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Abstract

Paper aims: To define and evaluate the environmental performance of the implementation of reverse logistics (RL) for
empty pesticide plastic containers (EPPC) in Brazil through the Campo Limpo System (CLS).

Originality: Discussion about the implementation of RL for the development of sustainable systems, through the identification
of environmental impacts associated with RL of EPPC by means of Life Cycle Assessment (LCA).

Research method: CLS is described and used to quantify the potential environmental impacts of the RL chain of EPPC
waste management by using the LCA methodology. The analysis comprehends the situations prior and post implementation
of the CLS, it takes into account container manufacturing, transportation and end-of-life.

Main findings: Implementation of the CLS resulted in a reduction in nine assessed environmental impacts categories,
ranging from a reduction of 79% to 26% in potential impacts. The stage leading to the largest contribution to
environmental impacts is the manufacturing of EPPC. For end-of-life options, recycling proved to be the best option to
lower environmental impacts.

Implications for theory and practice: Results show that the public policy was environmentally effective given that current
activities in EPPC management led to lower environmental impacts enabling the development of a sustainable supply chain.
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1. Introduction

1.1. Reverse logistics of empty pesticides containers

Brazil is one of the largest pesticide consumers in the world, which stems from the country’s large agricultural
production (Instituto Brasileiro do Meio Ambiente e dos Recursos Naturais Renovaveis, 2019). Intensive use of
pesticide products raises environmental concerns regarding the impacts of their production, transportation and
end of life (Eol) of packaging materials due to soil contamination and human toxicity potential (Guyton et al.,
2015). Concomitantly, high plastic consumption in agriculture by itself is a source of environmental concern
due to management and residue destination issues (Blanco et al., 2018; Lagarda-Leyva et al., 2019). Moreover,
the large volume used requires logistics, specifically on transportation and packaging which, on their own,
generates relevant economic and environmental impacts due to the short lifespan of packaging (Barros et al.,
2018). To address this issues, circular economy strategies can be employed since this concept comprehends
the end of useful life management of products and their reinsertion in the supply chain (Agrawal & Singh,
2019). The process of reinserting products in the supply chain is done through reverse logistics (RL) to ensure
operational efficiency and a sustainable chain (Oliveira & Camargo, 2014).

The importance of an adequate EoL management system for packaging materials for pesticides, used in the
agricultural sector, is evidenced by the creation of specific waste management programs throughout the world,
such as Pamira (Germany), CleanFARMS (Canada) and Sigfito (Spain). In 2000, Brazil adopted the Pesticide Law
9,974 that was the base for the Brazilian Waste Management Policy (PNRS in Portuguese) (Brasil, 2010). This
environmental oriented legislation introduces the concept of extended producer responsibility and brings light
to a compulsory reverse logistics (RL) to products such as, lamps, batteries, electronic products and lubricant
oils, but also for empty pesticide containers. For empty pesticide containers, the EoL is a mandatory and shared
responsibility between several public and private agents, including: the final consumer, the manufacturer/importer,
retailers and the public regulatory agency. The mentioned Solid Waste policy establishes the final consumer
(farmers) as the responsible for rinsing, decommissioning and storing (up to one year) the containers after use.
The effectiveness of this type of system is directly affected by the final disposal of the retrieved products, which
depend on the adequate rinsing of the containers (Agrawal & Singh, 2019; Picuno et al., 2020). The pesticide
industries, represented by the National Institute for Empty Packages Processing or InpEV (acronym in Portuguese),
are responsible for the reverse logistics of empty containers which include multiple functions, namely, receiving
the empty containers, identifying the sites to send these containers, certifying the adequate container delivery,
organizing itinerant collection alternatives for remote locations and also educating farmers on the importance
of the collection and container valorisation program. Producers that are more environmentally conscious tend
to return containers respecting the timelines instead of discarding them on the environment (Jack et al., 2010).
Extended producer responsibility reduces plastic waste in agriculture (De Lucia & Pazienza, 2019). The regulatory
agency is responsible for licensing the companies for collection and transportation of empty pesticide containers
and supervises the entire process (Instituto Nacional de Processamento de Embalagens Vazias, 2016).

Specifically for the RL of empty containers, a system called “Campo Limpo” (CLS) was created for the purpose
of enabling the farmer to return these containers. In this system, the farmers return the empty pesticide containers
to collection points, central units or itinerant collections. When the containers arrive in collection points, they
are transported to central units and then directed for their EoL destinations (either incineration or recycling)

1.2. Life cycle assessment

Presently, the published Life Cycle Assessment (LCA) work on transportation impacts of post-consumer
agricultural plastic containers is not vast in Brazil. Studies that evaluate end of life of plastics in agriculture
(Gu et al., 2017; Urreaga et al., 2020) indicate that adopting circular economy practices is environmentally
positive. The study by Treenate et al. (2017), evaluated the environmental performance, from cradle to grave,
of high-density polyethylene (HDPE) used in packages of lubricants oils in Thailand. Results indicate that the
stages most contributing to the overall impact are extraction of raw materials and pre-processing. In the study
from Dahlbo et al. (2018), recycling of waste from post-consumer plastic containers in Finland in the municipal
solid waste system was evaluated, results show that plastic waste is a useful raw material. Relative to the Eol,
Arena et al. (2003), and Perugini et al. (2005), evaluated the potential environmental impacts of domestic empty
plastic containers in Italy, comparing environmental indicators for recycling with those of landfills and incineration
facilities, concluding that recycling is always preferable. Aryan et al. (2019) evaluated EoL management of
plastics in India, also considering recycling, landfills and incineration and found that incineration with energy
production was the best management option.
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When looking at Brazilian studies within the topic of EoL management, it is clear that, although rarely
focusing on empty containers, some studies using LCA for some of the products mentioned in the PNRS were
performed. Souza et al. (2016), evaluated electrical and electronic equipment waste management options
in Rio de Janeiro to find the most efficient e-waste collection system. His work recommends the use of a
hybrid collection system with delivery points at stores, subway stations and neighbourhoods with integrated
social enterprises and cooperatives to promote a more comprehensive recyclability of electronic components.
Oliveira & Magrini (2017), evaluated different options for the EoL of lubricant oil plastic containers finding
the potential of reduction on the environmental impacts when deposition in industrial landfills is avoided.
Zappe et al. (2015) focused on RL and EoL options for fluorescent lamps and found that lamp transportation
had the largest contribution to the overall environmental impact amongst the evaluated chain stages. Also,
Oliveira (2019) evaluated RL for EPPC in four central units located in two different states and found that the
distance between these units and end-of-life destinations concentrated most potential environmental impacts.
However, the findings from Oliveira (2019) result from a reduced number of central units (4 in total) and their
specific end of life destinations. In the present study the practices for whole State of Sdo Paulo were assessed,
covering 38 collection points, 14 central units and several end-of-life facilities.

1.3. Aim of this work

None of the studies described above focus on quantification of the potential benefits brought by the
implementation of a national policy for reverse logistic of empty pesticide containers used for crop protection
in Brazil. The use of plastics in agriculture is rarely addressed in rural waste management research and is an
important component for the promotion of sustainable practices in agriculture (Altieri, 2018). The assessment of
environmental impacts associated with national waste management practices, may consolidate the advantages
brought by the PNRS. This can also be relevant for identifying options for improvements within the Brazilian
current RL activities for EPPC. For the purpose of quantifying the environmental impacts, a LCA study of EPPC
RL for the current practices within the state of Sdo Paulo (Brazil), including the situations pre-CLS and post-CLS,
was carried out. The boundaries considered include the container material production, manufacturing and
transportation from the collection points until the valorisation/deposition sites (recycling, incineration and landfill).

Brazil is relying on pesticide consumption to maintain a high agricultural crop productivity. The large amount
of pesticide usage generates a proportional amount of plastic waste used in the containers. A RL program that
adequately treats these containers is fundamental to lower the environmental impacts associated with pesticide
use. This work demonstrates the importance of RL for EPPC and, through a quantitative analysis of associated
impacts for the disposal of EPPC, reaffirm the need for appropriate RL programs, through the quantification
of the potential impacts. The results presented in this work bring light to improvements in circular economy
practices for general end of life management of EPPC. They may serve as reference for multiple audiences.
For public policy makers, results reaffirm the importance of adequate legislation and adequate reverse logistics
management. This is done by quantifying the reduction in the environmental impacts by using the well-known
LCA methodology. However, a larger audience may also benefit from the findings of this work. For instance, by
recognizing the environmental benefits of processing practices for use and disposal of EPPC and by knowing the
mitigation impacts brought by the use of recycled materials (such as COEX) into pesticide packaging containers.

2. Material and methods

The environmental assessment was performed according to the requirements of 1SO 14040 and 14044 on
LCA (International Organization for Standardization, 2006a, b).

2.1. Goal and scope definition

This work aims to assess the environmental impacts associated with the RL of EPPC made from two different
materials (HDPE and COEX) and used as packaging for crop protection pesticides in the state of Sdo Paulo,
Brazil. 1t considers the pre and post-CLS implementation systems and uses inventory data from the year 2017.
The functional unit (FU) is a rectangular model EPPC with a capacity of 20 liters of pesticide and the reference
flow is 1.218 kg for both containers made of polymeric materials (HDPE and COEX-Co-extruded polyethylene).
The LCA considers the boundaries from cradle to EoL and evaluates three options for end of life management
options for containers. The boundaries of this study comprehend several activities, here designed by stages:
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e Stage A: the extraction of materials and production of the container;
e Stage B: compaction and transportation of the empty container;

e Stage C: the end of life options for the empty containers.

The LCA is attributional and no allocation was required. This is to say that no partitioning of the mass and
energy inputs and/or outputs flows is needed when only one product is analyzed. The geographic boundary
related to the collection, recycling and sanitary landfill of EPPC is the whole State of Sdo Paulo and the timeframe
considered is the volume of empty pesticide containers collected and processed in 2017 by 38 collections points,
14 central collections, 4 recycling plants and 3 incineration plants. There are 89 sanitary landfills in the State of
Sdo Paulo (Companhia Ambiental do Estado de Sdo Paulo, 2015) and for the purpose of this study, it is assumed
that EPPCs outside the CLS are transported to landfills via the municipal waste collection system.

All scenarios consider the extraction of HDPE and the production of the container by blow molding. For COEX,
80% (mass) comes from the recycling of EPPC made from HDPE and the remaining comes from extracted raw
material and it is manufactured with the processes of co-extrusion and blow molding (Oliveira et al., 2011).
In Brazil, the collection of previously separated empty containers is made by type of packaging material, making
use of big bags and using heavy trucks. Upon completion of the full volume of a heavy truck these are sent to
the central unit. At the central unit, containers are compacted and sent off for recycling or incineration. This
work considers the data provided by InpEV that 94% of the EPPC returned to the system, from which 919% are
recycled and 9% are incinerated (Instituto Nacional de Processamento de Embalagens Vazias, 2018). Packages
not integrated into the CLS (remaining 6%) were considered to be sent to municipal solid waste (MSW) landfills
by trucks in accordance with the standard end of life practices for plastic materials (Al-Salem et al., 2009;
Lazarevic et al., 2010).

This work analyzes and compares three scenarios, one pre-CLS and the other two post-CLS, as illustrated in
Figure 1. The baseline scenario (Scenario 1) is the one currently taking place in Brazil by using the most updated
information (year 2017) for EPPC data from Marsola & Oliveira (2018). EoL options. Scenario 2 evaluates the
situation taking place before the adoption of the CLS. The CLS disregards the estimated 20 to 25% of the volume
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Figure 1. Flowchart illustrating system boundaries including assessed operations.
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of pesticides used in Brazil, which are originated from non-legal sources (Instituto Nacional de Processamento
de Embalagens Vazias, 2018), to cover this gap, Scenario 3 considers that 25% of the EPPC are sent off to MSW
landfills and the remaining enters the CLS.

e Scenario 1 (S1, baseline): considers that 94% of EPPC enters the CLS and the remaining 6% is sent to landfill
following the same route as the MSW. From the 949%, 919% is sent off to recycling and 9% to incineration for
both the HDPE and the COEX container;

e Scenario 2 (S2, prior to CLS): all EPPC are made of HDPE and were sent off to the closest landfill following the
same route as the MSW;

e Scenario 3 (S3, a fraction of EPPC is sent to MSW landfills): considers that 25% of the EPPC do not enter the
CLS and, instead, are sent to landfills while the remaining 75% enters the CLS, following the same path as in
Scenario 1.

In this work it is assumed that EPPC (both from HDPE and COEX) are recycled and used as raw materials for
the production of other consumer goods. In respect to the application of materials resulting from HDPE and
COEX recycling they may include, production of corrugated ducts, plastic lids and pipes (Instituto Nacional de
Processamento de Embalagens Vazias, 2019). The incineration of EPPC is used for energy production, which is
incorporated into the Brazilian electricity grid. With regards to EPPC incineration and landfilling, it was considered
that the amount of pesticide left in the empty container is 5% mass of the empty container material. Due to
the uncertainty associated with this value a sensitivity analysis to show the influence of this uncertainty in the
overall result for the environmental impact was performed.

Excluded from the system boundaries are the infrastructure (such as the construction of manufacturing
facilities), capital goods (as e.g. the vehicle fleet used in transportations) and all transportations of the containers
filled with pesticides needed to arrive to the farmer. In addition, this study does not account for container lids
(made of polypropylene), container labels and big bags used for transportation from collection points to central
collection since they are found to be marginal in terms of the contribution to the environmental impact, in line
with the study from Oliveira and Magrini (2017).

2.2. Inventory analysis

All inventory data used in the LCA modeling are provided in Table 1. The description on the subsequent
subsections provide further information on how these values were obtained. EPPC data was collected directly
from InpEV which is the national institute responsible for containers collection.

2.2.1. Stage A: extraction and production

Primary information, namely for, mass and composition of containers, number of containers processed by
each central collection, locations for the central collection points and recycling facilities, was collected either in
published literature by InpEV or directly by interviewing stakeholders involved in the CLS for Sdo Paulo. EPPC
data was collected directly from InpEV which is the institute responsible for container collection. Background
data was retrieved from the Ecoinvent database (version 3.3), for instance, to model the impact of the extraction
and production of materials that compose the containers. Excluded from the boundaries are all activities prior to
the transportation of EPPC from collection points, namely, transport of containers to the filling with pesticides,
filling with pesticides, transport to the sales point, label and lid production and use of the pesticides by the
farmer and posterior transportation to collection points since these are related to the regular use of the product
and not necessary to assess waste management strategies for EPPC.

HDPE extraction was modeled by using background data from the Ecoinvent 3.3 inventory database
described in Table 1. For the production of HDPE containers, the material losses were assumed to be 3% mass
(in granulate production) according to Mermerta & Babuna (2019) and 0.3% mass in the blow molding process
in line with losses considered in the Ecoinvent database. COEX containers are registered trademarks (Ecoplastica®)
composed of three layers, the outer layer is virgin HDPE (5% of total container mass), the intermediate layer is
composed of recycled HDPE (80% in mass) and the inner layer is virgin HDPE (15% in mass). For COEX container
production, two processes were considered: co-extrusion and blow molding. Material losses in these processes
were considered to be 3.1% for co-extrusion and 0.3% for blow molding (in line with losses considered in the
Ecoinvent database).
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Table 1. Data and Ecoinvent databases used to model life cycle inventory. Values reported to the FU = 1.218kg.

Inputs HDPE COEX Scenario 1 Scenario 2 Scenario 3 Unit
Stage A
Polyethylene, high density, granulate {RoW}|
production | Alloc Def, U 1.26E+00 2.74E-01 Kg
Electricity, high voltage {BR}| production mix | 8.54E+00 1.82E+00 o . o Wh
Alloc Def, U
Blow moulding {RoW}| production | Alloc Def, U 1.22E+00 1.22E+00 —— — - Kg
PE (waste treatment) {GLO}| recycling of PE | Alloc . 1.04E+00 . . . kg
Def, U
Extrusion, co-extrusion {RoW}| of plastic sheets |
Alloc Def, U - 1:30E+00 - o - Kg
Stage B
Electricity, low voltage {BR}| electricity voltage
transformation from medium to low voltage | Alloc -— -— 7.51E-03 - 7.51E-03 kWh
Def, U ?
Transport, freight, lorry 7.5-16 metric ton, EURO3 o .
{RoW}| Alloc Def, U
Collection Point to Central Units - - 3.15E+02 -—- 2.57E+02 kg.km
Central Units to Recyclers - - 2.29E+02 -—- 1.73E+02 kg.km
Central Units to Incinerator - - 3.91E+01 -—- 3.01E+01 kg.km
Municipal waste collection service by 21 metric ton
Jorry {RoW} | processing | Alloc Def, U 5.48E+00 8.96E+01 6.06E+00 kg.km
Stage C
Recycling
PE (waste treatment) {GLO}| recycling of PE | Alloc o o 1.04E400 - 7.81E-01 -
Def, U
Incineration 9
Hazardous waste, for incineration {RoW}| treatment
of hazardous waste, hazardous waste incineration | - - 5.15E-03 --- 3.86E-03 kg
Alloc Def, U
Waste polyethylene {RoW}| treatment of waste
polyethylene, municipal incineration | Alloc Def, U 1.03E-01 7.73E-02 kg
Landfill
Waste polyethylene {RoW}| treatment of waste
polyethylene, sanitary landfill | Alloc Def, U 7.318-02 1.22E+00 3.50E-01 kg
Municipal solid waste {RoW}| treatment of, sanitary . . 3.656-03 6.10E-02 1 80E-02 -

landfill | Alloc Def, U

“Electricity used to compact EPPC at the central unit facility; YTransport and deposition of EPPC in landfills; “This database assumes energy recovery from incineration.

However, this is not yet a reality for the Brazilian case.

Data for the rest of world (RoW) was used for the items in which Brazilian specific data is not available

in Ecoinvent 3.3. database. But for electricity and water inputs, the database was changed to respond to the
Brazilian case. For all of the processes using electricity, the Brazilian electricity matrix, available in the Ecoinvent
database, for the year 2014, was considered. This is because there was no significant change in the mix of the
Brazilian electricity matrix from 2014 to 2017 (Empresa de Pesquisa Energética, 2015, 2018).

2.2.2. Stage B: transportation

The EPPC transportation circuit comprehends the transport from the collection points to central units
where they will be compacted, the transport from central units to recyclers or incinerators and, for the case
where containers will be landfilled, the transport is made by the lorry used for collecting municipal solid waste.
At first, containers are transported in vehicles with a load capacity ranging from 7.5 to 16 tons. The same type
of vehicles are used to transport containers from central collections to their EoL destination. The vehicle fleet
considered has an average age of 8 years (equivalent to the EURO 3). 1t was considered that the fleet consumes
high-sulphur diesel, since low-sulfur content is used in Brazil for fleets produced after 2012. Although these
vehicles have a 14.5 ton capacity, containers that leave the collection points are not compacted which reduces
cargo to 1.5 tones due to lack of storage space, when containers are compacted the load transported can be
as high as 7.5 to 8.5 tones (Faria & Pereira, 2012). The transportation to landfills is done using lorries used for
municipal waste collection with a 21-ton capacity.
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The inventory between the collection points and central units was built considering the amount of EPPC
processed in 2017 (Marsola & Oliveira, 2018), and the distances between the 37 collection points and 14 central
units of the state of Sdo Paulo (provided in Table SM1). The road distances between collection points and central
units were obtained using the Google Maps tool.

The inventory between central units and the facilities for the EoL of EPPC was estimated based on the
identification of recyclers and incineration plants partners of InpEV (Instituto Nacional de Processamento de
Embalagens Vazias, 2018). Within the state of Sdo Paulo there are four recycling points and three incineration
plants, Table SM2 provides the distance between the central units and these facilities. The modelled inventory
for transportation (expressed in kg.km) (Table 1) is calculated by considering the distance between each central
unit and the corresponding recycling plants and then multiplying each distance by the share of the total mass
being processed by each unit (Marsola & Oliveira, 2018). The value (kg.km) for each central was added up to
account for the total weighted average value for transportation between central and recycling plants. The same
calculation procedure was done for the value used for transportation between central units and incineration plants.
No values were calculated for Scenario 2, because in this case all containers are sent to landfills. The electricity
used for container compacting at the central units and the transports using freight trucks of the containers to
landfills compose Stage B for scenarios 1 and 3.

2.2.3. Stage C: end of life

There are three end of life options for EPPC in Scenarios 1 and 3. These comprehend recycling, incineration
and landfill for each one of the two scenarios. For Scenario 2, landfill is the only option assessed. The current
options for recycling of EPPC requires a proper rinsing by the producers, since containers with any remaining
pesticide residue are considered hazardous waste and require special transportation and disposal (incineration),
which brings an additional cost increase (Jin et al., 2018). When producers adequately rinse the containers, usually
right before the pulverization process, they become residue free and can be classified as regular plastic waste
and processed by the recycling facilities. EPPCs that is destined for landfills are the ones in Scenario 2 (prior to
CLS) or the ones that escape the CLS system. These EPPCs are assumed to be sent off to municipal landfills.

Primary data, namely for, mass and composition of containers, number of containers processed by each
central collection, locations for the central collection points and recycling facilities, was collected either in
published literature by InpEV (Instituto Nacional de Processamento de Embalagens Vazias, 2018) or directly by
interviewing stakeholders involved in the CLS for Sdo Paulo. Background data was retrieved from the Ecoinvent
database (version 3.3).

2.3. Impact assessment

Life-cycle impact assessment (LCIA) was performed using the SimaPro 9.3.0.2. A total of 13 midpoint impact
categories were assessed. The impact categories were chosen to reflect the main environmental issues related
to the product/service system. Following the recommendations from the 1LCD Handbook (European Union,
2010), since there is no impact methodology specific for Brazil. The methods selected for the evaluation of the
environmental impacts was the ReCiPe Midpoint (H) (version 1.13, World Recipe H) for the categories, human
toxicity (HT), photochemical oxidant formation (POF), particulate matter formation (PMF), terrestrial ecotoxicity
(TET), marine ecotoxicity (MET), water depletion (WD) and fossil depletion (FD). From the 1PCC 2013 method
(Stocker et al., 2013) was used for Climate Change (CC), the CML 2001 method (Guinée et al., 2002) was used to
evaluate Terrestrial Acidification (TA) and Ozone Depletion (OD) 5 years, categories, from EDIP 2003 (Hauschild
& Potting, 2005) we performed Freshwater Eutrophication (FE) and marine eutrophication (ME) categories,
and USEtox method (Rosenbaum et al., 2008) was used to evaluate freshwater ecotoxicity (FET). These impact
categories are being currently used for the Brazil context (Grael et al., 2021).

2.4. Analysis of sensitive cases

A sensitivity analysis was performed using two parameters considered to be uncertain but relevant for the
present study. First, the influence of varying the amount of pesticide left in the EPPC that is sent for incineration
or landfill was analyzed. The value of 5% of the total mass of “empty container” was changed due to uncertainty
about farmers’ return practices to 10%. The other parameter studied was the distance between collection points,
central units and containers EoL destinations. This distance was changed to the minimum possible values, this
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means that all EPPC were considered to take the shortest possible route, meaning that all EPPC travels from
the collection point to the nearest central unit and from there to the nearest EoL destination.

Data for the rest of world (RoW aims to reveal the most influential parameters that may affect the overall
impacts results. No uncertainty analysis was carried out. This is mainly due to the fact that primary data used
(from the different agents in the reverse logistics chain) is not vast to perform a robust uncertainty analysis that
could capture variations in the modelled the impacts.

3. Results and discussion

The impact categories for the three scenarios (S1 to S3) were evaluated for the two materials (HDPE and
COEX) used as EPPC as shown in Figure 2. The figure presents results normalized from -1 to 1 within each
impact category for all scenarios assessed. Results show that the worse environmental impact results are found for
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Figure 2. Results for all scenarios using the impact assessment methodology. Values for environmental impacts were normalized.
HDPE-S1 (HDPE scenario 1), HDPE-S2 (HDPE scenario 2), HDPE-S3 (HDPE scenario 3), COEX-S1 (COEX scenario 1), COEX-S3

(COEX scenario 3).
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S2 in which all containers are produced from virgin HDPE and are sent off to landfills. This scenario contributes
the most for 11 of the 13 categories analyzed. In contrast, S1 shows a better environmental contribution when
containers are made of COEX. Negative values show reduced environmental burdens due to the positive effect
of using recycled material in container production.

In the following, the three stages evaluated are explored. Stage A has the largest contribution to the overall
impact in all scenarios regardless of the type of material used for the production of EPPC. Stage B has the
second largest contribution in S1, whereas for Scenarios 2 and 3 the second largest contribution is in Stage C.
The most beneficial impact results came from the reduction in impacts due to the valorization of EPPC at the
end of its life and the use of recycled material for their production.

Stage A assesses the production of EPPC. When it is made out of COEX (contains 80% recycled material) the
impact is smaller when compared to the production of HDPE (Table 2). The categories CC, POF and FD appear
to be negative with COEX in Scenarios 1 and 3 because recycled material avoids the usage of fossil raw materials
that play a major role in the manufacturing of plastics. The contribution of HDPE, is higher in 8 categories.
In this analysis, the manufacturing process for COEX expends slightly more energy than that of HDPE, however
it is offset by the reduction in energy spent for raw material extraction.

Table 2. Results for Stage A using the impact assessment methodology described in section 2.3 .

S1, 52 and S3 S1 and S3
Impact Categories Units DPE COEX

cc kg €O, 3.92E+00 -2.64E-01
oD kg CFC-1 Ieﬂ 4.34E-08 1.26E-07
TA kg SO,,, 1.54E-02 1.53E-03
FE kg PEq 5.33E-04 5.38E-04
ME kg Ncq 7.55E-04 1.32E-04
HT kg 1,4—DBEq 4.14E-01 4.62E-01
POF kg NMVOC 1.47E-02 -3.75E-03
PMF kg PM1 Osq 6.97E-03 3.05E-03
TET kg 174'DBm 1.29E-04 3.31E-04
FET kg 1,4—DBEq 8.21E+00 1.74E+01
MET kg 1,4—DBeq 1.40E-02 3.06E-02
WD m? 3.23E-02 2.91E-02
FD kg Oﬂm 2.41E+00 -1.09E+00

Climate change (CC), ozone depletion (OD), terrestrial acidification (TA), freshwater eutrophication (FE), marine eutrophication (ME) human toxicity (HT), photochemical
oxidant formation (POF), particulate matter formation (PMF), terrestrial ecotoxicity (TET), freshwater ecotoxicity (FET), marine ecotoxicity (MET), water depletion (WD) and
fossil depletion (FD).

Stage B comprehends transportation but also includes the compaction of EPPC in the central unit. In scenarios
1 and 3 most of the EPPC is sent to recycling and, as expected, this path represents the largest impact due
to transportation (Table 3). The largest contributors, in the two scenarios evaluated, are the central units in
Paraguacu Paulista and Bilac. Paraguacu Paulista processes the largest volume of EPPC and is 500 km away
from incinerators and recyclers, which made this central unit responsible for about 18% of total impacts on
each of the routes. On the other hand, central units that contribute less to impacts are those that require less
transportation and the amount of EPPC processed is among the smallest (as observed in Table SM3 to Table SM6).

1t must be highlighted that despite the fact that the State of Sdo Paulo has all the units (collection points,
central units, recyclers and incinerators) necessary for the processing of EPPC, the load at the Bilac and Paraguacu
Paulista plants demonstrate the emergency for environmental impact reduction strategies. Collected data for
the last ten years (Figure SM1) shows an increase in the crop area in the State of Sdo Paulo and also a growth
of the partners integrating the CLS. Despite this, it is observed a decrease in the number of central units and
collection points since 2011.

Another aspect that deserves a deeper look, regarding the environmental strategy, is the current distance
between the EPPC EolL units and the agricultural sites. The EPPC valorization and end-of-life units are all
located in the South and Southeast of the country (same region of Sdo Paulo), however, most of the agricultural
production is taking place at the Brazilian Midwest and the last agricultural frontier being explored is in the
north and northeast of the country. This entails that often an EPPC to be valorized travels distances exceeding
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2000 km. These factors increase transportation and processing costs, which in turn increase the cost of the
recycled plastics to values similar to those of virgin plastics (Urreaga et al., 2020) The reduction in freight
distances through the decentralization of collection points was indicated as a positive factor for the reduction
in environmental impacts in (Oliveira, 2019). This fact, although not surprising, is in line with our results on
mentioning that the reduction in freight distances, through the decentralization of collection points, was
indicated as a positive factor for the reduction in environmental impacts.

From Table 4 it is shown that for Stage C recycling is the EoL option with the lowest environmental impact,
while incineration shows the worse contribution for S1 and landfill for S3. Results show that the recycling or
incineration of EPPC (S1 and S3) have contributed to the reduction of generated impacts when compared to S2.
As expected, when possible, recycling is the best end-of-life destination. For S1, some of the impact categories
present negative values (namely, CC, TA, ME, POF, PMF, FET and FD) representing reduced impacts due to the
recycling of plastic within the production chain.

Results for S1 indicate EPPC incineration to be the larger contributor for environmental impacts while
for S3 it is landfills. This is because the amount of landfilled containers is comparatively larger in S3 when
compared to Scenario 1. In S1, 6% of the overall containers are landfilled while in Scenario 3 the value is 31%.
Still comparing HDPE scenarios 1 and 3, both had significant gains when compared to S2. Figure 3 shows
the reduction in impact categories post-CLS for S1 and S3, values are relative to the situation pre-CLS or S2.
The calculated values show the relative change resulting from S1 and S3 when compared to the impacts from
the situation prior to the CLS (S2). Positive values indicate relative reduction in potential impacts and negative
values indicate potential increase in impacts in comparison with S2. From the 13 categories analyzed, 11 of
them had reduced environmental impacts with the use of RL brought by the CLS.

100%
80% n 69% 67%
60% DB% 52% 50%
45% 309 43% 43%
40% 4% '31% 29q, 33%
20%
20% 13%
10% I 7%54 I 39 _2%

0% i
20% CC OD TA HT POF PMF FET MET WD FD
-40%

-60%
m Impact reduction with
-80% S| -13%

< ® Impact reduction with

~100% s3 -97%

Figure 3. Comparison between reduction in impact categories for S1 and S3 (HDPE). Climate change (CC), ozone depletion (OD),
terrestrial acidification (TA), freshwater eutrophication (FE), marine eutrophication (ME) human toxicity (HT), photochemical
oxidant formation (POF), particulate matter formation (PMF), terrestrial ecotoxicity (TET), freshwater ecotoxicity (FET), marine
ecotoxicity (MET), water depletion (WD) and fossil depletion (FD).

Impact category HT associated with the release of substances that can cause harm to humans if inhaled,
ingested or absorbed by the body was reduced by 33% for S3 and 43% for S1. Ozone formation in the soil due
to nitrogen oxides and volatile organic compounds is measured by POF and was reduced by 58% for S1 and
439% for S3. FET and MET measure the potential contamination by toxic substances in freshwater and marine
environments, respectively. These were both reduced by 76% and 69% respective for S1 and 57% and 52%
for S3. This is likely due to recycling and incineration increasing the electricity matrix energy use after CLS
implementation, with one of the major sources of electricity in Brazil being hydroelectric power. This increase
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in energy use is likely to be the reason why after CLS the impact category TET also increased (97% for S1 and
73% for S3). WD represents the environmental impacts associated with a decrease in freshwater availability and
a slight increase was noticed as 3% for S1 and 2% for S3.

The adoption of a more environmentally friendly container (COEX) was only possible after the implementation
of the collection system, since it is as a result of this policy that HDPE containers are recycled. Moreover, even
when comparing the use of HDPE containers in S1 with COEX in S3, the recycled container was shown to have
a lower environmental impact despite the increase in EPPC being sent to landfills (worst post-use scenario).
1t is important to highlight that the production of a COEX container is only possible due to the implementation
of the PNRS. Besides removing potential hazardous residues from the environment, the recycling of EPPC also
has coeffects already established in the published literature such as job creation, sustainable development and
improving industry competitiveness (Andreoni et al., 2015). Plastic residue recycling has been indicated as a
circular economy approach with the potential to reduce waste (Rentizelas et al., 2018) and being capable of
producing plastics with good material properties (Briassoulis et al., 2013; Picuno et al., 2020). The results from
Lazarevic et al (2010) showed that recycling is generally the less impactful option, and this is relevant for several
environmental impact categories, including climate change, acidification potential, eutrophication potential
and residual solid waste reduction. These findings were also seen in this work. Another example is the study in
Oliveira and Magrini (2017), which also concluded that higher levels of plastics recycling and incineration are
environmentally preferable. In the study in Briassoulis et al. (2014) which analyzed EPPC RL in Greece, results
indicated that recycling and producer training are fundamental for the appropriate disposal. These results
contribute to understanding the importance of a correct end of life destination by the producers, in which
recycling and production of less environmentally impactful containers are favored (COEX).

Results from the sensitivity analysis, presented in Table 5, shows a small variation in most of the impact
categories assessed when the volume of residual pesticide in the container increases from 5% to 10%. A difference
of more than 10% is found in S1 and S2 for both materials in one category, ozone depletion. Sensitivity analysis
results considering the shortest distance travelled between central units and collection points for EPPCs showed
changes below 7% for all impact categories.

Here, it is timely to note that a sensitivity analysis was performed to depict the influence of certain changes
in parameters, namely, travel distances and volume of residual pesticides left at the empty container. However,
as explained above, these parameters seem not to have a significant contribution to the majority of the
environmental impact categories.

Producer behavior directly affects the effectiveness of the RL since the quantity and quality of the returned
EPPC depend on the proper rinsing of the containers. Adequate rinsing and return of EPPC can affect the amount
of residual pesticide in the containers which increase significantly the potential environmental impacts. Finally,

Table 5. Results of sensitivity analysis for all scenarios.

Values in the table indicate the variation in impact categories
when residual pesticides increase from 5 to 10% for all scenarios
evaluated. The calculated values are the percentual increase for each

Percentual decrease in impact categories if averaged
distances are changed to the minimum possible

lmpac.t imnpact category distance between central units and collection points.
Categories
S1 S2 S3 S1 S3

HDPE COEX HDPE HDPE COEX HDPE COEX HDPE COEX
cC 3% -4% 4% 1% -2% -1% 1% 0% 1%
0D 10% 25% 20% 9% 8% -3% 2% -2% 7%
TA 2% -6% 3% 2% -7% -1% 2% 0% 2%
FE 1% 1% 9% 2% 0% 0% 0% 0% 0%
ME 5% -6% 3% 3% 0% -2% 4% -1% -1%
HT 1% 1% 6% 0% 0% 0% -1% 0% 0%
POF 5% 0% 2% 2% -39% -2% 4% -1% 1%
PMF 2% 1% 2% 1% 3% -1% -8% 0% -1%
TET 1% 0% 4% 0% 0% 0% -1% 0% 0%
FET 2% 0% 7% -4% 0% 0% 0% 0% 0%
MET 2% 0% 7% -3% 0% 0% 0% 0% 0%
WD 0% 0% 2% 1% 0% 0% 0% 0% 0%
FD 2% 0% 1% 1% 0% -1% 1% 0% 0%

Climate change (CC), ozone depletion (OD), terrestrial acidification (TA), freshwater eutrophication (FE), marine eutrophication (ME) human toxicity (HT), photochemical
oxidant formation (POF), particulate matter formation (PMF), terrestrial ecotoxicity (TET), freshwater ecotoxicity (FET), marine ecotoxicity (MET), water depletion (WD) and
fossil depletion (FD).
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it should be mentioned that this study focuses on the system analysis of reverse logistics within which health
risks are excluded and only LCA impacts are assessed. Nevertheless, it is assumed that EPPC waste fractions are
handled by the normative proposed by InpEV to avoid any potential human risk.

4. Conclusions, limitations and future research

This paper presents past and present end of life management of EPPC in the state of Sdo Paulo, Brazil.
Through the use of LCA, the environmental impacts of practices before the implementation of the CLS (applicable
to national solid waste management strategies) and after its implementation, are assessed to highlight the
environmental benefits to EPPC management operations. In Brazil, EPPC RL is mandatory, contributing to a
sustainable supply chain through the reinsertion of recycled material as raw material for other products and
also providing the appropriate destinations. Additionally, this enables the reuse of a significant amount of
agricultural plastic residue in an application similar to virgin plastics, contributing in this way to achieve the
goals of circular economy policies.

The findings show that less environmental impacts were generated in scenario S1 (post-CLS), the worst
was S2 (prior to CLS) and the less impactful material is COEX. 1t is estimated that the implementation of the
CLS resulted in a reduction in 9 of the 13 impact categories analyzed, including a reduction in potential for
CC (climate change) between 33% (S3) and 449% (S1). For the other impact categories, the reduction in the
potential environmental impacts varies from a minimum of 20% (for the category PMF) to a maximum of 79%
(for the impact category of ME). These results indicate that the implementation of the PNRS was environmentally
effective, mitigating potential impacts within the boundaries of this study and resulting in the development
of a new type of container that is environmentally preferable (COEX). The increase in the residual quantity
of pesticide can negatively affect the results and the routes between collection points, central units and EoL
facilities can be optimized, reducing the environmental impacts.

Among the steps analyzed, the container manufacturing process (Stage A) is the main contributor to potential
environmental impacts. This is due to the energy consumed indicating that manufacturing is the most energy
intensive process. COEX was the EPPC material with lower environmental impact, due to the combination of
recycled material and virgin raw material, its use saves energy and material resources.

The environmental impacts from Stage B (transportation) are mainly due to the uses of diesel with a high sulfur
content. 1t is shown that the decrease in the number of central units leads to greater distances and consequently
to larger impacts. Regarding Stage C, the valorization of EPPC through recycling is the best environmental option
for scenarios 1 and 3. Also, recycling ensures (through previous container rinsing) the removal of hazardous
residue from the environment. From the sensitivity analysis it can be inferred that shortening the distance
between collection points and central units can lead to impact reduction. Another analyzed variable was the
amount of pesticide residues remaining in the empty container. The awareness regarding the importance of the
correct rinsing of EPPC so that it can be redirected to the recycling plant is a crucial part of the CLS, supported
by the PNRS, that needs to be emphasized in order to reduce environmental impacts.

Some limitations are identified in our study. First, the EPPC transport flows considered are based on a logistics
model. Second, the modeled incineration process includes energy recovery, which is not yet a Brazilian reality.
Third, the EoL of pesticides was modeled as general hazardous waste, without specifying its chemical composition.
Lastly, only one path is assumed, i.e. landfilling, for EoL of EPPC when they are not integrated into the CLS.

For future research, it is recommended to widen system boundaries to assess management practices for EPPC
at the national level, taking into account the countrywide logistics hindrances that result from the small number
of EolL facilities. This will allow for a wider overview on the management practices for EPPC and consequently
may lead to the identification of better environmental management practices. Also, the authors recommend
a more detailed collection of primary data by the industrial players from the reverse logistics value chain. This
will provide the basis to carry on an uncertainty analysis.
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