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Solid waste, including municipal waste and its management, is a major challenge for most cities and
among the key contributors to climate change. Greenhouse gas emissions can be reduced through recov-
ery and recycling of resources from the municipal solid waste stream. In São Paulo, Brazil, recycling coop-
eratives play a crucial role in providing recycling services including collection, separation, cleaning,
stocking, and sale of recyclable resources. The present research attempts to measure the greenhouse
gas emission reductions achieved by the recycling cooperative Cooperpires, as well as highlight its socio-
economic benefits. Methods include participant observation, structured interviews, questionnaire appli-
cation, and greenhouse gas accounting of recycling using a Clean Development Mechanism methodology.
The results show that recycling cooperatives can achieve important energy savings and reductions in
greenhouse gas emissions, and suggest there is an opportunity for Cooperpires and other similar recycling
groups to participate in the carbon credit market. Based on these findings, the authors created a simple
greenhouse gas accounting calculator for recyclers to estimate their emissions reductions.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Throughout the last century, the world has experienced unprec-
edented urban population growth (Cohen, 2004; Satterthwaite,
2003; Population Reference Bureau, 2011), as well as the emer-
gence of modern material culture and the trend towards dispos-
ability and increased consumption. Now, many commodities, and
especially their packaging, are intended for disposal and not reuse
(Lucas, 2002). The disposal of so much plastic, paper, cardboard,
glass, metal, and organic materials compromises the environmen-
tal sustainability and public health of ever-growing urban environ-
ments and their surrounding sub- and peri-urban regions
(Satterthwaite, 2003). According to Schor (2010), we have already
reached the situation of ecological overshoot, with humans con-
suming far more than the available natural capacity to generate
an ongoing supply of resources and to absorb the wastes
generated.

A major challenge for most cities is the current rate of house-
hold waste generation, which often surpasses the financial and hu-
man resources of public authorities, the installed capacity of
landfills, and the assimilation capacity of ecosystems to efficiently
manage the waste (Karak et al., 2012). According to the fourth
assessment report of the Intergovernmental Panel on Climate
Change (Forster et al., 2007), waste and its management is one
among seven key contributors to climate change.
2. Municipal solid waste and greenhouse gas emissions

Several processes directly and indirectly related to municipal
solid waste (MSW) generation and management emit greenhouse
gases (GHG; also commonly expressed in related literature as
CO2 equivalents [CO2-eq.], an aggregate of gases that contribute
to climate change). The principal climate-relevant GHG generated
through solid waste management activities are methane (CH4),
carbon dioxide (CO2) and nitrous oxide (N2O) (Gentil et al., 2009;
Machado et al., 2009). These emissions occur both upstream and
downstream of the municipal solid waste management system
(United States Environmental Protection Agency – US EPA, 2006).
In the absence of recycling, upstream emissions occur mainly
due to the acquisition and processing of virgin raw materials for
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product manufacturing, as they require higher fossil fuel energy
consumption than recycled materials (Bogner et al., 2008; Diaz
and Warith, 2006; Finnveden et al., 2005; Holmgren and Henning,
2004; Mohareb et al., 2008). Downstream emissions occur due to
various waste management activities including and especially
landfilling and incineration, but also composting and recycling.
The majority of direct emissions are CH4 and CO2 associated with
landfill disposal of biodegradable resources. There are also CO2

and N2O emissions associated with incineration, especially of plas-
tics (Donovan et al., 2011; Morris, 2005; US EPA, 2006).

2.1. Recycling: environmental and socioeconomic benefits

A change in society’s consumption patterns and a reduction in
the amount of solid waste generated would significantly contribute
to mitigate these burdens of MSW. A key premise to promote such
transformed attitudes is the perception of waste as resource and to
value it as such (Gutberlet, 2012a,b). Once solid waste is generated,
recycling of plastic, paper, glass and metal materials is a better
environmental practice in terms of GHG emissions reduction and
energy conservation than landfilling, and in most cases is also pref-
erable to incineration with or without energy recovery (Björklund
and Finnveden, 2005; Chen and Lin, 2008; Mohareb et al., 2008;
Morris, 2005), except when recycled plastics replace wood as op-
posed to virgin plastics (Astrup et al., 2009; Finnveden et al.,
2005), and when energy recovered during incineration of paper/
cardboard would replace fossil fuels (Björklund and Finnveden,
2005). Generally, however, the resource conservation benefits of
replacing virgin resources with recycled materials tend to be great-
er than the energy production offsets of waste-to-energy technol-
ogies (Morris, 2005). Recycling also conserves capacity and extends
the lifespan of existing landfills (Chester et al., 2008).

Despite the global necessity to create and implement sustain-
able waste management plans and legal frameworks which include
policy support for recycling (Karak et al., 2012), many cities lack
recycling programs and are struggling to extend basic waste man-
agement services to their entire populations (Barton et al., 2008;
Decker et al., 2000; Forsyth, 2005; Shekdar, 2009; Uiterkamp
et al., 2011; Wilson et al., 2006). Troschinetz and Mihelcic (2009)
found that for 79% of the 23 low- and middle-income countries
they studied, the lack of physical and human resources was a bar-
rier to implementing municipal recycling schemes. In such cases,
the selective collection of recyclable materials is often performed
by the informal and cooperative sector recycling industry (Gutber-
let, 2010; Gutberlet, 2012a,b; Forsyth, 2005; Noel, 2010; Schenck
and Blaauw, 2011; Scheinberg et al., 2011; Sembiring and Nitivat-
tananon, 2010). A growing number of studies (Chaturvedi, 2009;
Fundação Nacional da Saúde – FUNASA, 2010; Henry et al., 2006;
Lino & Ismail, 2011; Medina, 2000; Sembiring and Nitivattananon,
2010; Scheinberg et al., 2011; Talyan et al., 2008; Uiterkamp et al.,
2011; Wilson et al., 2006; Wilson et al., 2009) demonstrate the re-
source mobilisation within this sector and the efficiency with
which the informal and cooperative sector is able to provide this
necessary environmental service in various cities across the world.

In addition to the environmental benefits of recycling, its socio-
economic benefits include employment opportunities in the re-
verse logistics industry, from collection to remanufacturing
(Agarwal et al., 2005; Cointreau-Levine, 1994; Fehr and Santos,
2009;), which are an important source of income for the urban
poor in low- and middle-income countries (Gutberlet 2011a,b,
2012a,b; Schenck and Blaauw, 2011; Noel, 2010).

For example, in the Metropolitan Region of São Paulo, Brazil,
there are an estimated 20,000 recyclers, or catadores, in the infor-
mal/cooperative sector (FUNASA, 2010; Grimberg, 2007).
The new National Policy on Solid Waste, law No. 12.305/2010
(Política Nacional de Resíduos Sólidos), demands the establishment
of municipal selective collection systems, legislating the inclusion
of recycling cooperatives and associations in the formal SWM sys-
tem (Ministério do Trabalho e Emprego/Secretaria Nacional de
Economia Solidária – MTE/SENAES, 2011). Further, Programa Pró-
Catador is a national program which supports and promotes the
organisation of informal recyclers, to improve their work condi-
tions, increase their opportunities for social and economic inclu-
sion, and expand selective collection services in the country
through employment of the informal/cooperative sector.

2.2. Triple bottom line sustainability: informal/cooperative sector
recycling and the Clean Development Mechanism

One vehicle through which municipal governments in low- and
middle-income countries can integrate environmental policies and
initiatives with socioeconomic goals is the Clean Development
Mechanism (CDM) (Barton et al., 2008; de Oliveira, 2009; World
Bank, 2009), a carbon finance instrument offered by the United Na-
tions Framework Convention on Climate Change (UNFCCC, 2012).
Among the CDM methodologies there is one that accounts for
GHG emissions reductions through resource recovery and recy-
cling by informal and cooperative sector operations. CDM projects
approved under this methodology have the potential to synchro-
nise climate change mitigation, solid waste management, and
socioeconomic development agendas (Chaturvedi, 2009; Reddy
and Assenza, 2009; Rogger et al., 2011).

As of 2009, one of the main federal government programs in the
Brazilian waste management sector is the Projeto CDM Aplicado à
Redução de Emissões de Gases Gerados nas Áreas de Disposição Final
de Resíduos Sólidos (Applied CDM Project to Reduce Emissions of
Gases Generated in Areas of Solid Waste Disposal), funded by the
World Bank and the Government of Japan. The purpose of this pro-
gram is to use the CDM as an effective tool in the implementation
of economic, social and environmental programs towards sustain-
able development defined by the criteria set by Brazil’s Interminis-
terial Commission on Global Climate Change (Ministério da
Ciência, Tecnologia e Inovação – MCTI, 2008). It is intended to con-
tribute to social inclusion and empowerment of people relying on
resource recovery and recycling as a livelihood (de Romani and
Segala, 2007).

However, one of the major criticisms of the CDM is that it so far
favours primarily large-scale private sector landfill gas projects
such as methane capture-and-flare (destruction) and methane-
to-energy initiatives (thermal/electrical energy generation) (Fenh-
ann and Staun, 2010; Rogger et al., 2011; UNFCCC, 2010), which
offer little immediate employment generation benefits in host
countries (Olsen, 2007). For example, the landfill gas-to-energy
project at the LARA landfill in Mauá, São Paulo, created only 6–
10 long-term jobs (Det Norske Veritas, 2006). Meanwhile, a recy-
cling cooperative offers an average of 36 positions to perform
activities including collection, separation and sale of recyclable
materials, and public awareness promotion (FUNASA, 2010). There
are approximately thirty-three approved CDM landfill-gas projects
in Brazil, and as yet, none that focuses on resource recovery and
recycling, inclusive of the informal and cooperative sector. Social
objectives such as poverty alleviation and employment generation
tend to be under-represented, despite the apparent worldwide
consensus to work towards the millennium development goals
(of which poverty eradication is the number one), while corporate
interests take priority in these so-called ‘sustainable development’
mechanisms (Forsyth, 2005; Gutberlet, 2011b; Gutberlet, 2012a,b;
Rogger et al., 2011).

Those that carry out resources recovery and recycling activities
within the informal and cooperative sector object to the prolifera-
tion of landfill-gas projects on the grounds that they bury and
squander valuable resources when they should be recycled
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(Gutberlet, 2011b, 2012a,b; SWACH, 2012). For CDM projects to
achieve the triple-bottom-line of sustainability, a consensus of eco-
nomic, social and environmental objectives must be achieved (Na-
jam et al., 2003). Perhaps this is possible with the implementation
of CDM projects focused on resource recovery and recycling, inclu-
sive of the informal/cooperative sector.

This paper argues that such a consensus in municipal solid
waste management may be achieved through the implementation
of a cooperative sector CDM project focused on resource recovery
and recycling. This argument is based on a recent case study of
the Brazilian recycling cooperative Cooperpires, a participant in
the Participatory Sustainable Waste Management (PSWM) part-
nership project with the University of Victoria, Canada, and the
University of São Paulo, Brazil, which ran from 2005 to 2012 (Gutb-
erlet, 2009). This research was conducted as part of the PSWM pro-
ject in response to a request from Cooperpires’ representatives.

Our study used the UNFCCC’s CDM methodology for GHG emis-
sions accounting of recycling and landfill diversion, complemented
by a qualitative research methods. These qualitative methods pro-
vided further insight into Cooperpires’ daily activities and chal-
lenges in their role as an environmental service provider. This
mixed methods approach explored the available resources and
the opportunity for the implementation of a cooperative sector
CDM project focused on resource recovery and recycling.
Fig. 1. Map of the study area in Brazil. Source: Gutberet, 2012. The map shows
Ribeirão Pires within the Metropolitan Region of São Paulo; the inset shows the
location of São Paulo within Brazil.
3. Methods

3.1. Study area

The research is situated in the subtropical city of Ribeirão Pires,
a municipality in the metropolitan region of São Paulo, Brazil
(Fig. 1). The city has a total of 112,011 inhabitants, with a popula-
tion density of approximately 1047 hab./km2 (Secretaria de Saúde
e Higiene de Ribeirão Pires, 2010). All of Ribeirão Pires’ population
receives waste collection service, which yielded 27,453 tonnes
(0.67 kg/capita/day) in 2010, 98.5% of which were disposed of in
the LARA sanitary landfill in the neighbouring municipality of
Mauá (Secretaria de Saúde e Higiene de Ribeirão Pires, 2010).
Table 1
Categorisation of plastic types by index (i) and ‘‘cradle-to-gate’’ energy consumption
(GJ) per tonne of plastic produced.

Index (i) Plastic type ‘‘Cradle-to-Gate’’ energy consumption (GJ/tonne)

1 HDPE 76.7
PP 73.4

2 LDPE 78.1
3 PET 82.7

PS 87.4
3.2. Data collection

A participatory, mixed methods approach including participant
observation, structured interviews, and questionnaires was em-
ployed. Data collection took place between November 2010 and
February 2011, along the selective collection routes through Ri-
beirão Pires’ city centre and surrounding neighbourhoods, and at
the Cooperpires material recovery facility (MRF). Participant obser-
vation and interview methods assessed the flow and processing of
recyclable resources including paper/cardboard, glass, metals and
plastics, and the efficiency, organisation, and physical and human
resources of the cooperative. These data informed the GHG
accounting method, and it provided supplementary qualitative
data that filled in some knowledge gaps in terms of assessing triple
bottom line sustainability. Questionnaires were applied to ask re-
verse logistics companies about the processing and end-use of
the materials they purchase from the recycling cooperative.

Through participant observation, this qualitative phase of the
study recorded details of the daily activities, equipment, energy
sources, and general operations of the recycling cooperative,
including their collection routes, transportation, separation, and
processing of the recyclable resources: plastics, paper and card-
board, glass, aluminium, and steel. Structured interviews explored
recyclers’ opinions about their contribution as environmental ser-
vice providers, the efficiency of the collection, transportation, and
separation activities within the cooperative and its facilities, the
difficulties the recyclers experience in their work, and the possibil-
ity of earning carbon credits for their environmental service. Ques-
tionnaires sent to reverse logistics companies enquired about the
processing and end-use of the materials they purchase from the
recycling cooperative.

Secondary quantitative data was collected through literature
review, and personal communications. This data included CO2

emissions factors for electricity generation, and specific energy
consumption for recyclable resources including high density poly-
ethylene (HDPE)/polypropylene (PP), low density polyethylene
(LDPE), and polyethylene terephthalate (PET)/polystyrene (PS)
plastics, paper/cardboard, glass, aluminium, and steel. This data
is based on the literature and default values provided in the CDM
methodology (Tables 1 and 2). Material flow data from sales led-
gers for 2010, provided by the Cooperpires cooperative, accounting
all quantities (Table 2), unit prices, and receipts for each type of
recyclable resources sold to reverse logistics companies. Data from
the LARA landfill, obtained through local news media, the Ribeirão
Pires government website, and UNFCCC CDM project literature.
Data relating to regular municipal solid waste collection and



Table 2
Specific electricity consumption SECBL,i and SECrec and specific fuel consumption SFCBL,i shown as MW h/tonne; quantity (tonnes) of recycled resources Qi,y and adjustment factor
LiLi for production with virgin vs. recycled resources.

Resource type (index) Virgin resources Recycled resources Tonnes recycled Adjustment factor

SFCBL,i SECBL,i SECrec Qi,y Li

HDPE/PPa(1) 4.17 0.83 0.83 17.5 0.75
LDPEa(2) 4.17 1.67 0.83 18 0.75
PET/PSa(3) 4.17 1.11 0.83 10 0.75

Paper/card.b(4) 4.98 1.47 189 0.82
Glass�(5) 4.83 4.19 25.5 0.88–1.0c

Aluminiumb(6) 17.6 0.7 1.5 0.9–1.0c

Steelb(7) 6.84 1.78 24.5 0.84

a
SECBL,i and SECrec values for plastics are default values as per the CDM methodology (UNFCCC, 2011a).

b
SECBL,i and SECrec values for these resources follow Pimenteira et al. (2004) and Gomes and Nóbrega (2005); Li values for these resources follow Rigamonti et al. (2009),

except for paper/cardboard (Merrild et al., 2009), and aluminium (Damgaard et al., 2009).
c Adjustment factor can be 1.0 for glass and aluminium because both resources can be completely recycled (closed loop) when producing the same product (e.g., used glass

bottles/aluminium cans re-manufactured into new glass bottles/aluminium cans [ICF Consulting, 2005]).

2774 M.F. King, J. Gutberlet / Waste Management 33 (2013) 2771–2780
management in Ribeirão Pires. Information about the wider coop-
erative recycling community and its stakeholders gathered from
PSWM project literature.

3.3. Greenhouse gas accounting

The GHG emission reductions achieved through the recycling of
a select portion of the MSW generated by Ribeirão Pires were mea-
sured using the CDM GHG accounting methods – AMS III-AJ: Re-
source recovery and recycling of material from solid waste
(UNFCCC, 2008, 2011a, 2011b), and the methodological tool to
determine methane emissions avoided from disposal of wastes at
a waste disposal site (UNFCCC, 2011c). In the CDM methodology,
GHG emissions reductions ERy were calculated by subtracting the
emissions that occur as a result of recycling and landfill diversion
activities PEy - LEy from the emissions that would have occurred
in the absence of those activities BEy then adding the CH4 emis-
sions avoided from prevention of landfilling paper and cardboard
BECH4,SWDS,y as given in Eq. (1).

ERy ¼ ðBEy � PEy � LEyÞ þ BECH4;SWDS;y ð1Þ

where ERy, emission reductions in year y (tCO2-eq); BEy, Baseline
emissions in year y (tCO2-eq) Eqs. (2) and (3); PEy, Project emissions
in year y (tCO2-eq), Eq. (4); LEyLEEC,y, leakage emissions in year y
(tCO2-eq), Eq. (5); BECH4,SWDS,y, CH4 emissions avoided from preven-
tion of landfilling paper and cardboard. (tCO2-eq./ 2010), Eq. (6).

The assumption of the AMS III-AJ: Recovery and recycling of
material from solid waste methodology1 is that in the Baseline Sce-
nario (Fig. 2), in which no recycling happens, approximately 286 ton-
nes of paper/cardboard, plastics, glass and metal waste generated by
the residents and businesses of Ribeirão Pires would be disposed at
the LARA sanitary landfill. The Baseline Scenario also assumes that
because these resources were not recycled back into the manufac-
turing product chain, 286 tonnes of virgin resources were instead
used in product fabrication. In our Project Scenario (Fig. 3), we as-
sume that 286 tonnes of recyclable resources were, in fact, recycled
into new products.

3.3.1. Calculating BEy and PEy: baseline and project CO2-eq. emissions
The CDM methodology, AMS III-AJ: Recovery and recycling of

material from solid waste (UNFCCC, 2011a), currently accounts
only for specific plastic types, namely HDPE, LDPE, and PET, and
for paper/cardboard. We used this method, as is, to account for
1 Emissions associated with transportation under the Project Scenario are consid-
ered as equivalent to the corresponding emissions under the Baseline Scenario and
therefore ignored in the methodology, as are emissions associated with the
extraction/processing of virgin resources.
these specific materials, and then used a modified version to assess
the approximate emissions from all other types of recyclable re-
sources. To account for the maximum number of plastic varieties,
plastic types PS and PP were consolidated into the categories PET
and HDPE, respectively, based on ‘‘cradle-to-gate’’ (from resource
extraction to the factory gate) energy consumption values per
tonne of plastic produced, according to Hopewell et al., 2009
(Table 1).

To calculate the baseline emissions associated with hydroelec-
tricity and fossil fuel consumption in the production of plastics
(HDPE/PP, LDPE, and PET/PS) from virgin resources, Eq. (2) is used.
A modified version of the method, represented in Eq. (3), was used
to calculate Baseline and Project emissions associated with only
hydroelectricity consumption in the production of paper products,
glass, aluminium and steel from virgin and recycled resources (see
Table 2).

BEy ¼
X

i

½Q i;y � Li � ðSECBL;i � EFel;y þ SFCBL;i � EFFF;CO2Þ� ð2Þ

BEy ¼
X

i

½Qi;y � Li � ð SECBL;i � EFel,yÞ� ð3Þ

where BEy, Baseline emissions per year y (tonnes CO2/y); I, Indices
for resource type (Table 2); Qi,y, Quantity of resource type i recycled
per year y. (tonnes/year). Data from Cooperpires’ sales ledgers (Ta-
ble 2); Li, Net to gross adjustment factor to cover degradation in re-
source quality and material loss in the production process of the
final product using the recycled resource (Table 2); SECBL,i, Specific
electricity consumption for the production of virgin resource type
i (MW h/tonne) (Table 2); EFel,y, emission factor for the grid electric-
ity generation. Use 0.22–0.38 (after Dones et al., 2004; Fruergaard
et al., 2009); SFCBL,i, Specific fuel consumption for the production
of virgin resource plastic type i. (GJ/tonne) (Table 2); EFFF,CO2, CO2

emission factor for fossil fuel (dry natural gas; tCO2/GJ). Use 0.056
(Pipatti et al., 2006)

We calculated project activity emissions associated with energy
consumption for the production of goods from recycled resources
using Eq. (4):

PEy ¼
X

i

ðQ i;y � SECrec � EFel;yÞ ð4Þ

where SECrec, specific electricity consumption for recycled resource
type i (MW h/tonne) (Table 2); EFel,y, emission factor for the grid
electricity generation. Use 0.22–0.38 (after Dones et al., 2004; Fru-
ergaard et al., 2009).

3.3.1.1. Specific energy consumption in virgin versus recycled resource
production. Baseline emissions BEy for production using virgin



Fig. 2. Baseline scenario the diagram shows the system boundary of the processes under study in the absence of recycling.

Fig. 3. Project scenario: the diagram shows the system boundary of the processes under study when recycling occurs.
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resource inputs, and project activity emissions PEy for production
using recycled resource inputs, were calculated in Eqs. (2)–(4).
The following specific energy consumption values for virgin re-
sources, SECBL,i and SFCBL,i, and for recycled resources, SECrec, were
sourced from Brazilian studies by Pimenteira et al. (2004), Gomes
and Nóbrega (2005), and Lino and Ismail (2011), for paper/card-
board, glass, and metals, while the CDM method default values of
these variables were used for all plastic types (Table 2).
3.3.1.2. CO2 emission factor of hydropower in Brazil and Energy
conversion efficiency. Given Brazil’s high dependence on hydroelec-
tricity, this study assumes that hydroelectricity is supplying the
energy input for all recycling processes within the Project system
boundary, and that it has an emissions factor of 0.2–0.34 kg CO2-
eq./kW h of emissions (Dones et al., 2004; Fruergaard et al.,
2009). The emission factor for grid electricity generation EFel,y

(EFel,y and EFEL,m,y) was calculated using option A2 of the CDM
methodological instrument, Tool to calculation emission factor for
an electricity system (UNFCCC, 2011b), to calculate the emission
factor of 0.22–0.38 tonnes CO2-eq./kW h.
3.3.2. Calculating LEEC,y: leakage emissions
Leakage emissions associated with the consumption of electric-

ity are calculated using the Tool to calculate baseline, project and/or
leakage emissions from electricity consumption (UNFCCC, 2008), with
the following Eq. (5):

LEEC;y ¼
X

i

ECLE;l;y � EFEL;l;y � ð1þ TDLl;yÞ ð5Þ

where LEEC,y, leakage emissions from electricity consumption in
year y (tCO2/y); ECLE,l,y, net increase in electricity consumption of
source l in year y as a result of leakage (MW h/year); use 0.00456
(AES Electropaulo, 2011; Tyco Electronics Corporation, 2005);
EFEL,l,y, Emission factor for electricity generation for source l in year
y (tCO2/MW h); use 0.22 (Dones et al., 2004; Fruergaard et al.,
2009); TDLl,y, Average technical transmission and distribution losses
for providing electricity to source l in year y; use 0.03 (default data
as per the methodology); L, Leakage source of electricity consump-
tion. Cooperpires MRF.

To calculate ECLE,l,y, we assumed a leakage current of 5.0 mil-
liamperes and a tension of 30 kilovolts (AES Electropaulo, 2011;
Tyco Electronics Corporation, 2005) to give the following
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conversion: 5.0 mA � 30 kV = 0.005 A � 30,000 V = 0.000150 MW/
12 h = 0.0000125 MW h � 365 = 0.00456 MW h/year.

3.3.3. Calculating BECH4,SWDS,y: avoided methane (CH4) emissions
The GHG emissions from landfilled paper and cardboard are cal-

culated using the methodological tool to determine methane emis-
sions avoided from disposal of waste at a solid waste disposal site
(UNFCCC, 2011c). Eq. (6) calculates baseline emissions of CH4 from
waste that, in the absence of the project activity, would be dis-
posed of at the LARA landfill in Mauá, which currently receives
approximately 3000 tonnes of MSW per day (Mayara, 2013).

LARA is a sanitary landfill: it is sealed with layers of compacted
clay, geo-synthetic material coated with HDPE, and includes a fil-
tration/drainage system to ensure the maintenance of groundwa-
ter quality. It utilises methane-to-energy technology, assumed to
capture 50% of landfill gas, and has been registered as a CDM Land-
fill Gas to Energy Project since 2006 (Det Norske Veritas, 2006).
According to the Koeppen climate classification, Mauá has a Cwa-
humid subtropical climate, with a mean annual temperature of
19.6 �C and a mean annual precipitation of 1413.6 mm (Centro
de Pesquisas Meteorologicas e Climáticas Aplicadas a Agricultura
– CEPAGRI, 2012).

All variables in Eq. (6) were given the default values provided in
the methodology. To accommodate for uncertainties, the equation
was run for eight different baseline scenarios based on the ranges
of default values given in the methodology for the following three
variables: the methane correction factor (MCF); the condition of
collected paper/cardboard, affecting the fraction of organic carbon
(DOCj); and the climate-dependent decay rate (kj).

BECH4;SWDS;y ¼ u � ð1� f Þ � GWPCH4 � ð1� OXÞ � 16=12 � F

� DOCf �MCF �
Xy

x¼1

X

j

Wj;x � DOCj � e�k�ðy�xÞ � ð1

� e�kj Þ ð6Þ

where BECH4,SWDS,y, CH4 emissions avoided from prevention of land-
filling paper and cardboard. (tCO2-eq./2010); u, Correction factor
for model uncertainties. Use 0.9; GWPCH4, Global warming potential
of CH4 for the first commitment period; use 21 (default data as per
the methodology); f, Fraction of CH4 captured at the landfill. Use
0.5; OX, oxidation factor, reflecting the amount of CH4 from SWDS
that is oxidised in the soil or other material covering the waste;
use 0.1; F, fraction of CH4 from landfill that is oxidised in the soil
of covering material (volume fraction); use 0.1; DOCf, fraction of
degradable organic carbon that can decompose. Use 0.5; MCF, CH4

correction factor; use 1.0 (anaerobic scenario) on 0.5 (semi-aerobic
scenario); Wj,x, Amount of paper/cardboard prevented from disposal
in landfill in 2010 (tonnes). Use 189.0 (Cooperpires sales ledgers);
DOCj, fraction of degradable organic carbon by weight (tonnes) of
paper/cardboard. Use 0.44 (86.13 tonnes dry waste) and 0.4 (75.6
tonnes wet waste); kj, decay rate for waste type j; use 0.06 (wet
Table 3
Electricity consumed by virgin and recycled resources in production, and electricity conser
by Cooperprires in 2010.

Resource type (i) Quantity (tonnes) Virgin resources

MW h/t

HDPE/PP (1) 17.5 5.0
LDPE (2) 18.0 5.84
PET/PS (3) 10 5.28
Paper/ cardboard (4) 189.0 4.98
Glass (5) 25.5 4.83
Aluminium (6) 1.5 17.6
Steel (7) 24.5 6.84
TOTAL 286 7.2
temperate climate, with a mean annual temperature of <20 �C)
and 0.07 (wet tropical climate, with a mean annual temperature
of >20 �C, and a mean annual precipitation of >1000 mm) (Pipatti
et al., 2006); j, waste type: paper/cardboard; y, year during the cred-
iting period: 2011; x, year for which methane emissions are calcu-
lated: 2010.
4. Results

4.1. Energy conservation

According to Cooperpires’ accounts, the daily operations of the
cooperative’s material recovery facility consume an average of
197 kW h/month, or 8.2 kW h/tonne, to separate, press and bale
about 24 tonnes/month of recyclable resources in 2010. This elec-
trical energy consumption rate follows Bovea and Powell (2006),
who consider the rate of consumption for a Spanish MRF/transfer
station to be around 7.2 kW h/tonne.

Meanwhile, the remanufacturing of 286 tonnes of the recyclable
resources sold by the cooperative conserve 78.75% of the electrical
energy that is expected to be consumed by the use of virgin re-
sources, saving an average of 5.67 MW h (13 GJ)/tonne (Table 3).

The results for steel, plastics, and aluminium are in line with the
findings of Rigamonti et al. (2009), whose Life Cycle Assessment of
selective collection and recycling within a formal MSW manage-
ment system in Italy show similar energy savings of 81.2%, 91.4%,
and 93.5%, respectively. However, the findings diverge with respect
to glass and paper, as Rigamonti et al. show an energy saving of
36.1% and 99.4%, respectively.

4.2. Greenhouse gas emission reductions

The results of the CDM GHG accounting method show that Coo-
perpires’ recycling activities contribute to an emissions reduction of
1443–2720 tCO2-eq.; approximately 166–276 tCO2-eq. are avoided
through recycling, and about 1277–2444 tCO2-eq. through landfill
diversion of paper/cardboard. Depending on the baseline scenario
used in Eq. (2) for calculating methane emissions (Table 4), landfill
diversion of 189 tonnes of paper/cardboard accounts for up to 90%
of the total CO2-eq. emissions reduction that results from Cooper-
pires’ recycling activities. The GHG emissions reduction per tonne
of paper/cardboard diverted from the landfill is 6.75 tCO2-eq. This
can be compared the emissions reductions for Northern Europe ci-
ted by Merrild et al., 2009, of 3.9–4.4 tCO2-eq. avoided per tonne of
recycled paper.

GHG emissions reductions per tonne of each recycled resource
type replacing virgin resources in manufacturing (Table 5) are in
alignment with recent literature, in which the findings of studies
using life cycle analyses of recycling within formal MSW manage-
ment systems show that using recycled materials instead of raw
materials yielded GHG emissions reductions of 0.45–1.83 tCO2-eq.
ved by using recycled resources, per tonne (t) of each resource type collected and sold

Recycled resources Electricity conserved

MW h/t MW h/t % Saved

0.83 4.17 83.4
0.83 5.0 85.6
0.83 4.45 84.3
1.47 3.5 70.3
4.19 0.6 12.4
0.7 17.0 96.6
1.78 5.0 73.1
1.52 5.67 78.75



Table 4
Baseline Methane (CH4) emissions avoided through landfill diversion of paper/
cardboard collected and sold by Cooperpires.

Baseline scenario CH4 emissions
avoided

1 Anaerobic Dry Temperate 2443.8 tCO2-eq.
2 Anaerobic Dry Tropical 2808.8 tCO2-eq.
3 Anaerobic Wet Temperate 2221.6 tCO2-eq.
4 Anaerobic Wet Tropical 2553.4 tCO2-eq.
5 Semi-aerobic Dry Temperate 1221.9 tCO2-eq.
6 Semi-aerobic Dry Tropical 1404.4 tCO2-eq.
7 Semi-aerobic Wet Temperate 1110.8 tCO2-eq.
8 Semi-aerobic Wet Tropical 1276.7 tCO2-eq.
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per tonne of plastics and 0.57–0.78 tCO2-eq. per tonne of paper
products (Chen and Lin, 2008; Friedrich and Trois, 2013);
0.03–0.5 tCO2-eq. per tonne of glass (Chen and Lin, 2008; Friedrich
and Trois, 2013; Larsen et al., 2009); 4.53–19.3 tCO2-eq. per tonne
of aluminium (Chen and Lin, 2008; Damgaard et al., 2009; Friedrich
and Trois, in press); and, 0.6–2.6 tCO2-eq. per tonne of steel
(Damgaard et al., 2009; Friedrich and Trois, 2013).

The average GHG emissions reduction achieved through substi-
tution of recycled resources for virgin resources is 0.58–0.96 tCO2-
eq. per tonne of recycled material (Table 5). This is on par with
emissions reductions achieved through landfill gas capture/flaring
or waste-to-energy, as demonstrated by Lombardi et al., 2006. The
authors show that the destruction of landfill gas through capture/
flaring reduces GHG emissions by 0.788 tCO2-eq.per tonne of MSW.
Similarly, energy recovery through waste-to-energy reduces GHG
emissions by 0.966 tCO2-eq.per tonne of MSW.

Comparison of the present results with the literature cited
above should consider the fact that the life cycle methods used
by these other authors account for a wider range of parameters,
including transportation and non-energy GHG emissions, than
the CDM method allows.
4.3. Selective collection and separation

Cooperpires recycling cooperative has performed selective col-
lection of recyclable materials from households and businesses
within Ribeirão Pires since 2004. At the time of data collection,
Cooperpires was equipped with two collection trucks, 6 push-carts,
a city centre transfer station, and a MRF where collected materials
were separated and processed for sale. Collected recyclables were
manually transferred from truck to a stationary triage table, where
they were manually separated before being pressed in a hydraulic
press which crushes and bales materials into 150 kg bales. The
bales were then transported by electric forklift to be weighed
and stocked (Filipe, Cooperpires member, interview, 2010).

Door-to-door selective collection was accomplished using a
truck in residential areas and on foot with push-carts throughout
Table 5
Baseline and project greenhouse gas emissions (tonnes CO2-eq.), and the emissions reduc
resources, i (collected and sold by Cooperpires), in the fabrication of new products.

Resource type (i) Baseline emissions
(tonnes CO2-eq.)

Project emissions
(tonnes CO2-eq.)

HDPE/PP (1) 13.4–15.2 3.2–5.5
LDPE (2) 16.4–20 3.3–5.7
PET /PS (3) 8.1–9.5 1.8–3.2
Paper/cardboard (4) 170–293.8 61.1–105.8
Glass (5) 24–41.2 23.5–40.6
Aluminium (6) 6–10.2 0. 2–0.4
Steel (7) 31–53.5 9.6–16.6
Total
the city centre. Cooperpires’ services five neighbourhoods and the
city centre, covering about 400 km of route, which included the
MRF and transfer station. Although the household participation
rate is unknown, one Cooperpires member estimated that their
weekly service was available to about 8% of the Ribeirão Pires’ pop-
ulation (Sergio, Cooperpires member, interview, 2010). Since 2004,
Cooperpires’ selective collection yield increased from 10 tonnes to
approximately 30 tonnes per month, collecting 350 tonnes of recy-
clable materials in 2010. After 17% of collected materials were dis-
carded and disposed of in the local landfill, the cooperative was
able to sell to reverse logistics companies almost 290 tonnes of
recyclables, or 0.62% of total municipal solid waste generated by
the population of Ribeirão Pires.

5. Discussion

Cooperpires is an example of a recycling cooperative working in
partnership with multiple stakeholders towards triple bottom line
sustainability and an integrated municipal solid waste manage-
ment service. Our study shows that a significant reduction in
GHG emissions can be achieved through cooperative recycling.
Although landfill gas capture/flaring and waste-to-energy technol-
ogies achieve similar GHG emissions reductions, neither offer the
socioeconomic benefits of recycling as it is presented in this study.

Cooperpires’ environmental contribution can be heightened
through increased public participation in source separation of
recyclables, a larger staff of recyclers within the cooperative, and
additional equipment. The GHG emissions reductions offer an
opportunity for greater socioeconomic and environmental benefits
if Cooperpires is supported in gaining approval as a CDM project or
similar initiative that recognises and remunerates the environmen-
tal service performed by these workers.

5.1. CDM project opportunity for recycling cooperatives

The environmental, social and economic imperatives for the
expansion of selective collection services, as well as the legal
framework, policy support, and financial and physical resources al-
ready invested by federal and municipal governments have created
the potential for Cooperpires and similarly well-organised and
equipped recycling cooperatives to engage in carbon credit trading
as a CDM project.

A sustainable CDM project must have poverty alleviation and
socioeconomic exclusion as part of its mandate. Municipal waste
management and climate change mitigation policies and legisla-
tion must be designed and enacted in a way that safeguards and
expands existing jobs for informal and cooperative sector recyclers,
as well as supports the formation of new cooperatives, and prefer-
ential awarding of contracts to this sector for the provision and
administration of selective collection programs. The people who
make their living from resource recovery and recycling waste are
tions (tonnes CO2-eq.) achieved in 2010 by replacing virgin resources with recycled

Emissions reductions
(tonnes CO2-eq.)

Emissions reductions
(tonnes CO2-eq.) per tonne of i recycled

9.7–10.2 0.55–0.6
13 .1–14.3 0.73–0.8
6.3 0.63
108.9–188 0.57–1.0
0.5–0.6 0.02
5.8–9.8 3.86–6.5
21.4–37 0.87–1.5
165.7–276.4 0.58–0.96



Fig. 4. Greenhouse gas emissions reduction calculator for recycling cooperatives. The illustration shows the model of a simple greenhouse gas emissions reduction calculator
for use by recycling cooperatives to estimate their yearly CO2-eq. emissions reduction.

2778 M.F. King, J. Gutberlet / Waste Management 33 (2013) 2771–2780
important stakeholders in the municipal solid waste management
system. It should be ensured that they are included in all discus-
sions and consultations regarding municipal waste management
plans, and that they do not lose out under an integrated waste
management system (Gonzenbach and Coad, 2007).

Financial and physical resources and government support are of
critical importance to these cooperatives and selective collection
programs (FUNASA, 2010; Gutberlet, 2010). The financial invest-
ment from a CDM project partner (domestic or foreign), and addi-
tional income from carbon offsets, would go some way to ensuring
that such opportunity for employment and income persists. Con-
sidering the commitment by the São Paulo State Government and
by the Federal Government to climate change mitigation through
participation in the CDM, and the commitment by federal and mu-
nicipal governments to the development of recycling programs, a
synergy of climate and waste management policies could create
the opportunity for recycling cooperatives to become registered
CDM projects and participate in the carbon credit market. To this
end, we created a GHG emissions reduction calculator, using the
formulas and default data from CDM methodologies and the
empirical data from Cooperpires as references. This methodology
will allow other recycling cooperatives to estimate their own emis-
sions reductions.

The calculator provides the Quantity (tonnes) column where
recycling cooperatives can enter their yearly yields, in tonnes, of
each type of recyclable material (Fig. 4). The calculator produces
the total CO2-eq. emissions avoided by the substitution of virgin
resources by recycled resources as well as the total CH4 emissions
(expressed as CO2-eq.) avoided by the landfill diversion of paper/
cardboard.
6. Conclusion

Informal/cooperative sector recycling is capable of achieving
GHG emissions reductions similar to those achieved by recycling
and landfill gas capture/flaring within formal MSW management
systems. Cooperpires’ selective collection and recycling services,
and thereby, its contribution to GHG emissions reduction could
be increased through an expansion of its service to a greater per-
centage of the population of Ribeirão Pires, a larger staff of recy-
clers within the cooperative, and additional equipment. As a
CDM project, the carbon credits that Cooperpires could earn for
its GHG emissions reductions would facilitate this expansion, as
well as enhance the socioeconomic benefits for its workers.

Carbon crediting is an important instrument to visualise re-
source recovery and to value the socioeconomic and environmen-
tal benefits of recycling. By recognising the work of selective waste
collection and separation performed by informal/cooperative recy-
clers as a Clean Development Mechanism (Instituto de Pesquisa
Econômica Aplicada – IPEA & IBGE, 2004; United Nations, 2011),
Brazil’s CDM commitment can fully meet the criteria for sustain-
able development. However, the national and supranational bodies
governing carbon finance and waste management must do more to
encourage projects focused on resource recovery and recycling
inclusive of the informal and cooperative sector, instead of funding
landfills and waste to energy schemes. Such environmental and
socioeconomic outcomes would be in line with the UN Millennium
Development Goals, which focus development efforts on poverty
alleviation, equitable and inclusive economic growth (United Na-
tions, 2011).

Government support for informal/cooperative sector recycling
and the co-management of recyclable resources is crucial to the
realisation of ‘triple bottom line’ sustainable, inclusive, integrated
municipal solid waste management service in Ribeirão Pires and
across the Metropolitan Region of São Paulo.
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