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A B S T R A C T

Recycling plays a crucial role in the circular economy by reintroducing materials into the supply chain. However, 
certain aspects of the recycling chain, such as the role of informal waste pickers remain underappreciated, 
despite their significant impact on energy savings and CO2 recovery. This study investigates the contribution of 
informal waste pickers to the recovery of recyclable solid waste in Salvador, one of the largest cities in South 
America, over a 13-year period. Using data from pre-recycling centers that exclusively handle materials collected 
by waste pickers, we tracked the temporal impact of their activities in diverting solid waste from landfills. From 
2010–2022, waste pickers recovered approximately 5700 tonnes of recyclable solid waste, preventing an esti
mated 27,100 tonnes of CO2 emissions through material substitution and landfill diversion. The most recovered 
materials were PET, aluminum, and paper/cardboard, with a notable shift toward increased aluminum recovery. 
Aluminum and PET contributed most to avoided emissions, with aluminum surpassing PET in recent years. This 
study underscores the critical yet often undervalued role of informal waste pickers in municipal solid waste 
management (MSWM) and their contribution to greenhouse gas emission reductions. Given the global prevalence 
of waste pickers, particularly in low- and middle-income countries, further research on this topic could signif
icantly enhance awareness of the benefits derived from their labor. Recognizing and integrating informal waste 
pickers into formal waste management systems could strengthen sustainability initiatives in cities and enhance 
climate change mitigation strategies under dynamic needs of urban populations.

1. Introduction

Rapid human population growth, escalating urbanization, and 
enhanced living standards have precipitated a significant surge in solid 
waste production, rendering waste management one of the paramount 
challenges facing the contemporary world (Wilson et al., 2006; Chabuk 
et al., 2015; Voukkali et al., 2024). Notably, a fundamental obstacle 
confronting environmental pollution control, particularly in solid waste 
management, lies in the insufficient governmental capacity for envi
ronmental stewardship (Kain et al., 2022). This inadequacy has led to a 
lack of coordination among pertinent institutions and actors, resulting in 
ineffective waste management practices (Taghipour et al., 2016).

In economically developing countries, municipal solid waste man
agement (MSWM) poses a significant challenge, influenced by the daily 
consumption habits and income levels of citizens. Higher income often 

correlates with increased access to resources, leading to a rise in the 
volume of waste generated (Voukkali et al., 2024). Conversely, informal 
actors operating within the waste chain, such as waste pickers, are 
frequently marginalized and receive minimal attention from waste 
management authorities (Barford and Ahmad, 2021; Dean and Asen, 
2024). Globally, waste pickers play a crucial role in salvaging a diverse 
array of materials from household waste, encompassing paper, card
board, plastics, metals, glass, wood, and occasionally specialized mate
rials like cooking oil, fluorescent lamps, batteries, and electric waste 
(Wilson et al. 2006; Arora, 2022, Kain et al., 2022). The workforce of 
waste pickers, particularly in low- and middle-income countries also 
known as Global South countries (i.e., Africa, Asia, and Latin America 
nations) which are shaped by historical colonialism, economic 
inequality, and ongoing development challenges, is extensive and plays 
a critical role in addressing the gaps in waste collection and recycling 
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services often left unaddressed by urban management systems 
(Gutberlet et al., 2017; EIU, 2017).

Solid waste pollution in countries with developing or poor economic 
conditions is a multifaceted issue, stemming from limited infrastructure, 
inadequate waste collection services, resource constraints, pervasive 
poverty, and social exclusion (Brooks et al., 2018, Kain et al. 2022). 
These challenges lead to high rates of mismanaged and uncontrolled 
solid waste disposal. However, it is precisely in this region of the planet 
(i.e., the Global South) that an estimated 15–20 million predominantly 
informal workers, such as waste pickers, are actively engaged in col
lecting and diverting waste, thereby providing essential public and 
environmental services (Gutberlet, 2023). In many countries, the only 
form of waste recycling rides on the work of informal waste pickers 
(Cook and Velis, 2020). This labor force comprises some of the most 
impoverished and marginalized individuals who rely on recyclables for 
their survival, underscoring the urgent need for action to address this 
unprecedented social and environmental challenge (Kain et al., 2022; 
Gutberlet, 2023). Furthermore, in low- and middle-income countries, 
waste pickers underpin the recycling loop of the circular economy 
(Barford and Ahmad, 2021). This includes not only those organized in 
cooperatives but also informal workers, as evidenced in cities in Brazil 
and Indonesia (Colombijn and Morbidini, 2017). Indeed, waste pickers, 
while collecting, transporting, and processing waste to earn their live
lihoods, also make a significant contribution to reducing the carbon 
footprint of cities (Mitlin, 2008; King and Gutberlet, 2013). By diverting 
solid recyclable waste that would otherwise end up in landfills, dumps, 
incinerators, or open burning, waste picker activities create employment 
opportunities and income while reducing greenhouse gas (GHG) emis
sions (Morais et al., 2022).

The process of waste decomposition releases GHGs, commonly 
referred to in the literature as CO2 equivalents (CO2-eq.), which 
contribute to climate change (King and Gutberlet, 2013). The municipal 
solid waste (MSW) generated by households is considered the third 
largest anthropogenic source of methane (CH4) emissions, constituting 
11 % of all global CH4 emissions (Singh et al., 2018). The reclamation of 
recyclable materials by waste pickers plays a crucial role in mitigating 
climate change by curbing GHG emissions and conserving energy 
(Gutberlet and Danoso, 2015; King et al., 2016). Furthermore, this 
practice reduces the demand for extracting virgin natural resources to 
manufacture new goods (Morais et al., 2022) and simultaneously ex
tends the operational lifespan of sanitary landfills (Paul et al., 2012). 
Despite these environmental benefits, waste pickers remain unrewarded 
for their important role in providing climate and environmental services 
(da Silva et al., 2022; Dean and Asen, 2024).

In Brazil, approximately 30 % of waste pickers are organized into 
associations and cooperatives (Mesquita et al., 2023). These waste 
picker cooperatives play a pivotal role in the recycling process, fostering 
circularity, and simultaneously contribute to livelihood support and 
improved working conditions (Gutberlet et al., 2017; Colombijn and 
Morbidini, 2017). Within the Brazilian context, recycling efforts facili
tated by waste picker cooperatives have yielded significant reductions in 
GHG emissions (Pimenteira et al., 2004; King and Gutberlet, 2013; 
Mesquita et al., 2023). However, in most Brazilian cities, selective waste 
collection services only cover a fraction of the urban area (Gutberlet 
et al., 2020), likely excluding the contributions of informal waste picker 
activities. Consequently, the extent of the quantitative contribution of 
informal waste pickers to GHG emissions reduction remains poorly un
derstood. By recognizing and supporting informal waste pickers, poli
cymakers and stakeholders can harness their potential to further 
enhance recycling efforts and mitigate climate change impacts.

This paper presents the most comprehensive long-term analysis to 
date of selective waste collection by independent waste pickers in a 
major South American city, emphasizing the importance of extended 
temporal studies in accurately assessing their contributions to recycling 
and GHG emission reductions. These waste pickers are typically home
less or live under extreme social conditions and are not affiliated with 

cooperatives, associations, networks, or community-based organiza
tions. Our objective is to understand how these waste pickers contribute 
to urban waste removal and GHG emission mitigation, shedding light on 
the environmental and social benefits of their activity. Our findings are 
based on a monthly monitoring conducted over thirteen years as part of 
a larger research project, focusing on recycling centers specialized in 
receiving materials from waste pickers. Despite the outcry against solid 
waste, and subsequent corporate commitments to material recycling 
(UNEP, 2013), we argue that there has been greater action on material 
flows than in support of the people who move these flows (Barford and 
Ahmad, 2021).

2. Methodology

2.1. Brazilian scenario of selective collection

In 2021, 1567 Brazilian municipalities — representing 28.1 % of all 
municipalities nationwide (5570) — had some form of formal waste 
management arrangement. This marks a 6 % decrease compared to the 
previous year (SNIS, 2021). The diagnosis from the National Sanitation 
Information System (SNIS) (2021) highlights that selective collection 
initiatives in Brazil are still in their infancy. The absence of waste sep
aration exacerbates the strain on final disposal systems and accelerates 
the depletion of natural resources, which are nearing exhaustion in 
many cases (Guabiroba et al., 2023). As a direct consequence, despite 
the implementation of the National Solid Waste Policy (PNRS) in 2010 
(Federal Law No. 12305/2010), the nationwide formal recovery rate of 
recyclable materials remains below 3 % (SNIS, 2021). Despite numerous 
initiatives aimed at promoting the sector and increasing the utilization 
of recyclable materials, the recovery rates persist at low levels, indi
cating the inadequacy of selective waste collection systems. In 2021, it 
was estimated that Brazil recovered 1.12 million metric tons of solid 
recyclable waste, representing only 5.3 % of the total potential (SNIS, 
2021).

2.2. Study location

Salvador, with a population of approximately 2.9 million people and 
covering an area of around 700 square kilometers, is the fourth most 
populous city in Brazil and the tenth most populous city in South 
America. It faces significant challenges in public waste management, 
particularly in the collection and recycling of materials (Oliveira et al., 
2022). The city’s formal waste management systems often overlook the 
substantial contributions of informal waste pickers. As a result, these 
waste pickers rely on precarious pre-recycling centers (PRCs), which are 
small, unregulated business hubs functioning as artisanal recycling 
shops (Fig. S1). These PRCs receive recyclables collected from various 
informal activities, including mainly those carried out by informal waste 
pickers. However, according to their owners, waste pickers are the pri
mary suppliers of these PRCs. Although there is no comprehensive 
census on the number and distribution of PRCs that serve informal waste 
pickers, this study involved seven PRCs located in populous neighbor
hoods of Salvador (Fig. S2). Strategically positioned within the com
munities, the PRCs act as a critical intermediary between waste 
generators and formal recycling facilities. Equipped with precarious 
infrastructure, the centers facilitate the segregation of recyclable ma
terials from the general waste stream, such as plastics, glass, metals, and 
paper that are systematically separated and weighted, thereby opti
mizing their potential for reprocessing and reuse.

2.3. Informal waste pickers context

Our focus is on the solids waste retrieved by independent and 
informal waste pickers and pre-recycling centers specialized in receiving 
the material from this kind of waste worker (Fig. 1). As part of a larger 
social project conducted by the NGO "Guerreiros da Paz" (https://vol 
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untarios.com.br/entidade/3960) to assist homeless individuals, this 
study assessed the population of waste pickers supplying PRCs with solid 
waste. On average, 800 ± 95 waste pickers were responsible for sup
plying these PRCs annually, which is notably significant compared to 
previous studies evaluating waste pickers in Salvador city (Marchi and 
Santana, 2022). Differently of other waste workers, waste pickers usu
ally collect recyclable (and reusable) materials directly from households 
and other clients, from garbage left in the streets, in or around skips, 
creeks, drainages, markets, public trade fairs, dumps and on landfills. In 
Brazil, many waste pickers view their work primarily as a means of 
subsistence, with only a small number recognizing organized efforts, 
such as through cooperatives, as a legitimate pathway for social and 
political participation (Vieira, 2011). Typically, these waste pickers do 
not participate in formal recycling cooperatives and are often subjected 
to social stigma, which is used to justify violent oppression and prejudice 
against them (Kariuki et al., 2019; Yousafzai et al., 2020).

2.4. Solid waste records and estimates of greenhouse gas mitigation

Two strategies were designed to understand how waste pickers 
contribute to mitigation of GHG emissions in the studied city: Firstly, 
empirical data on quantities of solid waste stored in each PRC, catego
rized by type and measured in kilograms, were obtained monthly 
through internal manager appointments (inventory data) from 2010 to 
2022. The PRCs maintain meticulous records of the materials, as the 
waste is eventually sold and dispatched to final recycling industries for 
processing. We were careful to obtain data exclusively from waste 
pickers’ contributions, which accounted for 97 % ( ± 2.5) of the solid 
waste stored in the PRCs. Therefore, we did not consider other sources of 
waste supply in our analysis. The types of materials recovered from 

waste pickers and stored included wood, paper & cardboard (P&C), 
mixed plastics, PET (polyethylene terephthalate), HDPE (high-density 
polyethylene), PVC (polyvinyl chloride), LDPE (low-density poly
ethylene), PP (polypropylene), glass, aluminum, steel, scrap metal, and 
textiles. These centers function continuously, both during daylight and 
nighttime hours, within a basic infrastructure and without machinery 
for handling recyclable materials (Fig. S1). These PRCs operate infor
mally without work records or safety equipment, and without integra
tion into formal reverse logistics projects. Consequently, they often lack 
essential infrastructure, operate with minimal regulatory oversight and 
are not remunerated for the environmental service they provide 
(WIEGO, 2021a,b).

The MSWM system in Salvador does not have a comprehensive and 
widespread process of solid waste separation before they are sent to 
landfills, except for some hubs of selective collection that operate 
irregularly throughout the year and cover only a small fraction of the 
urban area. This posed a challenge for calculating the baseline emissions 
of CO2. Therefore, data on quantities and types of solid waste at 
municipal landfills were obtained through specific studies conducted in 
some years (SECIS, 2019), regular municipal solid waste collection 
(between 2012 and 2014 through the Sustainable Cities Program), 
institutional reports from ABREMA (https://www.abrema.org.br/), and 
local news media. In cases where specific data was lacking, we projected 
quantities of solid waste and types for the years (i.e., baseline scenario) 
based on gravimetry of solid wastes performed by Caldas (2007), Araújo 
(2015) and Santos et al. (2023) (see Table S1).

Second, using the amount and types of solid waste recorded from 
each PRC, we employed the IPCC methodology (IPCC, 2006, 2008), 
which offers a structured approach for estimating annual GHG emissions 
originating from various waste treatment processes, including 

Fig. 1. Types of activities employed by informal waste pickers in Salvador city, Brazil.
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landfilling, incineration, composting, and anaerobic digestion. These 
guidelines are a well-established methodology for the estimation of 
emissions of GHGs from waste management practices and have been 
used extensively by many studies (King and Gutberlet, 2013, Mesquita 
et al., 2023, Zhu-Barker et al., 2017; Tun and Juchelková, 2019; Bel
tran-Siñani and Gil, 2021). This methodology additionally enables the 
calculation of direct GHG avoided emissions associated with recycling 
activities, a concept first adapted by King and Gutberlet (2013) and then 
by WIEGO (2021a, 2021b) to enable GHG assessment of inclusive 
recycling, such as that performed by informal waste pickers. Our anal
ysis specifically accounts for the indirect GHG emissions avoidance 
resulting from the diversion of recyclable solid waste from landfills upon 
integration into the recycling chain (Pimenteira et al., 2004). The esti
mation of GHG emissions from disposal sites takes into account the 
impact of waste diversion by the informal waste picker sector (Mesquita 
et al., 2023). Any waste intercepted by informal waste pickers and 
diverted from disposal sites decreases the overall amount of waste sent 
for disposal, thereby leading to a reduction in associated emissions 
(Gichamo and Gökçekus, 2019). The assumption based on the WIEGO 
(2021) calculation for the baseline scenario, where no recycling occurs, 
is that approximately 81,900 tonnes of waste and recyclable materials 
generated by the residents and businesses of Salvador city would be 
yearly disposed of at the municipal sanitary landfill (Table S1). Addi
tionally, it is assumed that, in this scenario, because these resources 
were not recycled back into the manufacturing supply chain, 81,900 
tonnes of virgin resources were used annually in product fabrication.

The method utilized adheres to Tier 2 guidelines outlined in the IPCC 
(2006), which incorporate models of waste degradation processes 
within disposal sites (Gautam and Agrawal, 2021). It is assumed that the 
peak CH4 emissions occur in the initial years following waste deposition, 
gradually declining due to the consumption of degradable organic car
bon (DOC) through bacterial decomposition. The quantity of CH4 
emissions from solid waste disposal sites (SWDS) is contingent upon the 
availability of DOC and fossil carbon (IPCC, 2006). Thus, we assumed 
that the sorted solid waste recovered by informal waste pickers would 
directly contribute to the extensive process of extracting virgin raw 
materials through recycling, avoiding disposal in landfills or open 
burning, and ultimately leading to a reduction in GHG emissions. The 
steps involved in calculating CH4 emissions in a landfill are as follows: 

CH4 Emissions = [Ʃ (CH4 generatedx.T – RT)] * (1 - OXT)                 (1)

Where CH4 Emissions = CH4 emissions emitted in a year T; T = year; 
x = waste category or type/material; RT = recovered CH4 in year T, and 
OXT = oxidation factor in year T. 

DDOCm = W × DOC × DOCf × MCF                                                (2)

Where DDOCm = mass of decomposable DOC deposited; W = mass of 
waste deposited; DOC = degradable organic content in the year of 
deposition; DOCf = fraction of DOC that can decompose (fraction), and 
MCF = CH4 correction factor for anaerobic decomposition in the year of 
deposition. 

L0 = DDOCm × F × 16/12                                                              (3)

Where L0 = CH4 generation potential; DDOCm = mass of decom
posable DOC deposited; F = fraction of CH4 in generated landfill gas, 
and 16/12 = molecular weight ration CH4/C.

In studies evaluating GHG mitigation, formulas based on CH4 emis
sions are employed due to the significant contribution of methane 
generated from anaerobic decomposition of organic waste in landfills, 
and results are expressed in terms of CO2 equivalent (CO2 eq) to facili
tate direct comparison and effective communication of the overall 
impact on climate change mitigation (Eggleston et al., 2006; Bogner 
et al., 2007).

Each type of solid waste contains varying amounts of dissolved 
organic carbon (DOC). High DOC content in waste indicates the 

potential for high CH4 emissions (Singh et al., 2018). The DOC values for 
different waste types monitored in this study were sourced from the 
IPCC inventory (2006) (Table S2). Another crucial factor in calculating 
GHG emissions from landfills is the fraction (F) of CH4 emissions. The F 
value determines the proportion of CH4, and other gases emitted in a 
landfill (IPCC, 2006). Based on default IPCC values (IPCC, 2006), an F 
value of 50 % was adopted. Additionally, the half-life value of waste 
must be considered, which is influenced by temperature and precipita
tion rates. Given Salvador city’s tropical climate with temperatures 
above 28◦C and an annual rainfall exceeding 1000 mm, these factors 
were accounted for in the analysis (Meteoblue, 2024). The specific 
emission factors used for calculation of GHG avoided emissions are 
presented in the Supplementary material (Table S3).

2.4.1. Database caveats
Our analytical model was limited by a lack of data from PRCs, 

including information on electricity and water consumption at each 
center, as well as specific details regarding collection vehicles (such as 
distance traveled to final recycling factory, fuel consumption, charge 
capacity, and number of trips). Besides, while there are GHG emissions 
associated with recycling and landfill diversion activities (King and 
Gutberlet, 2013), our analysis did not account for these subsequent steps 
in the waste management chain. Therefore, our assessment may not fully 
capture the comprehensive GHG mitigation potential of waste picker 
activities. Nevertheless, we argue that highlighting the benefits of waste 
removal and GHG mitigation resulting from waste picker activities is 
crucial to foster and ultimately guide efforts to involve them in MSWM. 
Consequently, our evaluation focused on the stage at which waste 
pickers utilize wheelbarrows, improvised trolleys, and predominantly 
individual collection bags to divert solid waste from public roads and 
unauthorized dumping grounds (Fig. 1).

2.5. Data analysis

The data regarding quantities of solid waste and estimates of GHG 
emissions avoided were annually organized by material type and tonnes 
of CO2 eq/year avoided for descriptive analysis. Subsequently, to 
examine the yearly relationship between these variables, with a focus on 
solid waste types, we employed the Mann-Kendall, with the year as the 
independent variable (Hamed and Ramachandra Rao, 1998). This 
approach enabled us to quantify the strength and direction of potential 
relationships.

Given our dataset with monthly measurements of quantities and 
types of solid waste spanning multiples years, along with yearly esti
mates of GHG avoided emissions, we used a Generalized Linear Mixed 
Model (GLMM) to analyze the temporal trends and the impact of 
different types of retrieved solid wastes on GHG emission reductions, 
accounting for random effects associated with seasonal variations and 
potential PRCs differences. This choice was made due to the nested 
structure of the data, where measurements are nested within months 
and years, as well as the distribution of responses not being limited to a 
normal distribution (Gelman and Hill, 2007), so that allows examining 
how these two processes interact and contribute to overall outcomes.

GLMMs allow for the analysis of non-normally distributed data while 
accounting for the hierarchical nature of the data structure, making 
them well-suited for our analytical needs. The GLMM extends the GLM 
framework by incorporating random effects, making it suitable for 
analyzing hierarchical or nested structures, such as repeated measures 
(Barr et al., 2013). In our case, the nested structure arises from months 
nested within years. We defined solid waste quantities and avoided 
emissions (tonnes CO2-eq/year) as the dependent variables and factors 
such as PRCs, material types, and time (years and month) as indepen
dent variables. We included random effects for solid waste types nested 
years to account for the repeated measures nature of the dataset. Since 
our dependent variable is likely continuous and non-negative, a gamma 
distribution was suitable for modeling positively skewed continuous 
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data (Lee and Grimm, 2018). The different types of materials recovered 
from waste pickers and PRCs represented the random and fixed factors 
in our model, respectively. Mixed-effects regression models were fitted 
using the package lme4 (Bates et al., 2015). The GLMM trees were fitted 
using package glmertree (Zeileis and Fokkema, 2019). To estimate the 
models’ predictive accuracies, we employed 10-fold cross validation. 
Cross validation provides a more realistic estimate of generation error 
than calculating variance explained in the training sample (Hastie et al., 
2009). Cross-validated predictions for the mixed-effects regression and 
GLMM tree models were computed based on both random and fixed 
effects, so that predictions for all fitted models captured the effect of 
time and material types on quantities of solid waste. Prediction error 
was quantified as the mean squared difference between predicted and 
observed response variable values (MSE). All analyses were performed 
in the R environment (R Core Team, 2022).

3. Results

3.1. Solid waste types, quantities, and temporal trends

Over a period of thirteen years (2010–2022), waste pickers in Sal
vador city recovered approximately 5770 tonnes of recyclable solid 
waste, with a yearly average of 443.9 tonnes ( ± 184). PET packages 
(57.5 %), aluminium materials (27.7 %), and paper & cardboard (4.7 %) 
collectively accounted for 5186 tonnes (Fig. 2) and remained along the 
years as the most retrieved materials (Fig. 3). With the exception of 
LDPE, aluminum, and steel, all other solid waste materials showed a 
decreasing temporal trend in retrieval by waste pickers. There was a 
notable reduction observed for all materials during the COVID-19 
pandemic (Fig. 3), including the closure of some pre-recycling centers 
(Table S3). This decline was followed by a resurgence in collection rates 
towards the end of 2022, coinciding with the official declaration of the 
end of the pandemic in Brazil (Fig. 5). The raw data is available in the 
Supplementary material (Table S4).

3.2. Estimates of GHG mitigation from waste pickers activities

Between 2010 and 2022, the activities of solid waste retrieval per
formed by waste pickers resulted in the avoidance of GHG emissions, 
totaling 27,113 tonnes of CO2, primarily attributed to two processes. 
Waste collection for recycling, which involved the substitution of virgin 
raw materials, contributed to the avoidance of 26,229 tonnes of CO2, 
while diversion from disposal sites (e.g., landfills and dumps) yielded 
884 tonnes of CO2 avoidance. Over the years, an increasing trend was 
observed in the first process during the initial years of the temporal 

series, followed by stabilization, while the second process showed a 
decreasing trend. Both processes experienced sharp declines during the 
COVID-19 pandemic years (refer to Fig. 4 for absolute values absolute 
values, which have been adjusted logarithmically to better illustrate the 
relative contributions of each process). The raw data and emission fac
tors are available in the Supplementary material (Tables S3 and S5).

The types of recovered materials that made the most significant 
contributions to GHG emissions avoidance were aluminium (17,911.7 
tonnes of CO2) and PET (7336.7 tonnes of CO2), followed by scrap metal 
(344.3 tonnes of CO2) and paper & cardboard (223.3 tonnes of CO2). 
Fig. 5 presents the absolute values, adjusted logarithmically to better 
illustrate the relative contributions of each material type. Over the 
years, aluminium and PET remained the main recovered materials 
contributing to the highest estimates of GHG emissions avoidance, with 
aluminium showing an increasing trend and PET showing a decreasing 
trend. However, all solid waste materials, including aluminium and PET, 
experienced sharp GHG emissions avoidance during the COVID-19 
pandemic period (Fig. 6). Analyzing the relationship between the solid 
waste recovered by waste pickers, which has generated the highest es
timates of GHG emission avoidance (i.e., aluminium, PET, scrap metal, 
and paper & cardboard), our findings show a very high correlation be
tween quantities and GHG avoided emissions (Fig. 7A). However, when 
examining the ratio between recovered materials (tonnes/year) and 
GHG emission avoidance estimate (tonnes of CO2/year), such as 
aluminium and PET, the relationship appears to be inversely propor
tional (Fig. 7B).

3.3. Integrating and partitioning of effects of solid waste retrieval and 
estimates of GHG mitigation

In the GLMM tree analyses, lower p-values within the nodes indicate 
increased interaction with the decision model. Our analysis identified 
"year" as the primary partitioning variable, followed by "month" and 
"pre-recycling center" (PRC) as secondary partitioning variables (Fig. 8). 
The terminal nodes depicted in Fig. 8 reveal a dual factor-subgroup 
interaction. Specifically, subsequent splits result in improved out
comes and lower standard error (SE) scores within the "month" node, 
categorized by solid waste quantities (differentiated by type) and avoi
ded GHG emissions (measured in tonnes CO2-eq/year), with PET and 
aluminium exhibiting higher outcomes, followed by paper & cardboard 
(P&C) and glass. However, within this partitioning node, a trade-off 
emerges between PET and aluminium in terms of waste quantities (i. 
e., PET predominates) and avoided emissions (i.e., aluminium pre
dominates) (see Fig. 8 – left panel). Within the pre-recycling center 
node, the dependent variables (i.e., solid waste quantities and avoided 

Fig. 2. Total quantities measured in tonnes of solid waste materials retrieved by waste pickers between the years 2010 and 2022.
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emissions) exhibit lower outcomes and higher SE scores, indicating 
significantly lower partitioning between treatments (see Fig. 8 – right 
panel). We extracted coefficients values of the random intercept from 
the full estimated mixed model and provided different predictions for 
different solid waste types and their GHG avoided emissions within each 
leaf of the tree structure. The Fig. S3 shows the ranking of the estimated 
random-effects confirming that the best outcomes were observed for 
aluminium, PET, scrap metal, and P&C as the 95 % confidence intervals 
does not overlap with 0.

Finally, the mixed model analysis revealed a strong association be
tween years and months for a small set of solid waste types that had the 
highest quantities retrieved by waste picker activities. Additionally, 
these waste types generated the highest estimates of GHG emissions 

avoidance. This finding underscores the importance of considering both 
temporal and material-specific factors when assessing the effectiveness 
of waste picker activities in mitigating GHG emissions.

4. Discussion

Waste pickers have garnered increasing attention from scholars 
across various academic disciplines, including environmental and sani
tation engineering, political economics, urban anthropology, and urban 
geography (Morais et al., 2022). However, there has been limited focus 
on the potential of informal waste pickers’ activities in solid waste 
collection for mitigating GHG emissions (but see Pimenteira et al. 2004; 
Gutberlet and Danoso, 2015; WIEGO, 2021a, 2021b). In this long-term 

Fig. 3. Yearly variation, measured in tonnes, of solid waste materials with specific quantity scales retrieved by waste pickers between the years 2010 and 2022. The 
period encompassed by the COVID-19 pandemic is evidenced. Solid lines represent the most abundant retrieved recyclables, while dashed lines represent the second 
and third most abundant groups of recyclables.
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study, we have demonstrated the significant impact of waste pickers’ 
activities in retrieving various types of solid waste and contributing to 
GHG emissions avoidance. This is primarily achieved through diverting 
materials collected by these informal collectors within the urban land
scape, thereby incorporating the waste into the recycling sector. This 
practice reduces the need for virgin raw materials and minimizes the 
disposal of waste in conventional sites such as landfills and dumps. 
Indeed, this study primarily aims to draw attention to the important role 
of a socially "invisible" and neglected workforce in promoting 
recycling-related processes. The involvement of informal waste pickers 
can substantially influence assessments of GHG mitigation within urban 
environments over prolonged periods, as demonstrated in this study, 
underscoring the importance of integrating their activities into broader 
discussions on MSWM and climate change mitigation strategies.

In most cities in the Global South, there are no formal selective waste 
collection programs, and growing evidence suggests that the informal 
sector retrieves the majority of recyclable materials (Conceição, 2005; 
Hartmann, 2012; Chokhandre et al., 2017; EIU, 2017; Kasinja and Tilley, 
2018; Kumar et al., 2018; Gutberlet, 2023). Additionally, recognizing 
their potential to facilitate energy conservation and CO2 reclamation 
underscores the importance of including waste picker contributions in 

such discussions. Furthermore, despite the imperfections and unman
aged nature of waste collection and storage (such as pre-recycling cen
ters), it implies a version of circularity, where waste collection is critical 
to the recycling loop of the circular economy (Gutberlet et al., 2017; 
Barford and Ahmad, 2021). This process has already been confirmed in 
many countries, such as China and India (Medina, 2008), Mexico and 
Costa Rica (Wilson et al., 2006), and Indonesia (Sembiring and Niti
vattananon, 2010).

4.1. Selective collection by informal waste pickers and GHG mitigation

Yet, in general, waste pickers represent less than one percent of the 
urban workforce (International Labour Organization, WIEGO, 2013). 
Across the Global South, as is the case in Salvador city, waste picker 
groups share certain common features, often comprising marginalized 
populations living in extreme poverty (Samson, 2010; Morais et al., 
2022). They are frequently among the most vulnerable people in society 
(Dias, 2016). Job opportunities and means of survival are often limited 
to peripheral occupations, with waste collection becoming the only 
alternative (Gutberlet, 2023). Ironically, these individuals survive on 
unmanaged waste generated by society while contributing to the 

Fig. 4. Estimate of greenhouse gas (GHG) emissions avoidance expressed in tonnes of CO2-equivalent per year, resulting from the work of waste pickers. The two key 
processes carried out by waste pickers are the substitution of virgin materials through recycling and the diversion of waste from disposal sites.
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recycling process and concurrent GHG mitigation. Although the waste 
picker groups targeted in this study are not formalized, they have made a 
significant contribution to municipal solid waste management (MSWM). 
Recognizing and supporting their contributions could help lift many 
families out of poverty by creating better job opportunities within the 
MSWM sector (Morais et al., 2022, Zhang et al., 2024). In Salvador, 
waste pickers retrieved approximately 440 tonnes of recyclable mate
rials annually, with a peak of 599 tonnes in 2015 (see Table S3). Addi
tionally, their activities resulted in an average annual CO2 emission 
avoidance of 2068 tonnes, reaching a maximum of 2795 tonnes in 2019 
(see Table S5). This amount is particularly significant when compared to 
formal waste picker cooperatives that have agreements to receive ma
terials from garbage collection services and urban cleaning operations, 
as well as access to machinery for handling recyclables and trans
portation vehicles (Pimenteira et al., 2004; King and Gutberlet, 2013; 
Mesquita et al., 2023).

For instance, Mesquita et al. (2023) found that three waste picker 
organizations in Brasília, the capital city of Brazil, processed around 
2880 tonnes of recyclable material in one year (i.e., 2019), generating 
approximately 18,030 tonnes of CO2 emission avoidance. In another 
study, King and Gutberlet (2013) monitored one recycling cooperative 
in the metropolitan region of São Paulo, Brazil’s largest city, over nearly 
six months. Their findings revealed a substantial reduction in CO2 
emissions, estimated at 1443 to 2720 tonnes, resulting from recycling 

activities and the diversion of waste from landfills. Although there is a 
notable contrast between the cooperative model of waste collection and 
processing and the more rudimentary approach used by informal waste 
pickers in Salvador, it is clear that these workers play a significant role in 
MSWM and GHG mitigation efforts. However, when comparing our 
findings with other studies, it is imperative to account for variations in 
GHG calculation methodologies and a broad spectrum of parameters, 
including energy consumption disparities between the production of 
virgin materials and recycled resources, transportation logistics, and 
non-energy-related GHG emissions (Friedrich and Trois, 2013). Despite 
these differences, our study provides a foundational reference point for 
integrating the unique aspects of solid waste collection performed by 
informal waste pickers into future updates of GHG calculation models.

Estimations of GHG emissions mitigation per material type recovered 
by waste pickers highlighted aluminum and plastics, particularly PET, as 
the most effective materials in avoiding GHG emissions when 
substituting virgin resources in manufacturing processes. This observa
tion aligns with findings from previous studies that assessed GHG 
emissions reduction based on the metric of CO2-equivalent per tonne of 
waste material (Chen and Lin, 2008; Damgaard et al., 2009; King and 
Gutberlet, 2013). Moreover, while recyclable steel materials may offer a 
greater reduction in CO2-equivalent emissions per tonne compared to 
plastics (Damgaard et al., 2009), our results highlight the prominence of 
plastics, especially PET, among the materials collected by waste pickers 

Fig. 5. Total estimate of greenhouse gas (GHG) emissions avoidance expressed in tonnes of CO2-equivalent per year for solid waste types recovered from the ac
tivities of waste pickers between 2010 and 2022.
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in Salvador, who gather plastic PET in greater abundance than other 
materials. This preference for plastics stems from the large quantity of 
PET materials collected in comparison to other materials. These activ
ities primarily involve the collection of refuse left in streets, around 
dumpsters, in streams, drainage systems, and unregulated dumping 
sites. It is also crucial to consider the temporal aspect of the relationship 
between the quantity of each material type recovered by waste pickers 
and the corresponding estimates of GHG emissions avoidance (as 
depicted in Fig. 7). This temporal analysis highlights that primarily 
aluminium and PET, followed by scrap metal, paper and cardboard, 
consistently contribute to sustained GHG mitigation when diverted from 
landfills and reintegrated into the recycling chain through the activities 
of waste pickers. Thus, our results demonstrate the role of waste pickers 
in GHG emissions mitigation, emphasizing their substantial contribu
tions to reducing emissions associated with aluminium and plastics. 
However, given that informal waste pickers operate under highly dy
namic and variable collection conditions – characterized by absence of 
productivity targets, unorganized routes for recyclables recovery, and 
poorly managed pre-recycling centers (see 2.4.1) – it is imperative to 
consider the specific operational contexts of waste picker populations in 
each city. This includes accounting for cultural and economic factors 
that influence their activities.

Between 2010 and 2022, the duration of our study, Salvador city 
experienced a notable decline in population, amounting to 9.6 % (from 
2,657,656 in 2010–2,417,678 in 2022) (IBGE, 2023). This decline is 
primarily attributed to residents migrating to neighboring localities 

along the north coast of the state (see Pereira and Fernandes, 2022). It is 
significant to note that the quantity of solid waste collected by waste 
pickers, including various materials, declined over time, particularly for 
high-volume items such as PET, paper and cardboard. This trend was 
evident before the onset of the COVID-19 pandemic, highlighting the 
complex relationship between urban population dynamics and solid 
waste generation (see Singh et al., 2018). While the COVID-19 pandemic 
has significantly impacted all sectors of the economy, the informal 
recycling sector has demonstrated some degree of resilience (Tucker and 
Anantharaman, 2020). Pitoyo et al. (2020) assert that the informal 
sector serves as a lifeline for individuals who have lost their jobs or in
come during this macroeconomic crisis. However, our study did not 
observe this effect, likely due to the closure of several PRCs from which 
data were collected, as well as lockdown measures that restricted the 
operation of markets and events—key sources of substantial solid waste 
generation. These factors reduced the amount of solid waste generated 
in urban settings, thereby limiting the materials that waste pickers could 
recover. Consequently, the estimated CO2 emissions avoidance from 
diverting waste from disposal sites declined over time. Despite this 
reduction, the overall trend remained relatively stable (see Fig. 4), with 
occasional increases attributed to CO2 emissions avoidance from 
aluminium recovery (see Fig. 6). Indeed, as demonstrated by Friedrich 
and Trois (2013), aluminum has a higher GHG emission factor compared 
to other recyclable materials, leading to significant CO2 emissions sav
ings when integrated into the recycling chain.

Fig. 6. Total estimate of greenhouse gas (GHG) emissions avoidance expressed in tonnes of CO2-equivalent per year for solid waste types recovered from the ac
tivities of waste pickers, categorized by each year. The period encompassed by the COVID-19 pandemic is highlighted by red borders around the columns in the 
graph. For a complete visualization of solid waste types on the X-axis, refer to the caption of Fig. 5.
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Fig. 7. Correlation between the estimates of GHG emissions avoidance and quantities of recovered materials (i.e., solid waste) from waste picker activities over the 
years (Panel A). Relationship between years, quantities of recovered materials, and estimates of GHG emissions avoidance (Panel B). ALU = Aluminium, P&C 
= Paper & Cardboard, and SC-ME = Scrap metal.
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4.2. Putting informal waste pickers in radar of MSWM and GHG 
mitigation

Recognizing the role of individuals who derive their livelihood from 
resource recovery and waste recycling, as highlighted by Buch et al. 
(2021) as well as Dean and Asen (2024), underscores their significance 
as key stakeholders within MSWM systems. Despite this, local govern
ments often overlook these insights when setting up new waste man
agement programs or establishing recycling centers (Gutberlet and 
Carenzo, 2020). Consequently, there appears to be a persistent lack of 
recognition that waste pickers also play a significant role in mitigating 
climate change by diverting recyclables from landfills. Most waste 
pickers supplying the PRCs assessed in our study belong to socially 
marginalized groups, often including individuals experiencing home
lessness. It is crucial to first reduce their extreme vulnerability through 
targeted social policies and then actively include these individuals in 
discussions and consultations regarding municipal waste management 
plans. They must not be marginalized or disadvantaged within inte
grated waste management systems, as emphasized by Gonzenbach and 
Coad (2007). Additionally, gaining more traction in circular economy 
perspectives – beyond issues purely related to MSWM – requires 
empowering waste pickers by establishing collaborative networks of 
stakeholders (e.g., recycling centers, industries, and governmental 
agencies) and providing access to technologies and markets that enable 
waste pikers to manufacture upcycled products (Buch et al., 2021). By 
addressing their social and economic challenges, these workers can be 
more effectively integrated into formal MSWM systems. In the context of 
Salvador city, waste pickers have long endured a lack of labor rights, 
extensive work hours, and significant health risks due to unsanitary 
working conditions (Gama and Silva, 2018). However, while the aspi
ration for inclusive waste management practices may seem idealistic, 
particularly given Brazil’s persistent inequalities that disproportionately 
affect the poorest segments of society (Lobato, 2016; Souza et al., 2021), 
it remains crucial to advocate for improved working conditions and 

support for these waste workers.
The economic feasibility of waste collection, considering its social 

and environmental advantages has been substantiated (Gomes and 
Coutinho-Nóbrega, 2005). However, informal waste pickers experience 
fewer direct and indirect benefits, primarily due to their precarious 
working conditions and limited social acceptability. Sellers of recycled 
materials, recycling industries, and municipally managed landfills often 
reap the highest profits and business opportunities, such as energy 
generation from biogas production (Lino and Ismail, 2011). Recognizing 
informal waste pickers as integral participants in this valuable waste 
management chain and acknowledging the resultant GHG mitigation 
benefits is a topic warranting discussion. Consequently, it is essential to 
explore ways to achieve tangible and feasible social justice within this 
framework. Waste pickers in many Latin American cities have made 
significant progress by forming cooperatives, associations, and regional 
networks, as well as participating in social movements (see Colombijn 
and Morbidini, 2017; Dutra et al., 2018). While these efforts have 
fostered dialogue with governmental bodies and partnerships with 
recycling industries, informal waste pickers, such as those assessed in 
this study, urgently need improvements to their livelihoods to fully 
benefit from such initiatives. By enhancing the conditions of informal 
waste pickers, they can truly become integrated into the circular econ
omy with regards to the recycling process. Moreover, they can be 
formally recognized as urban recycling workers, thereby enhancing 
their potential to recover solid waste and contribute to GHG mitigation 
efforts.

Finally, out of the 5570 Brazilian municipalities, 51 % still rely on 
dumps for waste disposal, including recyclable materials (ABRELPE, 
2022), thereby contributing to uncontrolled GHG emissions. Although 
comprehensive data on waste pickers across all Brazilian territories is 
lacking, estimates suggest there could be up to 800,000 workers in this 
informal sector (Dagnino and Johansen, 2017). Some municipal gov
ernments in Brazil have created employment classifications to monitor 
the waste picker population and assess the economic impacts they 

Fig. 8. The estimate mixed-effects tree model for the probability of solid waste quantities and GHG avoided emissions. Panes depict subgroup sizes (N) and outcomes 
based on p-values. The terminal nodes represent the overall outcomes with standard errors (SE) for each waste type based on their quantities and estimates of GHG 
avoided emissions.
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generate (Buch et al., 2021). Nevertheless, this effort remains in its in
fancy from a national perspective, with limited understanding of the 
environmental benefits stemming from their waste recovery activities. 
By diverting recyclables away from dumps, these informal workers 
contribute significantly to mitigating climate change, highlighting the 
need for greater recognition and integration in the MSWM debates and 
climate change agendas.

5. Conclusions

Our study demonstrates the substantial contribution of informal 
waste pickers to the recovery of recyclables in a large urban setting, with 
results in some cases comparable to those achieved by formal workers, 
such as waste cooperatives. This was evidenced through a temporal 
series analysis, which highlights the consistent role of informal waste 
pickers in MSWM. Furthermore, the findings underscore the critical 
importance of waste pickers in reducing GHG emissions and advancing 
circular economy practices in Brazil. While many studies have particu
larly shown the pivotal role of informal waste pickers in addressing the 
solid waste pollution crisis, our long-term research offers new insights 
into the temporal dynamics of the recovery of recyclable materials and 
reinforces the need to prioritize attention and support for this sector. 
Integrating waste pickers into formal waste management systems and 
providing them with necessary support and resources could enhance 
their efficiency and impact. Recognizing and formalizing the contribu
tions of this marginalized workforce is essential for developing sus
tainable and inclusive waste management policies. Such efforts could 
substantially reduce CO2 emissions, alleviate urban poverty, and 
contribute to global climate change mitigation.
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Bates, D., Mächler, M., Bolker, B., Walker, S., 2015. Fitting linear mixed effects models 
using lme4. J. Stat. Softw. 67, 1–48. https://doi.org/10.18637/jss.v067.i01.

Barford, A., Ahmad, S.R., 2021. A call for a socially restorative circular economy: waste 
pickers in the recycled plastics supply chain. Circ. Econ. Sustain. 1, 761–782. 
https://doi.org/10.1007/s43615-021-00056-7.

Barr, D.J., Levy, R., Scheepers, C., Tily, H.J., 2013. Random effects structure for 
confirmatory hypothesis testing: keep it maximal. J. Mem. Lang. 68, 255–278. 
https://doi.org/10.1016/j.jml.2012.11.001.
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