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Abstract

The potential environmental impact of Landfilling, Incineration and Recycling
of spent household alkaline batteries collected in continental Portugal was
compared using LCA methodology and the Recipe Impact Assessment method.
Major contributors and improvement opportunities for each system were
identified and scenarios for 2012 and 2016 legislation targets were evaluated.

For 13 out of the 18 impact categories, the Recycling system is the worst
alternative, Incineration is the worst option for 4 and Landfill is the worst option
only for one impact category. However if additionally in each system the recovery
of materials and energy is taken into account there is a noticeable advantage of
the Recycling system for all the impact categories.

The environmental profiles for 2012 and 2016 scenarios (25% and 45% recycling
rates, respectively) show the dominance of the Recycling system for most of the
1mpact categories.

Based on the results of this study, it is questioned whether there are
environmental benefits of recycling abroad the household alkaline batteries
collected in continental Portugal and, since the low environmental performance
of the Recycling system is particularly due to the international transport of the
batteries to the recycling plant, is foreseen that a recycling facility located in
Portugal, could bring a positive contribution to the environmental impact of the
legislation compliance.

1. Introduction

The European legislation regarding waste is based on Framework Directive,
Directive 2008/98/EC of the European Parliament and of the Council of 19
November 2008, that “lays down measures to protect the environment and
human health by preventing or reducing the adverse impacts of the generation
and management of waste and by reducing overall impacts of resource use and
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improving the efficiency of such use” (Official Journal of the European Union,
2008).

This Directive provides in Article 4 that the traditional waste hierarchy “shall
apply as a priority order in waste prevention and management legislation and
policy”, and that when applying such hierarchy, “Member States shall take measures
to encourage the options that deliver the best overall environmental outcome. This
may require specific waste streams departing from the hierarchy where this is
justified by life-cycle thinking on the overall impacts of the generation and
management of such waste” (Official Journal of the European Union, 2008). Thus,
although recycling is a hierarchically preferential option than energy recovery or
landfilling it is important to know, for certain waste flows, the environ- mental loads
associated with the different options to assess whether it is environmentally
advantageous to comply with that hierarchy. In the environmental impact analysis
of these options, it should be considered not only the treatment processes itself
(recycling, incineration and landfilling) but also all other implications of those, such
the transportation, the production of energy and auxiliary materials, etc., thus,
applying the life cycle perspective to such analysis, i.e. analyzing the environmental
1impact from the origin of the waste to its final disposal or until the products resulting
from its treatment are an integral part of the environment.

For some wastes, such as for alkaline batteries, that are part of the waste flow
of batteries and accumulators, additional reasons motivate and justify this kind
of assessment: (1) The flow of waste batteries and accumulators includes a wide
range of products both in structural terms — from button batteries to industrial
batteries — and in composition and hazards to the environment of their
constituents — from the alkaline and zinc carbon batteries, considered low-
polluting until those that contain substances with recognized negative effect on
the environment such as Mercury, Lead and Cadmium (Commission of the
European Communities, 2003). The mandatory collection and recycling rates
provided under current legislation (minimum of 25% by 2012 and 45% by 2016)
applies to all portable batteries (and not just to those classified as hazardous as it
was in previous legislation) not due to their hazards or potential environmental
impact but because the collection schemes for all portable batteries have proven to
be more efficient than separate ones for certain types of batteries, because consumers
have shown difficulty in identifying and thus to separate the non-hazardous and
hazardous batteries. (2) Moreover, despite being defined European targets for
separate collection and recycling of all types of portable batteries (Official Journal of
the European Union, 2006), that includes alkaline batteries, the batteries that are
not separately collected will be sent for incineration or landfilling. The literature
refers situations where, although the batteries were separately collected, they were
sent to landfill, as happened at least in Sweden and Germany (Commission of the
European Communities, 2003). In compliance with the current legislation these
situations should no longer be possible since it obliges that all batteries collected
separately are recycled. (3) Additionally, in the justification of the current legislation

in the field of batteries, it is recognized the lack of scientific knowledge, or at least



specific data and in particular of LCA studies (Commission of the European
Communities, 2003) that fully support the guidelines adopted.

The awareness of governs about the impact of management alternatives for
spent batteries has led to quite extensive studies done in some European
countries such as the United Kingdom (ERM, 2006), Belgium (Briffaerts et al.,
2006, 2009) and the Netherlands (AOQO, 2002a,b). The European Commission has
also promoted the development of knowledge in this field (European
Commission, 2009).

The ERM study arose after the adoption by the EU Council of Ministers, of the
proposed directive on batteries and accumulators. It was commissioned by the UK
Department for Environment, Food and Rural Affairs (Defra). The objective of
the study is to inform about the costs and benefits of various options to
implement, in the UK, the collection and recycling of portable batteries as pro-
vided in the draft directive. This study uses the LCA with a subsequent economic
evaluation of battery management alternatives between 2006 and 2030. It shows
that the increase of battery recycling is beneficial to the environment due to the
recovery of metals; however, it is done at a significant financial cost when
compared with the elimination. Additionally estimations show that the
implementation of the proposed directive will result in a significant increase in
battery waste management costs, but with some savings in financial costs if
environmental and social aspects are quantified (ERM, 2006).

In the study from Briffaerts et al. (2006, 2009) two hydrometallurgical (Revabat
and Revatech) and two pyrometallurgical (Batrec and Valdi) treatment scenarios are
compared for an average com- position of Belgian spent batteries. The impact
assessment method Eco-indicator 1999 was used. According to the study, none of the
treatment scenarios have a better or worse overall performance than the others.
Each option has specific advantages and disadvantages.

A study was conducted in 2002 comparing the life cycle of four waste treatment
options for batteries collected in the Netherlands (AOO, 2002a,b): Batrec, Valdi,
Nedstaal (production of steel in electric arc furnace) and Zimaval
(hydrometallurgical treatment that produces metallic zinc). The CML impact
assessment method was used. The study concluded that Valdi and Batrec have a
better performance than Nedstaal and Zimaval. For Valdi, the main environ- mental
impact was due to mercury emissions because in 2002 the facility was not equipped
with activated carbon filter (AOO, 2002a). For Batrec, the results were negatively
influenced by the relatively high production of waste.

The study, sponsored by the European Commission (European Commission, 2009)
is an excellent compilation of data and technical information about battery
recycling.

Despite the existence of some studies in this area, their results may not be
extrapolated from country to country or even from region to region not only due
to the specificities of the processes, but also to the characteristics of the
countries/regions in question, such as the electric matrix.

Thus, it seems justifiable and helpful an evaluation of the environmental



burdens of management alternatives for spent alkaline batteries, the portable
batteries most commonly used in Portugal, which is the objective of this work.
The methodology chosen for this study is the Life Cycle Assessment according to
ISO 14040 (ISO, 2006a) and ISO 14044 (ISO, 2006b) standards. The following
description fulfils the requirements of these standards with limits on extension and with

some adaptations in structure requested by a scientific paper.

2.Goal and scope definition
2.1.Goal definition

The reason for this study is to know the potential environmental impacts
associated with three management alternatives for spent household alkaline
batteries collected in continental Portugal with the following final destinations:
(1) landfilling; (2) incineration and (3) recycling.

The results of the study and the information developed in its implementation
(in particular the knowledge of the processes involved and the identification and
quantification of associated inputs and outputs) have several applications from
which we can highlight a few, explored in this paper. On one hand the study
allows to compare the environmental performance of these three management
alternatives taking into account various environmental issues, defined by the
impact categories and the different compartments of the environment i.e. air,
water and soil. On the other hand, it allows identifying the origin (at the inventory
level) of the most significant environmental burdens and, consequently, the
environmental advantages and disadvantages of each alternative thus allowing
the identification and definition of improvement opportunities for each one. It
was also possible to study two scenarios of spent alkaline batteries management
in continental Portugal, considering legislation targets for batteries collection
and recycling in 2012 and 2016, in which the three mentioned options coexist.
The 2012 and 2016 scenarios consider respectively: () recycling — 25% and 45%;
(1) landfill — 56% and 41% and (iii) incineration — 19% and 14%. The recycling
rates of 25% and 45% correspond to the limits set by the legislation in force (Xara
et al., 2014).

This study is intended to all those interested in knowing the comparative potential
environmental impact of the options studied, and in this particular to the members
of the entities involved in the definition of environmental policies and the
management of these wastes. It is also intended to all whom it may concern to know
the environmental advantages and disadvantages (opportunities for improvement)
of each alternative such as professionals involved in the different processes
considered.

Since this study is part of a research project it is expected that the results are used
in comparative statements for public disclosure, particularly in technical and
scientific communications that implies, according to ISO 14040, specific
requirements in its dissemination.



2.2.Scope definition

2.2.1. Systems under study

The life cycle of the systems under study starts when the consumers
discard/deposit spent batteries and terminates when emissions associated with
the final destination of these batteries become an integral part of the
environment.

In this study the reference situation of Continental Portugal is analyzed,
considering the year 2012, the latest year for which data to characterize the MSW
management systems are available. In 2012 the 278 municipalities of continental
Portugal were organized into 23 systems with MSW management infrastructures
ensuring an appropriate final destination for the waste produced in their area (APA,
2014a). Each system has at least a landfill, in a total of 34 landfills, but in two the
incineration of MSW is the pre- dominant option and landfilling is only used during
the incinerator maintenance periods or in case of failure. Thus, in Continental
Portugal, there are two incineration plants and 32 landfills receiving mixed MSW
daily. In 2012, from the total MSW generated, 18.2% was incinerated and 53.6%
landfilled (APA, 2013a).

Despite the existence of selective collection schemes for spent alkaline batteries in
continental Portugal, a significant amount is still discarded with the mixed
household waste. In the first case the batteries will be sent for recycling abroad
(Xar4 et al., 2014) and in the second to landfill or incineration according to the
MSW management system of the municipality. In both cases, the collection will be
the responsibility of the municipality (or a company contracted by it) and may
include the storage in a Transfer Station prior to the delivery to the landfill, the
incineration or to the location from where the batteries will be sent to recycling.
Both the landfill and the incineration comprise specific systems for emission
treatment: the leachate and landfill gas from the land- fill and the air emissions
from the incineration.

The systems under investigation are therefore the three options for spent
household alkaline batteries management:

System 1: Mixed deposition/collection + Landfilling.
System 2 Mixed deposition/collection + Incineration.

System 3: Selective disposal/collection + Recycling.

Each system will be identified in this work for the correspondent final destination.
They are depicted in Fig. 1 and briefly described below.

22.1.1. System 1: Landfilling. In this case consumers discard their spent batteries
in the mixed household waste. No specific type of containers is used for packing
theseresiduesinthe production site. Consumers usually use shopping plasticbags
or specific trash bags. After that, at the municipal level, there are containers or,
less commonly, the bags are simply placed on the sidewalk for collection. The



mixed household waste is then collected and transported to the landfill of the
MSW management system to which the municipality belongs eventually through
aTransfer Station. The landfilling can be preceded by a mechanical and biological
waste treatment.

For the characterization of the landfills in operation in 2012 in continental
Portugal the respective environmental licenses were consulted (APA, 2014b), only
available for 26 of the 32 landfills (see Section 2.2.1).The characterization was

focused on quantifying the volume (m3), the installed capacity (ton) and the resource
consumption (water, electricity and diesel) of an average landfill in continental
Portugal. Also the different typologies of landfill gas and leachate treatment were
investigated. The characterization of such landfills is shown in Table 1 (columns 1
and 2) in Appendix A. In Fig. 2 the landfilling system considered in this study is
out- lined with the identification of the different processes and the main inputs
and outputs.

During the reception and disposal of waste in a landfill, process water is consumed
for drinking, showers and toilets, washes (including pavements, vehicles and
wheels), for the irrigation systems and fire. This water may come from public
network or from own captures. The diesel is consumed in vehicles and equipment
and the electricity primarily for lighting but also in other applications as heating
office buildings in winters.

The captured landfill gas is simply burned in flares or used for energy recovery,
particularly for electricity production. The landfill gas not captured mainly the
one resulting from collection inefficiency, is released into the environment. The
production of landfill gas (captured or not) involves air emissions. The leachate
produced during 100 years after the closure of the landfill is subjected to a
treatment, which generates sludge sent to incineration. After this period, the
leachate produced is directly released into the environment.

22.1.2.System 2: Incineration. In this system the collection process is at all similar
to the previous one but the treatment process is incineration and therefore the
waste 1s collected and transported to the incineration plant of the MSW
management system to which the municipality belongs.

The two incineration plants existing in continental Portugal are in operation since
2000. Both are mass-burn incinerators with energy recovery. One of the units
belongs to the MSW management system denominated Valorsul, located in Lisbon,
the country capital, and the other belongs to Lipor, the system located in the Porto
region, in the North, the second most important city of the country.

To determine the inventory of the alkaline batteries incineration in Portugal these
two incinerators were firstly characterized both in terms of process technology and
of its operation concerning resource consumption and emissions in 2012 for which
environ- mental licenses data and official reports were used (APA, 2014c,d). In that
year Lipor incinerated 391,623 ton of mixed MSW and Valorsul 498,275 ton. Both
units are equipped with: (i) magnetic separation of ferrous scrap in the bottom ash;



(ii) selective non-catalytic nitrogen oxides (NOx) reduction (SNCR) system by
injection of an aqueous solution of ammonia or urea at the bottom of the
combustion chamber; and, (iii) gas treatment system comprising a reactor and a
bag filter —in the reactor the neutralization of acid gases (SO2, HC1 and HF) takes
place in a semi-dry process by injection of an aqueous lime milk solution and there,
it is also injected activated carbon for the removal of dioxins, furans and heavy
metals, especially mercury. The amount of solution injected to reduce NOx
emissions depends on the thermal load of the furnace and on the NOyx amount
in the flue gas (APA, 2014d). The aqueous lime solution is usually prepared from
lime, Ca(OH)2 (Bicocchi, 1998).

Fig. 3 outlines the Incineration system considered in this study with the
1dentification of the different processes and the main inputs and outputs. From
the incineration process, air emissions and solid waste (bottom ash and fly ash)
result. The air emissions are treated as referred before. The bottom ash, after the
removal of ferrous scraps, is sent to a landfill of non-hazardous waste. The fly ash
and the residues from the gas treatment are stabilized/solidified with cement and
sent to a ash landfill. The leachate from the bottom ash and fly ash landfills
results in short-term and long-term water emissions.

2.2.1.3.System 3: Recycling. In this case, consumers place their own spent batteries in
specific carton containers placed in certain institutions (supermarkets, schools and
others) or in plastic containers existing on streets close to the ones for selective
deposition of MSW. Hence, they are collected, packing in the specific carton
containers if previously collected in other system and transported to the sorting unit
from where they are then sent for recycling abroad. In the present study the
recycling process Fernwarme Wien in Austria is considered. This recycling process
was chosen because it is the one that showed the best environmental performance
in a study where different processes were evaluated (Xara et al., 2014) and it is the
one for which primary data (directly from the recycling company) was obtained.

The plant is situated at Fernwarme Wien’s hazardous waste incineration plant
Simmeringer Haide, Vienna, which incinerates 100,000 tpy of hazardous
industrial waste and 180,000 tpy of sewage sludge. It processes about 3000 tpy of
spent batteries on base of a 7000 hpy continuous operation. Fed batteries are
mainly zinc carbon batteries, alkaline batteries and mixtures. The delivered
batteries are dumped into a feeding bin (Fig. 4) and via a dosing belt conveyors
and a vertical conveyor the batteries are continuously fed into the rotary kiln.
Ignited by small amounts of fuel oil the batteries are treated at temperatures of
approximately 650 °C for about 1 h. During this process, the spent batteries
disintegrate; carbon, zinc and manganese are oxidized; and heavy metals leave
the kiln with the dust fraction of the flue gas. After exiting the rotary kiln and
passing the post-combustion and separation chamber the remaining dry bulk
material is discharged using a cooling screw. The cold material is then fed to the
shredder by a bucket elevator. The shredded solid material is separated into a



fine and a coarse fraction using a sieving machine. The coarse fraction is fur- ther
separated by a magnetic separator into a magnetic (scrap metal) and a non-
magnetic fraction (zinc/manganese oxide).

The off gas passes a hot cyclone to remove most of the entrained solids and is then
cleaned in a three-stage flue gas treatment sys- tem. As, because of the low
temperature, combustion might not have been complete, and the off-gas contains
hazardous components such as mercury, the off-gas is fed into one of the
hazardous waste rotary kilns for final post combustion at 1200 °C. Afterwards, it
passes the same multi-stage gas cleaning system including an electrostatic filter,
scrubbers, activated coal filter and nitrogen oxide removal (SCR) as the flue gas
out of the main hazardous waste treatment plant for final cleaning. This plant
interconnection ensures that all emission limit values given by legal regulations
can be met. The process water used in the scrubber’s plant is continuously
removed by fresh water. The waste water is collected by the wastewater collection
system from where it is pumped into the wastewater treatment station of the
hazardous waste incinerator and treated together with the mainstream by
stepwise precipitation using iron chloride, lime and TMT 15.

The scrap 1s sent to one of the Austrian steel plants. To separate clean scrap, two
powder fractions are produced both containing a similar percentage of zinc and
manganese that are further processed in a Waelz kiln process where zinc is
recovered for use in the metal industry and a vitreous slag is formed which can be
used in underground construction (Xara et al., 2014).

2.2.2. Systems functions

The main function of the studied systems is the management of spent alkaline
batteries after their delivery/deposition by the consumer. In the Recycling system
there is additionally material recovery (steel, zinc and vitreous slag); in the
landfilling energy recovery takes place; in the incineration process there are both
energy and material recovery (steel scrap from bottom ash). In this study, the
quantification of such recovered flows and the inherent environmental advantage
1s presented separately in order to evaluate its effect in the respective system
analysis.

2.2.3. Functional unit and reference unit

In this study, the functional unit is the treatment of a certain number of batteries
carried to certain final destination — landfilling, incineration or recycling. As
reference unit, an amount of 1000 kg of household spent alkaline batteries,
size AA, which corresponds to about 42,553 units (assuming an average weight
of 23.5 g/battery) was used.

2.2.4.Systems boundary
For each system the processes that are part of the life cycle of the waste are
considered — from delivery/deposition by the consumer until the resulting

emissions become an integral part of the environment.



In Figs. 2 and 3 the individual systems of Landfilling and Incineration,
respectively, are shown schematically, representing the processes considered in the
study and their inter-relationships as well as identifying their main inputs and
outputs.

For system 1 — Landfilling (Fig. 2) — the following processes are considered:

- Reception and waste disposal.

- Landfill gas treatment.

— Leachate treatment (only for the leachate occurring over the first 100 years).

— Incineration of sludge resulting from the leachate treatment.

— Landfilling of bottom ash and fly ash (produced during the incineration of the
sludge).

For system 2 — Incineration (Fig. 3) — the following processes are considered:

- Reception and waste burning.

- Gas treatment.

— Bottom ash de-scrapping.

- Fly ash and gas treatment residues stabilization/solidification.

- Landfilling of bottom ash and solidified residues and treatment of their
leachates.

For system 3 — Recycling — the recycling process in Austria, previously studied
by the authors (Xara et al., 2014) was considered. The processes included are
grouped into: containers manufacture; distribution of empty containers;
batteries collection and sorting; batteries international transport for recycling
and batteries recycling (Fig. 4).

The production of materials and energy needed to the previous processes are
also considered, so that in-flows and out-flows are elementary. Any exception to
this approach is justified in the inventory section. Transport distances are listed in
the inventory. Recovered materials are likely to replace virgin resources and are
usually considered environmentally beneficial. However, among LCA practitioners,
there is no consensus about the system to which this environmental benefit should
be allocated — to the system in which the material is recovered or to the one in
which it is used replacing a virgin material. In this study, recovered materials are
1dentified in the inventory of each system and considered in the impact assessment
phase separately so allowing the evaluation of its effect on the overall result of the
system. The same approach was applied to energy recovery in landfill
and incineration.

22.5. Data requirements and data quality requirements

Given that the purpose of this study is focused on evaluating the potential
environmental impact of alternatives to manage spent alkaline batteries collected in
continental Portugal, it is at all required that the data used reflect this reality. Thus,



in characterizing and modeling each process, primary data, both laboratory and
from entities involved in that waste management, and secondary data, obtained in
official and scientific publications were used. When defining the inventories,
published data and the Ecoinvent database (Ecoinvent, 2010) were used. In the
inventory of each system the origin of the data used is indicated.

2.2.6. Allocation procedures

In the present study allocation procedures have been used particularly in the
definition of the inventories for the different processes. These are identified in
the inventory section or in the bibliographic references supporting the inventory
of each process.

2.2.7.Impact categories and impact assessment methodology

Considering the objective of the study, the method Recipe 2014, version 1.11
(http://www.lcia-recipe.net) was used for the impact assessment. In detail,
indicators at the midpoint level and the Hierarchist perspective were chosen.
The impact categories addressed and their respective units, abbreviations and
area of protection are presented in Table 2. These impact categories belong to the
areas of protection of Human health, Ecosystem and Resources.

2.2.8. Interpretation

Since we intend to compare the three management alternatives for the spent
batteries, the interpretation include the comparison of results for each impact
category, in order to infer about the effect of each alternative on each environmental
issue. Additionally, for each system, the processes that most contributes to the result
in each impact category are identified and are seen as improvement opportunities.

As mentioned in the goal definition (Section 2.1), the interpretation also includes
the analysis of two scenarios of spent alkaline batteries management in continental
Portugal where the three options coexist. They are denominated 2012 and 2016 and
were established considering that respectively 25% and 45% of discarded batteries
were selectively collected and recycled while the remaining were subjected to the
landfilling or incineration processes in the same proportion that was reported for
mixed MSW in 2012 (see Section 2.2.1). The 2012 and 2016 scenarios consider
respectively: (i) recycling — 25% and 45%; (i1) landfill — 56% and 41% and (iii)
incineration — 19% and 14%. The recycling rates of 25% and 45% correspond to the
limits set by the legislation in force (Xara et al., 2014).

2.2.9. Assumptions, value choices and optional elements

To carry out the present study a number of assumptions were considered. In each
situation they are presented in the inventory section. In the Interpretation (Section
2.2.8), when identifying the processes that most contribute to the result of each
management alternative for each impact category the influence of the assumptions
on the final results was also verified.
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2.2.10. Limitations

The characterization of the systems under study, their analysis in terms of
inventory, impact assessment and interpretation are associated with the previously
mentioned assumptions. Thus, for the limitations of the study it can only be added
that the result relates to the systems described in this paper taking into account the
assumptions referred and the knowledge limitations reflected in the databases and
in the impact assessment method used.

2.2.11. Type of critical review

Since the present study involves the comparison of batteries management
alternatives and it is planned to publish its results, the critical review was
conducted by experts not involved in the study but stated as co-authors of this
research paper. All the comments were discussed and incorporated in the present
paper.

3.Life cycle inventory

For each system under study, data for description and characterization of all the
processes identified within its border was collected (Section 2.2.7). This
characterization includes identification and quantification of the inputs and outputs
and the following categories of data were considered:

- Inputs of energy, raw materials and auxiliaries.
— Products, co-products and waste.
- Emissions to air, discharges to water and soil.

Primary data were used — both from laboratory tests and from the entities
involved in the waste management, and secondary data — obtained from official
publications and also from the data- base Ecoinvent (Ecoinvent, 2010).

Both in the processes of landfilling and incineration, the alkaline batteries are part
of a mixture of waste which includes a wide variety of materials and articles. In this
study, through the modeling of such processes, the resources and emissions that
are associated with this waste stream were estimated; some of these inputs and
outputs are allocated to this stream based on its mass and other based on some
of their particular properties, particularly its composition.

3.1. Batteries composition

The batteries considered in this study were characterized in lab- oratory (Almeida
et al., 2006) in terms of its structural components and their material identification,
dry weight, moisture content, ash content, higher heating value. The elemental
composition of the different components was also determined. This and other
characteristics necessary in the present study are presented in Table 3 (in Appendix
A) where are also indicated the calculations and/or estimations done.
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3.2.Landfilling

The inputs and outputs of the Landfill system for disposal of 1 kg of target
batteries were determined using the model pro- posed by Doka (2009). In this
model various parameters relating to landfills are considered, some of which
were compared with the corresponding to the landfills of continental Portugal.
The parameters of water consumption and gas treatment have been changed to
better match the reality in Portugal. The others were considered appropriate (see
Table 1, in Appendix A). Although in Portugal does not exist incineration of
sludge from landfill leachate treatment, this process was considered in this study
because this is considered a good practice which may be adopted in the country
and as such seen as a good baseline. The waste resulting from this incineration
is then landfilled in slag compartments (bottom ash landfill) and residual
material landfill (ly ash and residues from gas treatment landfill). The
parameters of these processes were not changed.

This model is based on the definition of transfer coefficients (TK) for each
element, which when applied to the composition of the batteries allow to quantify
the different resulting emissions that are divided into short-term (occurring over
the first 100 years) and long-term (occurring from 100 to 60,000 years after the
waste placement) (Doka, 2009). The short-term emissions include gas and
leachate emissions that will be subjected to treatment; the long-term emissions
are only long-term leachate in the groundwater (Fig. 2). On determining the
emissions, for some elements their speciation is considered because the different
compounds have different environmental burdens. In the particular case of
gaseous emissions of carbon compounds (CO, CO2 and CH4) emissions from fossil
and biogenic origin are distinguished.

The short-term transfer coefficients, both for the gas (TK short-term gas or simply
TK gas) as for the leachate (TK short-term leachate) are obtained (equations 1 and
2, respectively) by the product of Elemental degradation rates (De) for the waste in
study (which is obtained from the degradability of each component of the batteries
in 100 years and its elemental composition), the release factor (re), and the share (%)
of element transferred to gas and leachate respectively. The degradability of each
component of the batteries in 100 years and its elemental composition are reported
in Table 3, in Appendix A; the release factor and the share of element transferred to
the gas and leachate are obtained from bibliographic references (Doka, 2009). These
parameters are shown in Table 4, in Appendix A.

TK short-term gas = De = re = %gas (1)

TK short-term leachate = De x re x %leachate (2)

The degradability is homogeneous, i.e. it is the same for all elements of the same
matrix (the same component of the batteries) but the release factor is different for
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each chemical element (Doka, 2009).

The transfer coefficient for the long-term emissions (TK leachate long-term)
addresses further degradation and emissions after 100 years.

In applying this model, the emissions resulting from the degradation of the defined
batteries (emissions to leachate) were com- pared with the results of several leaching
tests previously performed (Xara et al., 2009, 2013). Those results were used to
estimate the degradability of each component of the batteries whose values are
presented in Table 3, in Appendix A.

In Table 5, in Appendix A, inputs and outputs for the landfilling of 1 kg of batteries,
including the data used, the calculation, the assumptions, the allocation processes
and the data source for the inventory are presented.

3.3. Incineration

When modeling the incineration process, the batteries composition previously
presented in Section 3.1 and Table 3 (in Appendix A) was considered. Beyond the
elemental composition of each component, the heating value, the share of
metallic/recyclable Fe and the share of biogenic C are included and each
component is also classified as burnable or non-burnable, i.e. inert (Table 3, in
Appendix A).

The modeling is based on the definition of transfer coefficients that quantify the
distribution of each chemical element present in batteries between the outputs of
the incineration process. It is generally considered that inert components go
completely into the bottom ash (Doka, 2009) and that for burnable components there
will be a distribution between the incineration outputs, in this case (incineration
with semi-dry gas treatment system) air emissions, bottom ash and fly ash.

Given the specificity of the product under analysis, the domestic alkaline
batteries, the transfer coefficients used in this study were developed for this
purpose based in laboratory tests, described in Almeida et al. (2009),
complemented by data from literature. Those transfer coefficients are shown and
explained in Table 6.

The resulting bottom ash is additionally subjected to a de-scrapping process
where ferrous metals are removed for recovery before it is sent to a landfill. The
fly ash (and the residues from the gas treatment) are stabilized/solidified with
cement and also sent to a landfill. In both cases the compound emissions,
particularly due to the oxidation, are considered. The gaseous emissions (raw
gas) is subjected to a treatment process where the transfer of some elements to
the fly ash occurs, together with residual Ca(OH)2 and charcoal used in this
treatment. The speciation of elements is also considered.

To estimate the resulting leachate emissions from landfilled bottom and fly ash,
transfer coefficients from the literature that are established for short and long term
were used (Doka, 2009) which are presented in Table 7. Applying these coefficients
to each ash element allows estimating its content in leachates from short and long
term respectively.
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In the various models developed to assess the environmental impact of the
incineration process in LCA studies of products there seems to be concordance on
the distinction between resource consumption and emissions related to the
process and to the product:

— process-specific properties are modeled as being independent of the intrinsic
properties of the product and typically modeled as following the amount of the
product;

- product-specific properties are partially or fully determined by intrinsic
properties of the product, most frequently the material composition (Erichsen and
Hauschild, 2000).

Thus, the process-specific inputs are expressed per tonne of waste while
product-specific ones are expressed per a quantity or content of a substance in
the product (waste).

From the waste incineration results NOx and other N-containing air emissions;
NH3, N20 and CN. NOx emissions are considered process and product specific,
i.e., partis considered to be formed from nitrogen in combustion air (thermal NOx
or process-specific NOx) and the other part from nitrogen from waste (fuel-NOx,
waste-specific NOx or product-specific NOx) or more precisely, from the nitrogen
in the waste that is transferred to the raw gas and can actually form these
emissions (Doka, 2009).

In this study a share of 75% fuel NOx and 25% of thermal NOx it is assumed
(Erichsen and Hauschild, 2000; EEA, 2009). Furthermore, as the Incineration
system includes a De-NOx SNCR process, NH3 emissions are also allocated in the
same way and N20 emissions are considered fuel-specific (Doka, 2009). No
emissions of HCN were considered due to lack of data.

Although it is known that the use of activated carbon has a beneficial effect in
removing Hg (and possibly other metals) from the gas, no further removal of mercury
with charcoal was considered because the modeled transfer coefficient for Hg
emission to air (4.1%) is close to that reported by Erichsen and Hauschild (2000)
(4.8%) and much lower than that of Koehler et al. (2011) (17%).  In the slag, the
modeled mercury value is higher than the one reported in both references.

In Table 8, inputs and outputs for the incineration of 1 kg of batteries, including
the data used, the calculation, the assumptions, the allocation processes and the data
source for the inventory are presented.

3.4.Recycling

The inventory for the Recycling system is the one from Austria, Fernwiarme Wien,
presented in Xara et al. (2014).
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4. Life cycle impact assessment (LCIA)

As already mentioned the method of impact assessment Recipe 2014 with results
at midpoint level and for the Hierarchist perspective (Goedkoop et al., 2013) was
used. For that the different elementary inputs and outputs of the inventory of each
system were classified and characterized for the different impact categories and
taking into account the environmental compartment of concern that is shown in
the respective inventory tables (Table 5, in Appendix A, for Landfill and Table 8
for Incineration system).

In Figs. 5-7 (orange columns) the results of the impact assessment for 1000 kg of
batteries, for each impact category and for the three management alternatives are
presented. The analysis of the results is made in the following Interpretation section.
In this analysis the environmental benefits arising from the recovery of materials
and energy in the processes involved, as shown in the inventories of their systems,
was also considered (green columns). In Fig. 8 the results for each system and for
each impact categories are compared with the result of the system with worse
environ- mental performance, scale to 100%.

For each system and for each impact category the processes or even the
elementary streams that most contribute to its outcome were identified. This
analysis is contemplated in Figs. 9—11, for Recycling, Incineration and Landfill
systems, respectively, and allows the identification of improvement
opportunities for each system for each impact category.

Scenarios for alkaline batteries management in continental Portugal in 2012 and
2016 assuming the quantities for each destination as referred to in Section 2.2.8, is
shown in Fig. 12, without the inclusion of the environmental advantages resulting
from the materials and energy recovery in each system. The analysis of the results
1s also made in the following Interpretation section.

5. Interpretation
5.1.Comparison of management alternatives for each impact category

The comparison of the management alternatives is firstly done without considering
the energy/materials recovery (Figs. 57, orange columns).

For the impact categories of land transformation and occupation, for the Ecosystem
protection area (Figs. 5 and 8) — Agricultural Land Occupation (ALO), Urban Land
Occupation (ULO) and Natural Land Transformation (NLT) — the Recycling sys- tem
has a significantly more negative impact than that of Landfill and Incineration
systems.

For both the Terrestrial Acidification (TA) and Climate Change (CC) (Figs. 5 and
8), Recycling is again the system with the highest impact and Landfill with the
lowest.

For the impact categories of ecotoxicity (Figs. 5 and 8) — Terrestrial Ecotoxicity
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(TET), Marine Ecotoxicity (MET) and Freshwater Ecotoxicity (FET) — the Recycling
system presents asig- nificant advantage over the other two systems for the aquatic
toxicity, i.e. MET and FET while the Landfill has the best environmental
performance for TET. For these categories, the Incineration is the worst option.

For the Freshwater (FE) and Marine eutrophication (ME) (Figs. 5 and 8) Recycling
is the system with the worst performance for FE. For ME, Landfill and Recycling
have similarimpacts with slight dis- advantage of Landfill, and Incineration is the
best option.

For the impact categories of Human health protection area (Figs. 6 and 8) —
Particulate matter formation (PMF), Photochemical oxidant formation (POF),
Ozone depletion (OD) and Ionizing radiation (IR) — the Recycling system is also
the most negative and Landfill and Incineration have better performance with
advantage of Landfill for PMF, POF and IR. Incineration is the best system for
OD.

For the Human toxicity (HT) (Figs. 6 and 8) the Recycling system presents a
significant advantage over the other two systems and Incineration is the worst option
despite the small difference to the impact from the Landfill.

For all the impact categories of Resources protection area (Figs. 7 and 8) —
Fossil depletion (FD), Metal depletion (MD), and Water depletion (WD) — the
Recycling system has a significantly higher impact than the Landfill and the
Incineration systems, both with impacts quite close but with predominance of
Landfill in Fossil depletion and of Incineration in Metal and Water depletion. If
additionally accounted for the recovery of materials and energy, under the
conditions set out in their inventories, there is a noticeable advantage of the
Recycling system for all the impact categories (Figs. 57, green columns).

5.2. Improvement opportunities for each system

In the analysis of improvement opportunities for the Recycling system (Fig. 9),
through the identification of the processes that most contribute to its results, it
is clear the influence of the trans- port, mainly in the impact categories from
Ecosystem and Resources protection areas. In the impact categories of Human
Health protection area there is also an important contribution of transport but
the contribution of the recycling process could be considered more significant.
The boxes production has meaningful results only for 3 impact categories related
with land occupation and water consumption. The batteries collection and sorting
appears with meaningful influence in Marine eutrophication.

The processes or even the elemental flows that most contribute to the displayed
results were further identified, with the possible detail, by analyzing the
inventories.

For the Agricultural land occupation (ALO), the impact of the Recycling system is
mainly due to the boxes manufacturing processes (96% of the total impact for this
category) and particularly due to the paper production. For the other land categories
the result obtained for the Recycling system is led by the contribution of the
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batteries international transport to the recycling unit; 33% and 39% respectively for
ULO and NLT, in both cases due to the road land use. For ULO, the boxes
manufacture is the second largest contribution (27%) for the Recycling system result,
also due to the paper production. For NLT it is the recycling process itself that con-
tributes with 36%, mainly due to the production of the fuel used in the process.

For the impact categories Terrestrial acidification (TA), Terrestrial ecotoxicity
(TET), Marine eutrophication (ME), Climate Change (CC), Particulate matter
formation (PMF) and Photochemical oxidant formation (POF), and Fossil
depletion (FD) and Metal depletion (MD), the process that most contributes for
the Recycling system result is the international transport of the batteries, 46%, 36%,
56%, 45%, 49%, 56% 40% and 47%, respectively (Fig. 9). This effect of the transport
is mainly due to the emissions from the fuel use and also due to the lorry itself.

For all these categories in which transport has a predominant effect, and with
the exception of ME, the recycling process is the second most important
contribution to the result, ranging from 18% (POF) to 39% (FD). The impact is
mainly due to fuel and electricity consumption for TA, TET, PMF and POF; to
electricity consumption for CC; to fuel consumption for FD and to FeCl3
consumption for MD.

Concluding, for the Recycling system there is no doubt about the environmental
effect of the use of fuel —in the transport and in the recycling process itself — and
of electricity and FeCl3 consumption — in the recycling process.

Improvement opportunities for Incineration System are more varied (Fig. 10),
i.e. a larger number of processes or elementary flows have been identified (16)
that influence the outcome of this system in the different impact categories.

In the Agricultural land occupation there is a 87% contribution of the charcoal
production, due to the use of soil. The bottom ash land- fill is the main contributor
to the results for Urban land occupation (ULO) and Natural land transformation
(NLT): for ULO predominates the effect of the specific burdens, i.e. the land
occupation during the construction and by the landfill itself; for NLT the negative
impact (positive value) due to the landfill construction (transformation of the land
for the road network) is compensated by the transformation of the land after the
landfill closure (negative value).

The result of the Incineration system for Terrestrial acidification (TA),
Particulate matter formation (PMF) and Photochemical oxidants formation
(POF), is due to the emissions of nitrogen oxides, thermal (44%, 38% and 45%,
respectively) and fuel (80%, 26% and 31%, respectively). Also the results for
terrestrial ecotoxicity (TET) and Climate Change (CC) are predominantly due to
air emissions from the incineration process itself: zinc (97%) and fossil CO2
(88%), respectively. The same applies for the Depletion of water, mainly due
(63%) to the water consumption in the process itself.

The long-term emissions to groundwater, resulting from bot- tom ash and fly
ash landfills leachate (after 100 years), have pre- dominant contributions to
the impact categories of Marine ecotoxicity (MET), Freshwater ecotoxicity (FET),
Human Toxicity (HT) and Marine eutrophication (ME): emissions of Cu (37%) and
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Mn (29%) for MET; Cu (38%) and Zn (28%) for FET; nitrates (19%) for ME; and Mn
(97%) for HT. So it is noticed an important effect of these long-term environmental
burdens resulting from the incineration of batteries.

For the impact categories of Freshwater eutrophication (FE) and Ionizing
radiation (IR), the result is predominantly caused by the use of cement in the
solidification of ash from the incineration: the cement production contributes
with 40% to the result in IR and the environmental burdens associated with its
landfilling con- tribute with 42% to the result of FE.

From the bottom ash landfill result major environmental bur- dens for Ozone
depletion (OD) and Fossil resources depletion (FD), respectively 37% and 33%,
predominantly associated with the consumption of diesel and asphalt,
respectively (Fig. 10).

Concluding the analysis so far made to the Incineration system, there is an
important contribution of atmospheric emissions from the incineration plant itself,
but also from the ground water long-term emissions associated to the bottom and fly
ash landfills and from the resources used in such landfills as the cement, diesel and
asphalt. Additionally, the incineration plant itself has a significant contribution
(77%) only for the metals depletion (MD).

In contrast, for the Landfill system (Fig. 11) there is a predominant effect of the
construction and of the specific process burdens (independent of the waste to be
treated) on the outcome of most of the impact categories. For 14 of the 18 impact
categories analyzed, one of these two processes is dominant and only in four (MET,
FET, HT and ME) their contributions are not significant.

For Marine and Freshwater ecotoxicities (MET and FET) and Human toxicity
(HT) the contributions of long-term emissions of Cu (39% for MET and FET), and
Mn (97% for HT) in the groundwater dominate the impacts. These emissions result
from the leachate of the MSW landfill and from the landfilling of bottom and fly
ash produced by the incineration of the sludge resulting from the treatment of the
short-term leachate. For ME the long-term emissions of organic nitrogen in the
groundwater (63%), resulting from the MSW landfill leachate, are the most
important contribute.

For Urban land occupation (ULO), Natural land transformation (NLT), Terrestrial
ecoxicity (TET), Freshwater eutrophication (FE), Climate change (CC),
Photochemical oxidants formation (POF), Ozone depletion (OD), Ionizing radiation
(IR), and Depletion of fossil (FD), metals (MD) and water (WD) resources, the effect
of the landfill construction is predominant, ranging from 9% (for NLT) to 79% (for
OD). In this cases the impact is predominantly due to:  the land occupation and
transformation by the road network for ULO and NLT; emissions associated with
the fuel production used in the construction (for TET) and the use of this fuel (for
CC and POF, respectively fossil CO2 and nitrogen oxides); the environmental
burdens associated with the asphalt production (for OD and FD, respectively
emissions and consumption); emissions associated with the production of excavators
(FE); maintenance of the road network (for IR); transport-related consumption (for
MD) and the production of gravel (for WD).
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For the Agricultural land occupation (ALO), Terrestrial acidification (TA) and
Particulate matter formation (PMF) the contribution of specific burdens from the
landfill dominates. For ALO theimpact is due to the land occupation by the landfill
itself, while for TA and PMF is mainly due to nitrogen oxides emissions from the
diesel used during the distribution and compaction of waste on the site.

Concluding, for the Landfill system it is observed a significant environmental
effect associated with the construction of the land- fill itself and with the
environmental burdens resulting from its operation. These burdens are however
independent on the waste to be treated. Just for few impact categories of toxicity
— MET, FET and HT, and additionally for marine eutrophication — there is a
predominance of specific burdens of waste, due to long-term emissions in the
groundwater.

5.3. Analysis of the environmental profiles 2012 and 2016

The environmental impacts of the scenarios were firstly calculated without
considering the energy/material recovery.

The environmental profile of batteries management in continental Portugal in
2012 (Fig. 12) shows a major impact of the Recycling system for all the impact
categories, except for TET, MET, FET, HT and ME, i.e. for all categories in which
the Recycling system showed the worst performance in the comparative analysis
with the other alternatives. For TET the impact of the incineration is prevalent
while for the other categories (MET, FET, HT and ME), the impact of the Landfill
dominates. Thus, since the European legislation established a minimum
threshold for recycling, the improvement of the impact for this management
system in Portugal must pass to intervene in these systems and in the impact
categories listed.

In 8 of the 13 impact categories in which the Recycling system has the highest
contribution to the outcome of the environmental profile, the process that most
influences its outcome is the international transport of batteries (ULO, NLT, TA,
CC, PMF, POF, FD and MD). For 4 of the other categories the recycling process is
dominant (FE, OD, IR and WD) and only for one (ALO) the outcome is dominated
by the boxes manufacture. Toimprove the environmental performance of batteries
management in Portugal, in the studied conditions, it is therefore important to
first consider the choice of a recycling process in a nearest location and/or an
alternative transport system with less environmental impact.

For the categories in which the environmental profile is dominated by the impact
of the landfill destination (MET, FET, HT and ME) it is noteworthy that only for ME
the Landfill system is the worst in the comparative analysis with the other
alternatives. For the others the Incineration and the Landfill systems have impacts
of similar magnitude. The dominance of the Landfill in the analysis of this
environmental profile results from the fact that the fraction of batteries which is sent
to the landfill is significantly higher than the fraction sent to incineration. The
performance improvement of the Landfill system may pass through a better
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control of long-term emissions into groundwater: copper and manganese, in case
of MET and FET; manganese in case of HT; and organic nitrogen in case of ME.

The improvement, at the level of TET, of the implemented sys- tem, in which, as
already mentioned, the contribution of incineration is prevalent, can pass
through the control of zinc emissions to air in the incineration process.

The environmental profile for 2016 shows the same dominance of the Recycling
system not only for all the categories referred to 2012, but also for TET and ME for
whom this system overcomes the effect of the Incineration and of the Landfill,
respectively. For all the categories the increase of the Recycling contribution is
remarkable, especially for ULO, NLT, and TET this increase is more accentuated.
For the other categories of toxicity (MET, FET and HT) the same proportion of the
contribution between the Landfill and the Incineration remains with dominance of
the Landfill. This pro- file reflects, as mentioned above, a possible situation for
compliance with battery recycling targets set for 2016. In this case, the improvement
of its environmental performance can pass through the intervention in the processes,
as previously mentioned in the analysis of the Profile for 2012. As in this situation
the impact on TET and ME is dominated by the Recycling system, its reduction
should be considered, which may involve the intervention in the international
transport of batteries, the process that most con- tributes to the result of this system
in these categories.

If the environmental benefits resulting from the recovery of materials and energy
are considered the environmental benefit associated with materials recovered in the
Recycling is noticeable and dominates the environmental profile. The main
contribution to the advantages of the recycling system is due to the Waelz slag as a
material replacing gravel/sand.

6. Conclusions

The 3 management alternatives for spent alkaline batteries collected in continental
Portugal (landfilling, incineration and recycling in Austria) were compared using the
LCA methodology and the impact assessment method Recipe 2014 at the midpoint
level and the Hierarchist perspective. This method includes 18 impact categories of
Ecosystem, Human health and Resources protection areas.

For the Landfill and Incineration systems, the final destination processes were
modeled to estimate the resources consumption and the emissions (input and output
flows) taking into account both the parameters of the processes in Portugal and the
specific composition of the AA alkaline batteries, thereby obtaining specific results
for this kind of waste. For the Recycling system primary data from the industry
were used.

The environmental impact of the three systems were first calculated without
considering the energy/material recovery and for 13 of the 18 impact categories
analyzed (all the categories except TET, MET, FET, HT and ME) the Recycling
system appears as the worst option. The Incineration option shows the highest
impact for the TET and the Landfill is the worst system for ME. Finally, for MET,
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FET and HT the results for the Landfill and the Incineration systems are of the same
magnitude.

Additionally, the processes that most contribute to the impact of the three systems
have been identified. These should be considered to improve the waste battery
management system.

Thus, for the Recycling system and the impact category Agricultural land
occupation, improvement may be achieved in the boxes manufacture,
particularly in the production of their paper components; for the other impact
categories the performance improvement of the system pass through the
intervention on the kind of international transport and/or in the recycling process
itself, but there is a significant effect in more impact categories by acting on
transport. In this system, it is of great importance the environmental effect of the
use of fuel — in the transport and in the recycling process itself — and of the
electricity and FeCl3 — in the recycling process.

For the Incineration system, there are several processes, resources and emissions
that determine the outcome in the 18 impact categories considered, some of which
are independent of the waste in study, i.e., that occur similarly for any other waste.
There is an important contribution of air emissions from the incineration plant itself,
but also of the ground water long-term emissions from bottom and fly ash landfills,
and of resources for such landfills, as the cement, diesel and asphalt. For the impact
categories to which the system showed a worse performance in a comparative
analysis with the other two alternatives, the improvement may involve the
intervention in zinc emissions to air (for Terrestrial ecotoxicity) and in the long term
emissions of copper, manganese and zinc in ground water. These long-term
emissions result from the leachate after 100 years of deposition of the resulting fly
ash and bottom ash from incineration and the zinc air emissions result from the
batteries incineration.

For the Landfill system, it is observed a significant environmental effect
associated with the construction of the landfill and with the environmental
burdens resulting from its operation, but independent of the waste to be treated.
Just for the impact categories of toxicity — MET, FET and HT, and additionally for
Marine eutrophication — there is a predominance of specific burdens of waste,
long-term and for groundwater. Although this is not the system with the worst
performance in the Marine and Freshwater water ecotoxicity and Human
toxicity, it is the second worst system immediately after the Incineration and with
the results of the same order of magnitude. In this case, the improvement may
also pass through the long-term emissions of copper and manganese to ground
water. These long-term emissions result from both the MSW landfill, as well as
from the landfills of bottom and fly ashes from the incineration of sludge from the
leachate treatment. Furthermore, for the impact category in which the Landfill
1s the worst performing system — Marine eutrophication — the improvement can
pass through the reduction of emissions of organic nitro- gen resulting from the
long-term leachate of the MSW landfill.

For all the impact categories of this method if further accounted for the recovery of

21



materials and energy, under conditions set out in their inventories, the Recycling
system appears with a notice- able advantage.

The environmental profile of the management of spent batteries from
continental Portugal shows the dominance of the Recycling system for all the
impact categories in which this system shows the worst performance in the
comparative analysis of the three alternatives. For Terrestrial ecotoxicity the
Incineration system shows the worst performance on that analysis and maintains
a pre- dominant contribution to the environmental profile of 2012. But for the
other categories (Marine and Freshwater ecotoxicity and Human toxicity), the
low environmental performance of the Incineration is surpassed by the one of the
Landfill system, because the amount of batteries with this final destination is
larger and the relative impact of the two systems is similar, as mentioned before.
For Marine eutrophication it is also the Landfill — the worst of the three systems
in this category — that marks the result in the environmental profile for 2012.

The increase in the recycling rate, reflected in the environmental profile for 2016
will lead to the dominant influence of the Recycling system in Terrestrial ecotoxicity
(formerly dominated by the Incineration system) and Marine eutrophication
(formerly dominated by the Landfill system). For all categories the increase of the
recycling contribution is remarkable, but for Urban land occupation, Natural land
transformation and Terrestrial ecotoxicity this increase are more accentuated. For
all these it is prevalent the effect of the international transport of batteries for
recycling.

Based on the results from this study it should be questioned the environmental
benefits of recycling abroad the household alkaline batteries collected in continental
Portugal. Since the low environ- mental performance of the Recycling system 1is
particularly due to the international transport of the batteries to the recycling plant,
it is foreseen that a recycling facility located in Portugal, could bring a positive
contribution to the environmental impact of the legislation compliance.

However, in the case of allocating the environmental advantage of materials and
energy recovery to each respective system, recycling has a predictable beneficial
and predominant effect.

The knowledge developed in this work may constitute a scientific support in
future studies aiming at defining the best option for the management of this waste
in light of the legislation; may also serve as an example and/or guidance to other
works with the same objective to be done in other geographic and even Europe-
wide areas; eventually, it may contribute to justification for future legislation; or
even as a guide to studies to be done in other waste flows.
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Processes that most confribute to the results of the recycling system
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Fig. 9. Main processes contribution to results on recycling system for each impact category (only one process is included if its
contribution is higher than 70%, two processes in the other cases or three if 2nd and 3rd contributors are of similar magnitude).
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Fig. 10. Main processes contribution to results on incineration system for each impact category (only one process is included

if its contribution is higher than 70% and two processes in the other cases).
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Processes that most contribute to the results of the landfill system
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Fig. 11. Main processes contribution to results on landfill system for each impact category (only one process is included if its

contribution is higher than 70% and two processes in the other cases).
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Environmental profile for alkaline batteries management in continental Portugal - 2012
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Environmental profile for alkaline batteries management in continental Portugal - 2016
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Fig. 12. Scenarios for alkaline batteries management in continental Portugal, 2012 and 2016

Table 1
Characteristics of the sanitary landfills in operation in continental Portugal in 2012 and some parameters of the landfill model
(from Doka (2009)). The values considered in the present study are indicated in bold (see Section 3.2).
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Sanitary landfills in continental Portugal Parameters of the model (from Doka

(2009))
Landfill volume (m?*) 1,601,468 Note 1 1,800,000
Landfill capacity (ton) 1,662,487 Note 1 1,800,000
Water consumption From 5.5 to 230, mean = 69 Note 2 Not considered
(1/ron waste)
Electricity From 1.1 to 12, mean= 4.7 Note 3 1.365
consumption
(kW h/ton waste)
Diesel consumption From 0.58 to 15, mean=2.9 Note 4 1.3
(ljron waste)
Landfill gas treatment  Only for 3 landfills (5% of the total capacity) gas collection was not referred 47% emirtted directly
60% of the total landfill capacity (9 landfills) had or foresaw landfill gas recovery (electricity). 53% captured:
All the others (35%) had or foresaw open flare without energy recovery. Note 5
Assuming a collection efficiency of 40%: - B6% recovered (electricity and heat,
efficiency of 27.8 and 13.5 respectively)
- 38% of the total produced landfill gas is collected; 62% is directly emitted - 34% open flare without energy recovery
- 66.7% of the collected gas is recovered and 33.3% is open flared
Leachate treatment Leachate production is not available Leachate production: 0.025 l/a
All the landfills have local treatment or local pretreatment previous to municipal wastewater  Municipal wastewater treatment
treatment plant + incineration of sludge

Resulting sludges are landfilled

Note 1. Average of 26 sanitary landfills.

Note 2. From 19 sanitary landfills (7 did not report the water consumption).

Note 3. From 20 sanitary landfills (5 did not report the electricity consumption, the value of 72 kW h/ton waste reported by one landfill was excluded).
Note 4. From 19 sanitary landfills (6 did not report the diesel consumption, the value of 18,709 l/ton waste reported by one landfill was excluded).
Note 5. Even the landfills with gas recovery have the alternative of gas burning in flare without energy recovery as support

Table 2. Impact categories and respective abbreviation, units and area of protection addressed at the midpoint level ReCiPE 2014.
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Impact category name Abbreviation Unit Area of protection

Ozone depletion oD kg CFC-11eq Human health
Human toxicity HT kg 1.4-DBeq Human health
lonizing radiation IR kg Uzs5 e Human health
Photochemical oxidant formation POF kg NMVOC Human health
Particulate matter formation PMF kg PM10eq Human health
Climate change CC kg CO; eq Ecosystem’
Terrestrial ecotoxicity TET kg 1.4-DB eq Ecosystem
Terrestrial acidification TA kg 50, eq Ecosystem
Agricultural land occupation ALO m? % yr Ecosystem
Urban land occupation uLo m? % yr Ecosystem
Matural land transformation NLT m? Ecosystem
Marine ecotoxicity MET kg 1.4-DB eq Ecosystem
Marine eutrophication ME kg N eq Ecosystem’
Freshwater eutrophication FE kg Peq Ecosystem
Freshwater ecotoxicity FET kg 1.4-DBeq Ecosystem
Fossil resource depletion FD kg oil Resources
Mineral resource depletion MD kg Fe eq Resources
Water depletion WD m? Resources”

* ReCiPe connects by modeling the midpoint categories until endpoint categories (not used here) that are associated to the areas of protection indicated in this table, This
connection is not quantitatively established for MEand WD and for CC the connection is to Ecosystem & Human Health protection areas. To simplify but because itis intended
to use the designation of Area of protection, for these impact categories it is considered as Ecosystem.

Table 3 Characterization of batteries considered in the present study.
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waste

Chirommiem (&) or ko'km 2I0DE-D3 1.TE-5 J2ZE-OS5 2AE—-IH 1. 8E—Dd TAE— D& OUE+ s
waste

Copper (6] e koke QIE-D5 BAE-01 OLNE + 8D A5E-D5 OLIE + (M OUE + (0 ONE
wasne

Mercury (6) Hg kg'kg L+ OE W0 UNE + i OUE WD OUE + (M0 29E—-0OF OUED
wasne

hamganese (5] Kim kg'km 2 FF—-03 DANE-+sD 2 0E—iDd 5 TE—DS O_S5FE—iDd 4 FE—D1 1 4E—05
waste

Mickel (&) Mi kg'km 1 AE—2 I SE-DOS AUBE—I5 12E— 1.2E—D 22E—IO5 OUE+ s
waste

Lead (&) Pl koo T AE— 4 55E-0O5 BEE—- OS5 1T.1E— 3 .5E—Dd JAE—DO5 I 6ED5
wasne

A ey () 5 km'kem D AE— DS DANE-+ND DNE+{s DUNE-+{D DUE-+{sD OUE-+DD DNE+TND
washe

Tin sn kg'ks 5 5E—03 (3]
waste

Wanadium (&) W kg'km e+ OUDE-+s] OUDE-+{s OUDE-+HDD OUE-+ ) OUDE-+{DD OUE+ s
waste

Lime (&) Zn ko'km S.1E—-D5 JAE—-D1 S.1E—iD 2 AE— i 1. BEE—O2 HHEE—-D3 B.5E—-D1
wasne

Thal L (&) Tl km'kem TA1E-DS DANE-+ND DNE+{s DUNE-+{D DUE-+{sD B AE—-D5 DNE+TND
washe

Hilkomm (&) Si kg'km 1. BE— OUDE-+s] OUDE-+{s OUDE-+HDD OUE-+ ) OUDE-+{DD OUE+ s
waste

I Fe kglke QHEE-D1 (3) 1.1E—02 (3)
waste

Al nd o Al kgkg 5.5E—03 (3)
washe

Pt 355§ K keglka 25E—02(5) GETE—02(5)
washe

Sum wWet mass kg'km 1.0= ] 1.0= 1.0= 1.4 1.0 ]
waste

Share of iron that is e tallic frecyc labie 1 1] L} L} L1} L1} 1]

7
Share of carbon that is biogenic (7) L] 1] L] L] 1 L] 1]
Degradability in a municipal landfill w3 o3 1 B 1 L] 3

withim 100 years () ()

(1) From Almeida et al. ( 2006), Table 1. Dwe to the vardat om on anode mokstere content the balance o the average total weight of the batteries was considered.

(2) Estimated.

(3) Calculated as the differemce tomake 1 in the sum wet mass. In the ande collector the amoeunt was partitened betwveen Fe ( 50K) and Sm and Al (25% each]
(4] Compositlon caloulated from the chemical fomusla PA = (CaHa 2 OMn: Paper = CaH o olls e PWE = (CHACH O] e

(5] From Almeida et al. (2006], Table 21t was considered that K 5 egually dissolved in the motstere of the cathode and anode.

(&) From Almeida et al. { 2006, Table 4.

(7] “share of iron _~ and “share of carbon = estimated based on similar materials.

(8] Depradability estimated on landfillng mosde ling (see Secton 3.2
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Table 4
Parameters used on the calculation of transfer coefficients for the landfilling modeling (Doka, 2009)

Element Release factor (% of degraded %gas (w% of short-term
material that is emitted) emissions o gas)
H,0 100 0
0 100 97.1
H 100 97.1
C 100 97.1
5 438 149
N 250 G.44
Cl 255 1.38
As 18 1.38
Cd 17.7 0.662
Co 32.2 0.025
Cr 1.14 0.025
Cu 0.49 0.029
Hg 9.59 28.6
Mn 115 0.025
Ni 5.82 0.025
Pb 0.59 0.033
Sb 10.5 0.025
sn 0.59 0.025
Zn 4,74 0.022
Tl 5.82 0.025
S 5 0.025
Fe 137 0,025
Al 5 0.025
K 73.1 0.025

Table 5
Inputs, outputs and data source for the inventory from landfilling 1 kg of batteries.



| yprsts AUnTEnt Sounce of |meniory data
Sanitary landfill facility (1) S5 6E— 10 unit Sanitary landfill faciliog CH (Dodea, 2040r9)
Process-specific burdens, sanitary land fill (1) 1 kz Process-speac ifi c bundemns, sandtary Lan dfill/CH {Duolea, 20400)

Infrastriecoune and resowrces necessary for the wastewater creaoment of the shorr- renm leachare (2 )

Electricity
Light fisel ol

Natural gas
Dispaosal, plastics, mibonare
Disposal paper

Sewer grid
Wastewater treatment plant

2 TE- 04 kW h
1. TAE— D M|

2 AE— D M
I OE—0d kg
30E— 04 kg

5.5E— 10 km
1T.4E-11 unlt

Electricity, low valtage, at grid/PT (Frischknecht et al, 2007)
Light fuel oll, bumed in bodler 100 KW, mon-meoedul acin g/ CH
(gl ik, ZHOWNT )

Matwral gas, bumed in bodler modulating =100 KW /RER
{Falst Emmenegmer e al, 2007)

Disposal, plastics, mivture, 15.3% water, to municipal
imcinerationCH (Dalea, 20400

Dispesal, paper, 11.2% water, to mundcipal dncineratben/CH
(Dokea, )

Sewer gnid, class 3/CH (Dwdea, 2040)

Wastewater treatment plant, class 3/ CH (Daokea, 2008)

Infrasrriscnere and resowrces necessary for the incinerarion of slidge from waste warer rreanment of the shom-remn leacharne (2]

Municipal waste incineration plant
Proscess-speci fic bundens, moumnicipal waste | mc merat lom

Slag oodmpartment

Process-specific burdens, slag compartment
Residual material lamdfill facility

Process-specific burdens, residuwal material landfill

Electricity from waste, at mun bol pal waste inolneration plant

Heat from waste, at mumnicl pal waste incineraton plant

Soedlim hardroede

Onalchkeli e

Hydiroc hiloric acid
Irem (10} chiloride
Chemicals argamic
Chemicals |norman ic
Cememt

Dispasal, cenment

Transport, freighi. rail
Transport, lomy

9.9E- 14 wnit
ADE -0 kg

1.2E— 14 unlt

1.TE—id kg
5 TE-05 KW h
I IE— D MY
2060 kg

AEE- 10 kg
AGE—O8 kg
1. AE—05 kg
2 1E—0 kg
TEE— 08 kg
EGE—05 kg
1. TE— 0 kg

2 HE- 05 t km
2 0E— 05 ¢ ko

Municipal waste incineration plant/CH (Doka, 2009
Prosoess-spec ifi c bunde ns, mundcipal waste §ncine matioeniCH
(Dabea, 2000)

Slag compartmentiCH (Daodoa, 2008

Proscess-specific bundens, €lag compartment/CH (Daoka, 2040)
Residu al material Lamndfill facility/\OH (Daodea, 200005)
Proscess-specific bundens, residwal material landflliCH {Daoka,
2O

Electricity from waste, at municipal waste |incineratbon plamt ({CH

(Daxbea, 2000

Heat from waste, ai municipal waste incineration plantCH
(Diakea, D00N)

Sodium hydrodde, 50% in HaO, produect on mix, at plant RER
(Al haus et al., 207

Quicklime, milled, packed, at plantfCH (Kellenberger et al., 2007)
Hydrochloric acid, 30K in HaO, at plant/RER { Althaws et al., 204007)

I (111) chioride, 0% in HD, at plant/'CH (Althaws et al., 2007)
Chemicals organic, at plant f{GLO (Al haus et al , 2007 )
Chemicals inrganic, at plantfGLO (Althaws et al., 20407
Cement, unspecified, at plantjCH (Kellenberger et al, 2007)

D speevsa |, cemne nit, hyrdirate d, 05K wate r, tores dial matenial Lamndfllf

CH ( Doka, 2009)
Transport, frelght, il /RER (Spielmann et al., 2007)

Transport ., lorry 20-28 t fleet average \CH (Splelmann et al, 20807)

AT a AL0E—OF kg Armuneon ba, liguid, at regional stoerehowse/RER (Al hass et al, 204007)

Matural gas, burned in indwustrial furnace J DE—DE M) Matwral gas, bumed in indestrial furnace low-Mo, = 100 KW/ RER
{Falst Emmenegmer e al, 287)

Titamium dicsxide 1. 1E- 0 kg Titanl um discide, prodisction mbc, at plant/RER (Althaus et al_,
2007

Chironium oockde 23E-11 kg Chromdum oxide, flales, at plant /RER (Althaes et al_ 20807)

st usts Adrembssions from direct release andjor incineraton of  Alremissions from short-term leachate treatment and

landfill gas (Adr emissions, low population densiog®)

Armoasnit ., kg (3]

incine ration of resulting sludge (Alr emissions high populaton

bensi ty ™) Anmount, kg (4]

Carbaon disdde, biogenkc Q1E-05
Carbaon meomosdde, bl ogenic A4 S5E 03
Met hane, biogenic 1_BE—05
Carbson didde, fossil A9E—04
Carbomn maosnosdde, fossil 2 4E 08
et hame, fossil 9 5E-D5
M SAE—-10
Particulates, <25 pm o FTE- 0%
Sl fur dioside 2 IE-08
MNitrermen oaides S5OE— 09
AT a -

Do it rexmen oo ke -

Cyanl de -

Hydrogen chioride BIE—06
Arsenic TAE-12
Cad mdunn QOE-12
Cobalt SZTE-12
Chirosnmiunn ITE-—12
Copper 50E-11
MLan g nes e AAE—10
Hickel 1Z2E-10
Lead T3IE-13
Antinmesny 1.5E-12

Tim 45E-13

33EDbE
1.6E—0E
BLEE -0
1.BE—O5
BSE—OHE
3. TE—OH

29E-13
14E-12
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Onstpasts Adremissions from direct release andjor incimeration of  Alr emissions from short -temn leachate treatment and

lamdfill gas (Adr emdssions, low population density” ) incineration of resulting shedge (Alr embsions high populaton
Aot kg (3) densiny ™) Anmmount, kg (4]

Fimc A _FE—- B 2 I2E0G

Thal e B.2E-13 12E-12

Hilloon T.3E-12 12E-11

Ircem 2 OE—O 13E—10

Al o mienne 3. BE-12 23E-11

Pk &S5 e TBE-OB L1}

Onstpasts Water emissions from shor-term leac hate treatment and  Water emissions from long-term leachate (= 10da) directly
incineraten of resulting shedge (= only from leachate From MSW landfill and indirect by via incimeration of slhedge
treatnent) (Water emdssions, nwver ) Amownt, kg (4) from leachate treatment (°° only from MSW bemg-termn

leachate) (Water emdssiens, ground, lens tem”) Ameaent, kg
5]

BODS. Biclegical Oxygen Demand 1.5E— & 29E—-03

COD, Chemical Oxvgen Demand A BE— D& 12E—02

TOL, Total Organic Carisomn 1. 2ZE— & 1. 1E—O2

DO, Dissod weed Ohrgsamd © O arbson 1. 1E— & 1. 1E— D2

Hulfate T SE—-O7™ 1.7E—03™

Hydirogen sulfide - <A_5E— 5=

M tregen 3. TE-OTF —

AR, 1.4E—D05 4. 5E— 4™

HMitrate S OE—D5 A TE—D5

Mitrite 2 9E—-07F 2 5E—5™

MitregEen, organic b nd L] TAE— ==

Chil s e 5. TE— ™ S 1E—03*

Arsendc, kem “L&E— 1D SUIE—O7F

Cadnndwnm, |om B.EE— 1D 26E— DG

Cobalt 1. TE— D8 JBE—DO5

Chiromd e Wi T.BE—09 1.HE— D

Copper, kxm A BE— B 12E—02

Mercury [1] 1.68E—07™

Manganese O.0E— 07 2IE-D1

Mickel, lom F.DE—O7F 2 RE—-03

Lead 2 4E-10 SOE—O5

Aty <1_{E— 03 1 9E— s

Tim, doom T.5E-10 T OE— D4

Zimc, lom S.9E—D05 12E—D1

Thaal e 1. IE— 09 BOE—DOS

Silomm I ZE-10 B9E—0O7F

Irasm, bsm <1 TE— i T AE—2

Al wsnnd menn L.2E- 1D 10E—

Pt 2055 e ., e 3.0E— D™ 2 TE—o2™

Chironmdenm, | om ZIE-11 -

Oustpasts, Heat waste Anvoaent, KA

Alr emissions, low population density — from direct QIE e (5)

release or incineration of landfill biogas
Sodl emdssions, indestrial — fromn s hoort -te mn I BEO2 (T)
decomposi tien of waste (0—10dka)
Water emisshoms, groand, long-term — from kg - 52 (B)
term decompositben of waste (= 100a)
Alr emissions high population density — from 1.0E—O3 (4)
inc ineration of sludge from shori-term keachate
‘Tre AL e
Water emissions, river — from inclseaton of shedge 1T3E—Dd (4]
from shori-term leachate @reatmeemt
Onsrpasts Auvvoeient, k] Sowurce of inventory data
Electricity pnosd et bsm 2 5E— D () Elec tri ol ty., prosdhsctiom b PT (Frischknecht et al., 20M17 )

(1) Infrastrscoere, resoses and emssions process-specific for the landfill itself Caleulated taking inbo account the amownt of bateres oo landfill (1 kg) and the capaci oy of
thee Lamdifill {1 B0 M tasm L
(2] Caloulated from the ammoaoent and oonnpsosicion of the leachate produced acoonding to Dolca {20408,
(3] Alr emissions from direct release or dncineraton of landfill gas are determidned by application of TE gas oo the batteres composition In the pext (Section 3.2) the TK gas
caloul atiomn |5 explaled. OF these emdsshons 652% comespond o s that s nol capoured (Table 1) amd are directly emited and the remalnder(38% ) is subjected bo oonndbnestiom;
333% in open flare and 66.7% for energy recovery (Table 1) For © 5 N and O the following alr emdssions speciation are ¢onsdered:
a For © — O0h, OO, OH,. NMAWOE and Particles. 0D and CH. emdssions exist in both directly emitted and combusied gas: all the others only exdst in the combusted gas.
Both the direct and the combuested emission of sach compound are caloulated wsing the respective C total emission (direct and oombusted) and the content of each
compound per gof Cin the landfill mw gas or in comibested lamndfill gas respective by, obtaimed From literatwee;
— For lamndfill raw gas (direct emission ) the reported data are (Doka, 20000 OO, - 1.6 CH, — 075 g of compound per g of T
— For combusted gas the reported data are (Dokca, 20005 OO0 — 3.7 OO0 — 31E—d; CHy — 2. 5E—05; NAMVOC — 5 9E—06; PFarticles (all assumed =25 pm) — 10E—0d g of
compound per g ool O
— For OO0y, OO0 and CH, the fossi]l and the blogenic fractions are separately accounted fior wsing the respective share of biogenicifossil C in the degraded residue.
b. For 5 — 50, and for O — HOLL, kot h are present in direct emdted and combusted gas_ In @ e caloulation, the wel ghit increase due o the speciation te S0, 02 ) amd HOL] 1085
= takem inbo acooent.
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¢ ForN — NOy: enly present inthe combusted gas Thecaloulation i simdlar to the one explained for the C compounds wsing the content of MOy perg of M in the combusted
landfill gas equal to 85603 (Doka, 2000
(4] Emdsslons (water, air and heat) from short-term leachate treatmvent and incineration of resulting sludge were caloulated from the amownt and composition of the leac hate
produced: the amount of leachate is considered egual to 2 5E-03 m* per kg of waste overthe 100 years (Doka, 2000); the leachate composi tion was obtained by applicatiosn
of TK shori-term leachate to the batterles compositon. In the tedt (Section 3.2) the TK short-term leachaie caloulation is explained.
For 5 and M the following leachate speciation are considered:

a For 5 - 504 it ks considered all the 5 emitted as Sulfate.

b. For M - MH, (31.7%), Norg { 56.6), MOy (0.7% ) amd NO, (1.0%); the share of the total M in each leachate specie were obtaimed from lteratre | Doka, 2009).
The midels wsed for both the leachate treatment and the incineation of resulting sludge processes are from Dok (2009) withowt any change and so the ¢ alculations are mnot
detalled here. In that model, that contains not only the direct burdens from the leachate treatment itself but alo the burdens from shedge disposal (incineration and
landfilling of resulting ash) individuwal factors describing the burdens created from 1 kg of pollstant in 1 m® wastewater are calculated for each pollutant in the leachate.
(5] Embsions from long-term leachate (= 100a) directly from MSW landfill were obtained by application of TK long-term leachate to the batieres composition In the tesxt
(Section 3.2) the TK long-tem leachate caloulation is explained.
For C 5 and N the following leachate spaciation ane ¢onsdened:

a For C - The BODs and COD emdssions were detemdned from TOC using the respective raties (~0026 for BODS and ~-1.1 for OO0, from Doka, 20091

b For 5 - 50, (93.1%) and H,5 (69%)

€ For N - NHy (31.7%), Norg (665K, MO (0.7%) and MO, (1051
The share of the total 5 and N in each leachate specie were obtained from lite mture (Doka, 20097
The emissions resulting from the incineration of sledge from leachate treatment were obtalned as explained in the end of note 4
(&) Heat produced in carbon combusted: obtained from the product of C as CH, in the combusted gas and the energy content in C considered equal to 20 M kg {Doka, 20090
The wasted parte & given by the share of gas combusted in open flare (333%)
(7) This ks the reamding short-term heat waste: Obtained from the heat liberated in 100 years, discounting the Carbon combiusted (note 7) and the Cdirectly emitted as CH,
(mote 4). The heat lberated in 100 ywears 5 calculated a5 the product of the upper heating value of the batteries and the share of heat content degraded in 100 years.
(8] This is the remalning long-term heat waste, obtained from the upper heating value of the batteries and discounting the heat liberated in 100 years (see note 7L
{9) Calculated from the share of heat produced in carbon combusted that |5 66.7% of the total (note 7) and wsing an Efficlency of conversion of 13.5% (Doka, 2009).

" Envimnmental compartment (see text, Section 41
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Table 6. Transfer coefficients used in the incineration modeling.

Element Transfer coefficients (%)

Fly ash Air Bottom ash
S(1) 1.40 0.132 98.46
Cl(1) 31.8 2.93 6527
As (1) 00336 0.0288 9994
cd (1) 102 0.0534 89.74
Co(1) 1.08 0.00961 98.91
Cr(1) 10.0° 0.614 89.39
Cull) 00313 0.00140 9997
Fe (1) 0223 0 99.78
Hg (1) 1.46 4.11 94.44
Mn (1) 00355 0 99.96
Ni (1) 0.0801 0.00010 99.92
Pb (1) 292 1.10 69.74
Sh(1) 0.289 0.0839 99.63
TI(1) 0.712 0.0212 9927
Zn (1) 6.53 0.0503 93.42
c(2) 0.30 98.15 1.55
H 0 100 1)
N(2) ] 99.0 1.0
0(2) 0 96.6 3.4
K(2) 369 0.2 62.9

(1) Obtained from laboratory incineration tests (Almeida et al., 2009). The values
obtained for the furnace were considered “fly ash” and the ones for the bubbler
flask 1 and 2 were considered “air emissions”. The values for “bottom ash” were
obtained by balance.
(2) Values obtained from Koehler et al. (2011), Supporting information, Table 10.
The values for C already take into account the total transfer to the bottom ash of the
C from the inert components of the batteries. For the remaining elements N, 0 and K
this situation does not arise because they only exist in the burnable components.
As there were no laboratory quantified emissions for Al, 51 and Sn, the transfer
coefficients for inert components were considered since these elements are only
present in that type of components,

* The Cr transfer coefficient for “fly ash™ was corrected taking into account the
results discussion in Almeida et al (2009) and by comparison with other published
values.
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Table 7. Transfer coefficients used in modeling bottom and fly ash landfilling processes (Doka, 2009)

Element Transfer coefficients (%) Transfer coefficients (%) fly ash
bottom ash
Short-term Long-term Short-term Long-term
100 years >100 years 100 years >100 years

C 018 99,82 0.108 64.625

5 912 90.88 10,73 89.27

N 18.88 81.12 18.88 81.12

Cl B86.38 13.62 28.60 71.40

As 0.150 99.85 100.0 0

Cd 0.051 99,949 0.001 0.679

Co 0.014 99,986 0.029 17.096

Cr 0.003 0.654 6.01 18.99

Cu 0.003 99997 0.006 3.849

Hg 262 9738 0.008 4720

Mn 0.005 99,995 0.001 0.826

Ni 0.063 99,937 0.060 36.204

Pb 0.002 99,998 0.001 0.519

Sh 0.067 14.471 3527 64.73

sn 0.002 99,442 0.003 1.895

Zn 0.003 99,997 0.002 1.226

TI 0.063 99,937 0.060 36.204

Si 0.004 0.856 0.225 99.775

Fe 0.001 52.019 0.001 0.501

Ca 0.436 99.564 0.015 9.036

Al 0.001 81.686 0.050 29.685

K 12.085 87.915 28.19 71.51




Table 8. Inputs, outputs and data source for the inventory of 1 kg batteries incineration.

Inputs Amount Source of inventory data

Municipal waste incineration plant (1) 25E—-10 unit Municipal waste incineration plant/CH (Doka, 2009}

Bottom ash landfill (2) 9.1E—-10 unit Slag compartment/CH (Doka, 2009)

Process-specific burdens from the 51E-01kg Process-specific burdens, slag compartment/CH (Doka,
bottom ash landfill (3) 2009)

Fly ash landfill (4) 5.7E—11 unit Residual material landfill facility/CH (Doka, 2009)

Process-specific burdens from the fly ash 2.7E-02 kg Process-specific burdens, residual material landfill/CH
landfill (5) (Doka, 2009)

Cement (6) 1.1E-02 kg Cement, unspecified, at plant/CH (Kellenberger et al., 2007)

Disposal of cement and water used for fly 2.7E-02 kg Disposal, cement, hydrated, 0% water, to residual material
ash solidification (7) landfill/CH (Doka, 2009)

Transport, lorry (8) 6.8E-03 tkm Transport, lorry 16-32 t, EURO4/RER (Spielmann et al.,

2007)

Ammonia - waste and process specific (9) 2.6E—04 kg and 3.8E-04 kg Ammonia, liquid, at regional storehouse/RER (Althaus
et al,, 2007)

Lime, Ca(OH)2 (10) 2.6E-04 kg Lime, hydrated, packed, at plant/CH (Kellenberger et al.,
2007)

Activated carbon (11) 43E-04 kg Charcoal, at plant/GLO (Werner et al., 2007)

Water (12) 33E-011 Water, decarbonised, at plant/RER (Althaus et al., 2007)

Matural gas (13) 33E-02M] Natural gas, high pressure, at consumer/RER (Faist
Emmenegger et al., 2007)

Diesel (14) 13E-05kg Diesel, at regional storage/RER (Jungbluth, 2007)

Outputs — Air emissions from Amount, kg Outputs, cont. = Air emissions from incineration (Air Amount,

incineration (Air emissions, high emissions, high population density’) kg

population density )
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NMVOC (15) 4.6E—06 Dinitrogen monoxide (24) 1.7E-06
Particulares <2.5 (16) 8.1E-06 Hydrogen chloride (25) 5.1E-06
Particulates 2.5-10(16) 4. 1E-08 Arsenic (26) 26E-10
Dioxins (17) 3.3E-14 Cadmium (27) 1.4E-09
Nitrogen oxides (thermal) (18) 1.8E-04 Cobalt (26) 3.5E-09
Ammonia (thermal) (19) 8.BE-07 Chromium (28) 25E-06
Carbon monoxide, biogenic (20) 3.1E-06 Copper (26) 1.7E-07
Carbon monoxide, fossil (20) 3.2E-05 Mercury (29) 6.6E-09
Methane, biogenic (21) 5.5E-07 Nickel (26) 2.8E-09
Methane, fossil (21) 5.7E-06 Lead (26) 5.6E-07
Carbon dioxide, biogenic (22) 1.4E-02 Antimony (27) 1.6E-08
Carbon dioxide, fossil (22) 14E-01 Zinc (26) 7.3E-05
Sulfur dioxide (23) 2.1E-07 Thallium (26) 1.3E-08
Nitrogen oxides (fuel) (24) 1.3E-04 Potassium (30) 5.5E-05
Ammonia (fuel) (24) 6.0E-07 Heat, waste (31) 43 M]

Dutpurs Warter short-term emissions from bottom ash and fly 'Water long-term emissions from bottom ash and fly ash
ash landfill (Water emissions, river’) Amount, kg landfill (Water emissions, ground, long-term’) Amount, kg

BODS5, Biological Oxygen Demand (32) 1.2E-06 7.0E-04

COD, Chemical Oxygen Demand (32) 3.7E-06 21E-03

TOC, Total Organic Carbon (32) 1.5E-06 B.5E-04

DOC, Dissolved Organic Carbon (32) 1.5E-06 8.5E-04

Sulfate (33) 1.7E-04 1.7E-03

Nitrate (34) 9.5E-06 4.1E-05

Chloride {35) 3.8E-03 1.9E-03

Arsenic, ion (36) 1.7E-09 9.1E-07

Cadmium, ion (36) 1.2E-09 23E-06

Cobalt(36) 5.1E-09 3.6E-05

Chromium VI {36) 2.4E-06 1.0E-05

Copper, ion (36) 4.2E-07 12E-02

Mercury (36) 4.0E-09 1.5E-07

Manganese (36) 1.2E-05 2.3E-01

Nickel, ion (36) 1.8E-06 2.BE-03

Lead (36) 7.7E-10 3.5E-05

Antimony (36) 3.2E-08 2.7E-06

Zinc, ion (36) 4 2E-06 1.4E-01

Thallium {36) 3.8E-08 6.0E-05

Tin, lon (37) 1.6E-09 1.0E-04

Silicon (37) 1.3E-09 3.1E-07

Aluminum (37) 1.3E-09 83E-05

Iron, ion (38) 3.6E-09 22E-06

Calcium (39) 2.1E-08 1.3E-05

Potassium, ion (40) 49E-03 22E-02

Heat, waste (31) 0.30M]

Dutputs - energy and materials recovered Amount Source of inventory data

Electric energy (41) 0.80 M] Electricity, production mix/PT (Frischknecht et al., 2007)

Fe from bottom ash descrapping (42) 0.20 kg Iron scrap, at plant/RER (Classen et al, 2009)

* Environmental compartment {see text, Section 4).



