matter is governed by decomposition rates for C and N-containing fractions defined by the
user. Water and air emissions are calculated using emission factors for distributing the
degraded C- and N-containing matter into different compounds. The maturation phase in
windrows is performed in enclosed rotting halls. The modelling of the maturation phase is the
same as the one described for the anaerobic digestion process. Both intensive composting and
maturation take place in enclosed buildings, the exhaust air generated during the processes is
collected and treated in a biofilter. The performance of the biofilter is assessed using removal
efficiency values for CH4, TOC, NH3, and N»O. No leaching of metals is assumed to occur during
all phases of the composting process, meaning that all metals are transferred into the
compost. The produced compost can be further routed to a use on land module. Energy
consumption occurring throughout all phases of the process is included in the calculation.



3. The biological treatment module in EASEWASTE

The EASEWASTE model was developed for estimating waste flows, environmental emissions
and resource consumption from waste management systems. Similarly to most of the other
models, EASEWASTE can be used for assessing whole waste management systems. In addition,
it can be used for evaluating the management of single waste material fractions and for
comparing different technologies (Christensen et al., 2007). The model was built to be user-
friendly, well-documented, transparent and flexible (Kirkeby et al., 2006), but the complexity
provided by the model allows the user to include a variety of aspects, processes and sub-
processes commonly present in waste management system. EASEWASTE can easily be
adjusted to properly cover the temporal and spatial scopes of the study, while distributing the
emissions to a large range of potential impact categories. EASEWASTE supports LCA studies
throughout the four above mentioned LCA phases and can deliver results both as an inventory
of emissions and potential environmental impacts (characterised, normalised or weighted). A
novelty of the model is that consistent results are ensured with a material- and substance-
balance approach. An overview of the different features included in the EASEWASTE model is
provided in Table 1.

Table 1 — Overview of features included in the reviewed models (v'=included/available; na = not available or
not accessible).
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Biological Treatment Lo m=339¢g
Biotreated material depends on waste composition ¥ ¥ na na na na na v
Compost modelling VY v v v v vy
Anaerobic digestion modelling VY nvvvyvy
MBT modelling na na na v na nana v
Sludge modelling na ¥ na na na na na na
Other Organic waste management na ¥ na na na na na na
Methane potential v v nanav nav v
Methane content in biogas v v nhanav nanaVv
Methane production v v nav v nanaVv
Unburnt methane (Fugitive emissions) v nav Y nananaV
Total N Loss v v navY nav nav
VOC emissions nav v v nav v v
Distribution of N loss (NHs, N2O, N;) v v v v hanav Vv
Gas cleaning (NHs, N,O, CHa) v v v Y nananaVv
Energy produced Vv v v v v vy
Compost degradation coefficient v v v Y nhanana vV
Biogas degradation coefficient nav v v nananavV
Biotreatment rejects nav v v nav naV
Retention time modelling na vV ¥ v nananana
Variable Retention time modelling na nana v nananana




3.1. Approach and structure

The module for biological treatment of organic municipal waste in EASEWASTE includes
modelling of:

e anaerobic digestion;

e composting;

e combined anaerobic digestion and composting;

e Mechanical-Biological-Treatment (MBT) plants for treatment of mixed residual waste.
A Material Recovery Facility (MRF) module can be placed prior to the biological treatment
module in EASEWASTE to model specific sorting/screening operations in the system.

Generation, collection and pre-treatment of the waste are assessed in associated modules

in the model, positioned prior to the biological treatment module. By defaults, EASEWASTE
operates with 48 waste material fractions, each described by 40 physical-chemical parameters
- the list can be found in Kirkeby et al. (2006). Default datasets are available, but all parameter
values can be changed by the user (Kirkeby et al., 2006). In the module, the biological
degradation of organic matter (Volatile Solids, VS) and the distribution of the remaining
material between the output fractions are defined for each waste material fraction (vegetable
food waste, animal food waste, ornamental flowers, etc.). Each of the output flows from
biological treatment can be routed to other modules, where further treatment or disposal is
modelled and assessed. Both source-separated and mixed waste can be treated in the
biological treatment module. The module employs process-specific material and energy use
(mass/energy per Mg of waste processed) as well as process-specific emissions. Process-
specific emissions are categorized according to the receiving compartment (air, surface water,
soil, etc.). Emissions of CHs, NH3 and N0 are modelled as a function of the degradation of C-
and N-containing compounds. When possible, data regarding emissions should be gathered
and modelled specifically for the assessed facility, as done for example in Andersen et al.
(2010)”.

3.2. Dry matter flows

In EASEWASTE, the composition of biotreated material is calculated based on material input
composition by means of degradation ratios and transfer coefficients. These choices intend to
make the model more realistic and precise, avoiding the risk of a too simplified approach,
which might often produce the same results, regardless of aspects such as the country and
the waste composition in question. Furthermore, a modelling based on the waste composition
is useful for investigating diversion of waste material fractions to alternative treatments and
for identifying the origin of pollutants contained in the compost.

The degradation of the organic material (VS) for each waste material fraction is user
defined. As explained later, the VS degradation is calculated based on the methane potential
and methane yield in case of anaerobic digestion. For composting, the degradation is
expressed as degradation ratio (% of VS) of the VS input. Such coefficients must be defined for
each waste material fraction undergoing biological treatment, because the degradability can
vary considerably among them. Food waste is relatively easy degradable, while paper or
wooden materials degrade slowly. Waste material fractions with degradation ratio > 0 are
defined as “degradable”, while waste material fractions with degradation ratio = 0 are defined
as “non-degradable”. The model assumes that the non-degradable fractions (i.e. glass and
plastic) go unaltered through the biological treatment: their dry matter composition does not
change and they do not contribute to any emissions. The amount and composition of the
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degradable material fractions change during the process as they are degraded and may cause
emissions to different environmental compartments. The model assumes that all the ash and
heavy metals contained in the waste are not degraded during the biological process and
transferred to the compost composition — i.e. the amount of ash and heavy metals remain
unaltered for all waste material fractions during the treatment (it is assumed that no leaching
during the treatment is occurring).

The non-degraded dry matter (TS) from each material fraction is distributed between the
defined output fractions (e.g. compost, rejects) according to user defined transfer coefficients
(TCs). The TCs govern the distribution of dry matter to the outputs according to Equation 1.
Transfer coefficients must be defined for each input material fraction. The TCs matrix thus
consist of f columns (i.e. number of output fractions) and x rows (i.e. number of input material
fractions). The mass balancing approach is linear, as in the LCA context a process is treated as
a “black box” and the user is responsible for defining proper TCs describing the actual
biological process.

TSoutx = Xf=1(TSpio,r X TCx,f) Equation 1

Where:
TS, « [kg] is the amount of TS in the output x

TS, ¢ [kg] is the amount of TS left in waste fraction f after biological degradation

TC, ; [0-1]is the TC for fraction f into output x

The transfer coefficients are mass conserving and, considering all outputs, add up to 1 for each
waste material fraction. The number and type of outputs fractions — up to eight - can be
specified for each technology. The water content of each output fraction is user defined. Each
output fraction can be routed further downstream in the model. Transportation distance and
type for each of them can be defined. Available subsequent modules are: Use-on-land, energy
utilization, landfilling, material recycling, material utilization, thermal treatment.

Other non-solid outputs, emissions and pollution control devices are specific for the chosen
treatment within the three technologies: composting, anaerobic digestion and a combination
thereof.

3.3. Composting

Any kind of composting technology can be assessed in the composting module: open,
enclosed, reactor technologies, and home composting. The main differences between the
technologies are in the energy consumption (both electricity and fuel) and emission control
systems.

Any kind of biodegradable waste can be composted in theory. In practice, only few types
of organic waste are composted in significant amounts in dedicated plants: kitchen organic
waste, garden waste and sludge (Boldrin et al., 2009). In addition, large amounts of mixed
waste are composted in MBT facilities. Composting of organic municipal waste requires in
most cases mixing of structure material to optimise both the physical structure and chemical
properties (e.g. C/N ratio) of the feedstock. The structure material often consists of garden
waste. If the focus of the assessment is solely the treatment of food waste, allocation of
energy/materials uses and emissions must be done while preparing the inventory of the
specific facility.

11



The composting module includes a sub-module for emissions to air of carbon-containing
and nitrogen-containing compounds. If a biofilter is installed, removal efficiencies for NH3, N,O
and CH4 can be specified by the user, who should make sure that the data used are case-
specific and representative (e.g. of the variability) of the situation under assessment. The
module calculates by default the degraded C-containing matter and CO; emission to air using
the VS degradation ratios specified by the user, assuming that degradation of carbon
compounds is proportional to VS degradation. The amount of C-containing gaseous emissions
(Cair, expressed as kg of C) is calculated according to Equation 2:

Cair = My X X5_1(ms X TSy X Cr X VSgeg r) Equation 2

Where:

M: [kg] is the input waste mass

my [0-1] is the mass fraction of the waste material fraction f in the waste
TS [0-1] is the fraction of dry matter content of fraction f

Cr [0-1] is the carbon content (fraction of TS) for fraction f

VSaeq,r [0-1] is the VS degradation ratio for fraction f (user defined)

Equation 2 is based on total carbon content. Ideally, the release of fossil carbon and the impact
related to it should be calculated separately. However, in waste material fractions such as
organic waste the content of C-fossil is relatively small and, therefore, the degradation of C-
fossil compounds during the processes under consideration is considered negligible.

The model estimates emissions of CO, and CH4 in relation to the amount of carbon released
to atmosphere. Other C-containing trace gases (e.g. CO) could be emitted during biological
processes. These emissions can be defined as process-specific — i.e. per amount of treated
waste — in the model. The amount of CO; emitted is linked to the amount of degraded C-
containing matter (Cair) previously calculated minus the fraction of carbon emitted as CHa. In
addition, CO; is generated by methane oxidation in the biofilter if present. The amount [kg] of
CO2 emitted to atmosphere (CO2,qir) is calculated according to Equation 3:

molar_CO,

COZ,air = Cair X ((1 - CH4,degr_C) + (CH4,degr_C X CH4,rem0v)) X Equation 3

molar_C

Where:

Cair [kg of C] is the amount of C-containing gaseous emissions (calculated with Eq. 2)

CHa,degr ¢ [0-1]is the fraction of Cair emitted as CHa (user defined)

CHa remov [0-1]is the CH4 removal (oxidation) efficiency in the biofilter (user defined). If a
biofilter is not present, CHs,remov=0

molar_COz and molar_C [g mole?] are the molar weights of CO, and C

Composting can result in CHs emissions if composting heaps are not properly managed and
anaerobic conditions occur. The amount of methane released to the atmosphere, which
depends on how the plant is operated, is user defined as a percent of the degraded C-
containing matter. If a biofilter is installed, CH4 removal efficiency is also to be specified. The
amount of CHs [kg] emitted to atmosphere (CHa,air) is calculated according to Equation 4:

molar_CH,

CHygir = Cair X CHygegr ¢ X (1 — CHy remop) X Equation 4

molar_C
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Where:

Cair [kg of C] is the amount of C-containing gaseous emissions (calculated with Eq. 2)

CHa,degr ¢ 0-1 is the fraction of Cair emitted as CH4 (user defined)

CHa remov )[0-1] is the CH4 removal (oxidation) efficiency in the biofilter (user define). If a
biofilter is not present, CHs,remov=0

molar_CHs and molar_C [g mole™] are molar weights of CHs and C

During the composting process, part of the nitrogen contained in the waste is degraded and
eventually emitted to atmosphere. The total amount of nitrogen lost (as % of total N) and its
distribution among ammonia (NHs), nitrous oxide (N20) and nitrogen (N) is user specified in
EASEWASTE. The degradation of nitrogen compounds is not controlled by VS degradation
ratios, because the degradation patterns are different and because some of the N could come
from the inorganic matrix of the waste — in other words the N degradation is not proportional
to VS degradation. If gaseous emissions are treated in a gas-cleaning device (e.g. biofilter),
removal efficiencies for NH3 and N2O must be defined. The amount of N-containing gaseous
emissions (Nair, expressed as kg of N) generated during the composting process is calculated
according to Equation 5:

Ngir = Mg X Z}l=1(mf X TSf X N¢ X Ndeg) Equation 5

Where:

M: [kg] is the input waste mass

my [0-1] is the mass fraction of the material fraction —f in the waste

TS; [0-1] is the dry matter content (fraction of TS) of fraction f

Nf [0-1] is the nitrogen content (fraction of TS)of fraction f

Naeg,r [0-1] is the N compounds degradation ratio (same for all fractions)

Specific emissions to atmosphere of NH3 (NH3air) and N2O (N20Oair) are calculated according to
Equation 6 and Equation 7:

molar_NH3

NH3,air = Ngir X NHS,degr_N X (1- NH3,remov) X molar N Equation 6
molar_N,O0 .
N,0 = Ny X NZOdegr_N X (1"N20rem0v) X Wr_l\jz Equation 7

Where:

NH3 remov and Ny remov [0-1] are the removal efficiencies in the biofilter (user defined).
NH3,degr n [0-1] is the fraction of Nair emitted as NH3 (user defined)

N20gegr n [0-1] is the fraction of Nair emitted as N2O (user defined)

molar_NHs, molar_N-0, molar_N [g mole™!] are molar weights of NH3 N2O and N.

3.4. Anaerobic digestion

Different anaerobic digestion technologies for organic waste can be modelled in this module:
wet, dry, and semidry as well as one and two steps processes. The main differences between
different anaerobic digestion technologies will be energy consumption, emissions of
unburned methane and energy production. In case of co-digestion with other organic
materials, proper allocations must be made for the two substrates, but the co-substrate is

13



normally not included in the inventory. However, if the co-substrates are assessed to influence
the degradation of the organic waste, this can be reflected in the methane yield determining
the gas production. Moreover, the output fractions represent only the degraded waste and
not the mix of waste and co-substrates. EASEWASTE assumes that no emissions of nitrogen
containing substances occur during the digestion process.

The methane potential as STP m3 kg VS is defined for each waste material fraction as a
part of the chemical composition table in the EASEWASTE database. However, because the
degradability of the substrate depends on the types of organic matter in question, as a general
rule EASEWASTE considers that the methane generation is not proportional to the VS
degradation rate (it may be for highly degradable waste fractions). For instance, if the organic
substrate contains relevant amount of lignin, 100% of the methane potential could be reached
during the digestion process, while most of the VS is not degraded. Therefore, a new
coefficient expressing the obtained fraction (the yield) of the CH4 potential is to be defined by
the user. This approach was chosen to avoid overestimating methane production, while still
being able to investigate single waste material fractions. The methane production (CHa,prod) is
therefore calculated (in m3) according to Equation 8:

CH4-,pr'0d = Mt X Z}l=1(mf X TSf X VSf X CH4-,p0t,f X CH4,yield,f) Equation 8

Where:

M: [kg] is the input waste mass

my [0-1] is the mass fraction of the waste material fraction f in the waste

TS; [0-1] is the dry matter content (fraction of TS) of fraction f

VS; [0-1] is the VS (fraction of TS) content of fraction f

CHa potf [STPmM3 kgVS] is the CH4 potential of fraction f

CHa,yielq,f[0-1] is the obtained fraction of CHa potential for fraction f (user defined)

A fraction of the generated CH4 is emitted to the atmosphere, because of fugitive losses from
leaks in pipes, valves, etc. The amount (kg) of CH4 emitted to air (CHa,air) is calculated according
to Equation 9:

molar_CH,

CH4,air = CH4,prod X CH4,unrec X Equation 9

Vol_idealgas

Where:

CHa prod [M3] is the amount of CH4 generated (calculated with Eq. 8)

CHa,unrecov [0-1] is the fraction of generated CH4 not recovered (fugitive emission)
molar_CHg4 [g mole™] is the molar weight of CHa

Vol_idealgas [m3® mole™] is the ideal volume of 1 mole of gas at STP.

The degraded C-containing matter during the anaerobic digestion leaves the process as
biogas, either as CO, or CHs. EASEWASTE calculates the amount of degraded C-containing
matter during anaerobic digestion using the methane production (previously defined) and the
CH4 content in the biogas. In this way, the user is fully in control of the process parameters
and any kind of technology can be modelled. The amount of degraded C-containing matter
and emitted to air (Cair) is calculated according to Equation 10:
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CH d .
Cair = T, Lk X Molar_C Equation 10
—2ADI ol idealgas

100
Where:
CHa,prod [M3] is the amount of CHa generated (calculated with Eq. 8)
CH4,% biogas [0-1] is the CHa content in biogas (user defined)
Vol_idealgas [m® mol2]is the ideal volume of 1 mole of gas at STP.
molar_C [kg mole™] is the molar weight of C

Carbon dioxide (CO,) is generated during the digestion process (contained in biogas) and from
the combustion of biogas. In other terms, this can be calculated from the degraded C minus
the carbon contained in fugitive emissions of CHs from the reactor. The amount of CO; (kg)
emitted to atmosphere (CO,,air) is calculated according to Equation 11:

CO _ Cair CH4,air
2,air —
molar_C  molar_CH,

) X molar_CO, Equation 11

Where:

Cuir [kg of C] is the amount of C-containing gaseous emissions (calculated with Eq. 10)
CHa,qir [kg] is the amount of CH4 emitted to air (calculated with Eq. 9)

molar_CO,, molar_CHa, molar_C [g mole™] are the molar weights of CO2, CHa, C

In EASEWASTE, the biogas produced during anaerobic digestion can be flared, combusted in
an engine or upgraded and used as fuel in motor vehicles. Biogas flaring is used to oxidize CHa
to CO,, without energy recovery.

The amount (MJ) of energy recovered (Energyrec) from biogas depends on the amount and
energy content of CHa recovered from the digestion process; it is calculated according to
Equation 12:

Energyrec = CHyproa X (1 - CHMmrec) X Energycp, Equation 12

Where:

CHa prod [M3] is the amount of CH4 generated (calculated with Eq. 8)

CHaunrecov [0 1] is the fraction of generated CH4 not recovered (fugitive emission)
Energycra [MJ STP m3] is the energy content of methane

Utilization of biogas for energy purposes is performed in a separate module in EASEWASTE -
called “biogas treatment” — which is used for both energy production and upgrading of biogas
to fuel for motor vehicles. Such module is divided in two parts. The first is used to determine
the energy recovery: the user defines the type of energy produced by the engine (usually
electricity, eventually heat), the recovery efficiency for each type of energy and the marginal
energy production process which is substituted. The second part is used to specify the process-
specific emissions (e.g. CHa, NOy, CO, N20, and SO3) regarding the process for combustion of
biogas —in engines or in vehicle motors.
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3.5. Combined technology

Several technologies combining anaerobic digestion and composting exist. Some plants
combine the two technologies within the same reactor by changing between anaerobic and
aerobic conditions during the treatment process. Other plants perform anaerobic digestion in
reactors followed by windrow composting of the digested material. This is a technology area
under development and many different combinations have been introduced.

The modelling of the combined process is a combination of the modules for anaerobic
digestion and composting described above. The mathematical description thus consists of the
equations presented above for anaerobic digestion and composting. For each of the waste
material fractions entering the process, the user must define CH, yield and a VS degradation
ratio. Digestion of organic substance is performed before composting, the order cannot be
changed. The model estimates the chemical-physical composition of the material entering the
composting stage taking into consideration the biodegradation — described by the CHs yield
matrix - occurring inside the AD reactor.

3.6. Mechanical Biological Treatment (MBT)

Mechanical-Biological Treatment (MBT) is a generic term used with regard to systems
developed for the treatment of household and commercial waste and, if properly designed,
also for bulky waste, where mechanical (e.g. crushers, sieves, air classifiers) and biological or
physical processing are performed. Waste treatment in an MBT facility is performed to reduce
the volume of waste and to modify its chemical-physical properties.

MBT processes are normally classified into three types, according to the technology
employed and the nature of materials recovered:

e Mechanical Biological Pre-treatment prior to landfill (MBP): a mechanical step is used to
crush, sieve and recover different material fractions — primarily a Refused Derived Fuel
(RDF) fraction for energy production. The residual flow containing large amounts of
organic materials is biodegraded (aerobic or anaerobic treatment) and disposed in
landfills.

e Mechanical Biological Stabilization (MBS): the waste is undergoing biological treatment
aiming to dry the waste while preserving the energy content. A mechanical step is
employed afterwards to recover valuable materials (i.e. metals and mineral), while the
remaining fraction is used as RDF for energy production.

e Mechanical Physical Stabilization (MPS): same principle as MBS systems, but the drying
process is performed with physical process having additional energy requirements.

In EASEWASTE, a MBT plant can be defined in different ways, depending on the types of
processes adopted. The MBP and MBS plants are modelled using the mathematical equations
presented for the composting module or the anaerobic digestion module - depending on the
technology employed at the facility for the stabilisation of the organic fraction of the waste —
and employing appropriate parameters for describing the actual facility under assessment.

The screening (sorting) performed after the biological step is included using transfer
coefficients to distribute the TS to the different output fractions. In case of MBP facilities, a
screening step is also performed before the biological treatment to recover the RDF fraction.
This is modelled in EASEWASTE by using a Material Recovery Facility (MRF) module in front of
the biotech module. The composting module is also used for the MPS system: the water
content in the output is adjusted according to the drying procedure and if any degradation
occurs the VS degradation table is used to properly model it.
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The RDF produced can be routed to different options: energy utilization by co-combustion
in coal fired power plant and cement kilns, and thermal treatment by co-incineration in waste-
to-energy plant, or incineration in RDF power plant. These options differ in technical aspects
— e.g. energy recovery efficiencies, flue gas cleaning system - and substitution patterns —i.e.
co-combustion offset directly the use of coal, while incineration produces energy offsetting
marginal energy on the grid.

4. EASEWASTE modelling of existing biological treatment facilities

Four examples of existing treatment facilities have been chosen to illustrate the LCI modelling,
two based on composting systems, one based on anaerobic digestion and one technology
combining anaerobic digestion and composting. The illustrative cases aim to show that the
model can assess environmental performances of different alternatives in function of the
technology and management employed. It should be noted that the comparison of the below
described alternative is meant to illustrate the main differences among technologies and to
emphasize the most significant modelling parameters. Thus conclusions on the performance
of the technologies at a system level — and especially for other countries than Denmark -
should not be drawn, because local conditions and case-specific data (e.g. waste composition,
electricity mix, management, etc.) might be relevant for the results.

4.1. Description of treatment facilities

LCI modelling parameters for the selected technologies are reported in Table 2. A brief
description of the technologies is reported below, including background information for the
establishment of the LCls.

e Windrow composting system (T1) for the treatment of source-separated organic waste
(kitchen waste and garden waste) and production of high quality compost suitable for soil
amendment and landscaping at plant nurseries, on construction sites, and on derelict land.
A MRF (not included in the current LCI) is used to remove foreign items and impurities prior
to the composting process. Initially the waste is shredded in a horizontal hammermill and
watered to obtain a moisture content around 50% (wet weight). Composting takes place in
aerated windrows. The windrows are occasionally turned by a windrow turner. A trommel
screen is used to produce fine compost after the curing phase. Rejects are landfilled. The LCI
is based on Komilis & Ham (2000), Ham & Komilis (2003), and Komilis & Ham (2004).

e Tunnel composting system (T2) for the treatment of source-separated organic waste (2/3
kitchen waste and 1/3 garden waste as structure material) and production of high quality
compost sold as a fertilizer for agricultural and horticultural purposes. Garden waste is
shredded and stored until it is used. Kitchen waste is received and screened to remove large
foreign items (100 mm sieve, primarily plastic bags which are landfilled). Garden waste and
kitchen waste are mixed and loaded into the tunnels (7 meters wide and 90 meters long).
Mechanical turning of the feedstock is performed automatically every 6% day. Ventilation is
performed by constant insufflation of air from the bottom of the tunnel. The building is kept
humid and under-pressured in order to prevent spreading of odours and bio-aerosols in the
surrounding area. Exhaust gases from the composting process are treated with a biofilter
(compost + structure material such as bark or garden waste). Composting time is
approximately 11 weeks. Afterwards, feedstock is unloaded, screened with a 15 mm sieve
and laid in open cells for the final maturation. The rejects from the second screening are
sent to landfill. The LCI was developed by the authors based on data and documentation
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supplied by the plant management, including amount and composition of input waste and
output materials (compost and rejects), gaseous emissions measured after the biofilter and
consumption of energy and materials.

Table 2 — LCI modelling parameters for different technologies.

Unit Composting, Composting, AD, one stage Combined
Windrow Tunnel wet technology

Location USA Italy West Europe Denmark
Scenario name T1 T2 T3 T4
Mass balance (for vegetable food waste)
TS distribution: Compost % 95 95 - 100"

Digestate % - - 100 -

Rejects % 5 5 5 5
VS degradation: digestion % VSinput - - calc. calc.

composting % VSinput 67 73.5 - 135
CHa yield — kitchen waste % CHa pot. - - 70 50"
C degradation % VSinput 67 73.5 calc. calc.
TS in compost % of ww 60 64.5 - 64"
TS in digestate % of ww - - 3 -
Process-specific inputs
Diesel™" L Mg tww 1.3 - 0.9 0.9
Electricity kWh Mgtww 150 53.4 48.9 21
Waste-specific emissions to air
CHg4 fugitive % CHa4 produced - - 2 1.2
CHas to air % degraded C 0 0.2 - 3.9
N loss % total N 65 71 - 67"
NHs to air % N loss 96 89.5 - 96
N0 to air % N loss 2 14 - 0.78
N: to air % N loss 2 0.1 - 3.2
Gas cleaning
NHs % removal 90 99 - 98
N20 % removal 0 0 - 0
CH4 % removal 90 95 - 0
Process-specific emissions to air (after eventual biofilter)
vocC kg Mglww 0.001 - - -
NOx kg Mgtww - - - le3
S0: kg Mgtww - - - 5e%
Limonene kg Mgtww - 0.26 e3 - -
3,3dimethyl-2-oxobutanoatekg Mg ww - 0.19e3 - -
Sulphuric acid kg Mgtww - 0.19e3 - -

* composted digestate

** adjusted after Davidsson et al. (2007)

*** provision + combustion

***based on Egglestone et al. (2006) and Chung (2007)
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e One stage "wet" thermophilic anaerobic digestion plant (T3) for treatment of source-
separated organic waste (kitchen waste, garden waste, organic waste from restaurants,
green markets, food stores, etc) and production of biogas and digestate used as a fertilizer
at farms. In the one stage process, the initial hydrolysis and acidification takes place in the
same reactor vessel as the methane production. The wet process has moisture content
above 90%. The digestion temperature is typically around 53 - 55 °C for thermophilic
digestion. Included in data-set are energy use for heating the reactor to thermophilic
temperature, diesel to operate machinery at the plant and electricity for pumps, mixers etc.
The data-set is constructed from measured data from a number of European biogas plants
(none of the plants could provide data for all the parameters necessary to model the
process) and thus represent a hypothetical average digestion plant developed in Western
Europe, as described in Mgller et al. (2010).

e Combined anaerobic-aerobic reactor (T4) for treatment of source-separated organic waste
(kitchen waste and garden waste as structure material) and production of biogas and
compost suitable for agricultural, horticultural and gardening purposes. The plant consists
of a reception facility and a number of 600 m3 process modules. The treatment is initiated
by mixing the source-separated organic waste with structure material in the form of
shredded garden/park waste. The mixture is placed in the process modules under anaerobic
conditions and water is sprinkled on top of the material. Hydrolyses and fermentation
processes result in organic acid formation. The percolate containing organic acids is pumped
to a process tank for methane production. The process can thus be classified as two-step
anaerobic biogas production with acid formation and methanogenesis taking place in
separate compartments. After biogas production has levelled off, the process modules are
turned aerobic by suction of air through the material. Thereby a rapid composting process
is initiated. The exhaust air from the composting process is treated in a biofilter. After biogas
production and subsequent composting in the closed reactor modules the compost is placed
in open windrows for maturation. The dataset is developed mostly using data supplied by a
Danish facility, integrated with literature data as specified in Table 2.

4.2. Assumptions

A technological assessment of the four technologies from an environmental perspective was

carried out. Similar assumptions were made to make the comparison transparent:

e One Mg of source-separated organic waste consisting of 2/3 vegetable food waste and 1/3
garden waste was used as input waste for the comparison. Physical-chemical characteristics
of waste are reported in Table 3.

e Collection/transportation of waste is not included in the comparison.

e The input electricity mix was the same in all four cases (coal).

e The produced compost/digestate is supposed to be used on agricultural arable land. The
modelling is performed according to Hansen et al. (2006), assuming loamy soil located in the
Eastern part of Denmark. Modelling parameters are reported in Table 4, according to Bruun
et al. (2006). The application of biotreated waste is modelled in EASEWASTE as a function of
the compost/digestate composition, crop rotation and the local soil properties. The use-on-
land module in EASEWASTE includes a thorough modelling of the uptake and degradation of
nutrients, formation of different gaseous emissions, leaching and runoff of pollutants,
contamination of soil with heavy metals, and carbon sequestration.

e Biogas produced during anaerobic digestion is treated in a gas engine (see details in Table
5), where energy is recovered in form of electricity and heat. Electricity is delivered to the
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electricity grid, while heat is delivered into the local district heating network. The marginal
technologies for energy production are assumed to be coal for electricity and the average
Danish district heating for the heat.

e The LCls do not include eventual leaching during the process, land use for establishment of
facilities, or water usage during different processes.

e Additional benefits from application of compost on land - increased water retention of the
soil (reduced irrigation), reduced herbicide/biocide requirement, improved soil structure,
and reduced erosion (Boldrin et al., 2009) — are not included.

Table 3 — Composition of input waste fractions and green waste (2/3 vegetable food + 1/3 garden waste) used
in the comparison.

Parameter Unit Vegetable food waste Garden waste  Green waste
TS % ww 23.0 51.8 32.6
VS % TS 94.8 76.0 84.8
Ash % TS 5.2 24.0 15.1
C-tot % TS 47.7 43.0 45.2
H % TS 6.6 5.2 5.9
o) % TS 394 25.9 32.2
N % TS 1.9 1.5 1.7
P % TS 0.23 0.20 0.21
K % TS 1.27 1.27 1.27
S Mg kg TS 1840 1900 1872
Al Mg kg1 TS 1030 2360 1734
Fe Mg kg1 TS 310 1480 930
Ca Mg kg1 TS 5550 21100 13784
Na Mg kg1 TS 3120 944 1968
Mg Mg kg1 TS 1210 1900 1575
F Mg kg1 TS 100 100 100
cl Mg kg1 TS 5600 2800 4117
As Mg kg1 TS 0.26 0.94 0.62
cd Mg kg1 TS 0.09 0.36 0.23
Cr Mg kg1 TS 5.2 4.5 4.8
Cu Mg kg1 TS 12.5 20.2 16.6
Hg Mg kg TS 0.02 0.26 0.15
Mn Mg kg1 TS 86 115 101
Mo Mg kg1 TS 0.87 1.20 1.05
Ni Mg kg1 TS 2.6 3.2 2.9
Pb Mg kg1 TS 1.0 24.4 13.4
Zn Mg kg1 TS 25 208 122
LHV MJ kg TS 18.3 13.4 15.7
CHs-pot m3 CH4 Mgrs 450 100 265
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Table 4 — Modelling parameters for use-on-land of compost/digestate, after Brunn et al. (2006).

Unit Compost Digestate
Soil type 100 % loamy 100 % loamy
Emissions
NOs-N runoff % applied N 20 25
NOs-N leaching % applied N 20 22
NHs-N content % total N 13 13
NH3s evaporation % of NHs 1.6 7.5
N0 formation % total N 1.5 1.4
C binding % total C 14 13
Substitution of fertilizer
N fertilizer % applied N 20 40
P fertilizer % applied P 100 100
K fertilizer % applied K 100 100

Table 5 — Biogas utilization modelling parameters.

Parameter Unit Amount
Energy recovery

Electricity % energy input 39.1
Heat % energy input 46.3
Process specific emissions

NO« g Nm=3CH, 0.79
N20 g Nm=3 CHq 0.02
SO, g Nm=3 CHs 0.55
co g Nm=3CH, 16.87

4.3. Impact assessment

Impact assessment was carried out for some of the non-toxic impact categories based on the
EDIP97 method (Wenzel et al., 1997; further updates by Stranddorf et al., 2005). Results are
presented as normalised potential impacts - based on normalization reference reported in
Table 6 — and expressed as Person Equivalent (PE), which is the contribution to the given
impact category of an average citizen. The time horizon of the assessment was 100 years,
which was particularly important for binding of carbon to soil.

Results for toxic categories were excluded from the present study. Potential toxic impacts
rising after application of compost/digestate on land are due to heavy metals contained in the
waste (Boldrin et al., 2010). Thus, since a unique waste composition was assumed for the
comparison and the majority of the heavy metals would remain with the dry matter being
used on land, the results for toxic categories would be very similar for the different
alternatives compared.

Results of the comparison are shown in Figure 1, where the normalized potential impacts
from the biological process of waste are disaggregated from the potential impacts from the
downstream processes (use-on-land of compost/digestate and use of biogas). Clear
differences between the analysed technologies can be seen, both at the process level and
further use-on-land of the composted/digested material.

Tunnel composting performs in this case better than windrow composting — in global
warming, acidification, and nutrient enrichment categories - because of lower electricity
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consumption and better gas cleaning, resulting in lower emissions of CO,-fossil, CHs and N0
(contribution to global warming) and NHs (contributing to acidification and nutrient
enrichment). The electricity consumption may vary significantly among plants and may also
be higher for tunnel composting plants than for windrow composting plants. It must be noted
that, according to the used literature, the LCl for the windrow composting technology does
not include emissions of CHs, despite the fact that CH4 emissions are reported to occur even
in well aerated composting systems (Boldrin et al., 2009). Energy recovery by means of
anaerobic digestion has some benefits in most of the categories. The production of heat and
electricity utilizing biogas offsets production of energy (marginal: coal) elsewhere in the
system. Thereby, both technologies including anaerobic digestion show negative (saved)
potential impacts in global warming category - saved CO-fossil and CHs emissions. Benefits in
acidification and nutrient enrichment categories are mainly due to saved NOx emissions from
avoided coal-based electricity production.

Potential impacts occurring during use-on-land of compost/digestate are in most cases
similar for the different technologies and roughly in the same order of magnitude as the direct
impacts from the biological treatment process. However, in case of digestate application on
land the potential impact on nutrient enrichment category is much bigger than for the other
technologies. This is explainable with the fact that application of liquid digestate is possibly
resulting in larger leaching of NOs3 than application of solid compost. Savings from the
application of compost/digestate in the global warming category are due to both saved
production of mineral fertilizers and carbon binding to soil.

Normalized Environmental Impact Potentials
Standard Non-Toxic categories
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Figure 1 — Normalized potential non-toxic impacts from treatment of 1 Mg of green waste (2/3 kitchen waste
and 1/3 garden waste) by means of the four treatment options. PE = person equivalent, T1= windrow
composting, T2= tunnel composting, T3= one stage anaerobic digestion, T4= combined anaerobic digestion
and composting. U-O-L: Use-on-land.
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Table 6 - Normalisation references for selected environmental impact categories in EDIP97 (Stranddorf et al.,
2005).

Impact category Geographical Characterisation- Normalization
scale unit reference
[Characterisation-unit
person year?]

Global warming (GW) Global kg COz-equivalents 8.7-103
Acidification (AC) Regional kg SO,-equivalents 7.4-10!
Nutrient enrichment (NE) Regional kg NOs-equivalents 1.2-10%
Photochemical ozone formation (POF) Regional kg C,Ha-equivalents 2.5-10*

5. Discussion and conclusion

The described module for biological treatment of organic waste enables the user to
estimate potential environmental effects from anaerobic digestion, composting, the
combination of the two processes, and also MBT facilities. The module does not model the
actual biological process, but performs a detailed mass balance for the organic waste. The
materials in the waste are partly degraded and distributed between treated organic waste and
residues. Emissions to air, water and soil are calculated from the composition of the waste fed
to the plant and the key parameters characterizing the technology and operation of the plant.
The use of these parameters make the biological treatment module flexible, allowing a large
degree of case-specific data to be included. This is important, since biological treatment cover
a broad variety of waste fractions and technologies. The necessary case-specific input data
should be obtainable through direct measurements at the actual plants or alternatively
through literature. Data examples from existing biological treatment plants are available in
the module. However, since the variations on many of the parameters are large, data for one
technology may not be valid for another.

The illustrative example showed that the EASEWASTE model can differentiate potential
environmental impacts generated by alternative treatment options due to their specific
technological features. Direct emissions of greenhouse gases and energy consumption during
the biological process can be significant for the environmental footprint of the waste system.
The examples also showed the importance of including downstream processes, even when
performing technological assessments. In fact, the recovery of energy seems to have —from a
system perspective - some benefits in terms of global warming emissions. Conversely, the type
and quality of material produced during the biological process can have in some cases large
influence on the overall results, thereby evidencing the need for a complex modelling of the
compost/digestate application on land, including nutrient dynamics and emissions. However,
the results presented are purely illustrative and decision-oriented LCA studies should make
use of case-specific data and should include other part of the waste system excluded in the
illustrative examples.
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