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A B S T R A C T   

About one-third of annual global food production for human consumption is wasted, increasing the pressure on 
the environment in providing resources to support food supply-chains. Food waste reduction is of fundamental 
importance towards a more sustainable world, as recognized by the United Nations in the twelfth of its seventeen 
sustainable development goals for 2030. Among other practices, food donation appears as an alternative to 
overcome the existing social and environmental issues related to food waste, however, donation also causes 
environmental pressure by requiring additional energy investment on infrastructure and operational goods, 
while releasing gases to atmosphere, due to its processes. This work applies the life cycle assessment (LCA) 
method to evaluate the environmental impacts of plausible food donation scenarios in the ‘CEAGESP’ food 
distribution center in São Paulo city, Brazil, the third largest in the world regarding marketable food (about 3 
million tons/yr). Under the concept of waste hierarchy management options, six scenarios for the CEAGESP’s 
non-marketable food (37,652 tons/yr) were established, from landfilling as a baseline to a donation alternative. 
Results show that donation scenarios have the least environmental burdens for all nine LCA impact categories. 
Worst-case scenarios were obtained by landfilling the non-marketable food, considering electricity generation or 
otherwise. Differences over tenfold in comparative bases among the best and worst-case scenarios were obtained 
by fossil depletion, global warming, human toxicity, water and metal depletion LCA’s impact categories. Results 
highlight the environmental advantages of donating the non-marketable food of distribution centres, which is 
aligned with the concepts of circular and regenerative economy towards a sustainable development that should 
be promoted by public policies. Regional variables as the Brazilian electricity grid based on hydropower plants 
have considerable influence in some LCA impact categories, especially when accounting for the avoided emis-
sions, emphasizing the importance of carrying out this study for Brazilian conditions.   

1. Introduction 

Globally speaking, roughly a billion people are chronically 
malnourished while the agricultural systems are constantly deterio-
rating the natural ecosystems and resources (Foley et al., 2011). To face 
these issues, among several others challenges, the United Nations has 
proposed an agenda with seventeen goals to achieve a sustainable 
development by 2030, in which the second goal has the purpose of 
ending hunger, achieving food security, improving nutrition and pro-
moting sustainable agriculture (UN General Assembly, 2015). Approx-
imately one-third of the global food annually produced for human 
consumption is wasted, and in developing countries, food is mainly 
wasted along the first and intermediate steps of the food supply chain 

(FAO, 2011). Simultaneously, developing countries face many problems 
related to social inequality and the consequent food insecurity. In Brazil, 
for example, despite some progresses obtained in the past decades by 
social programs such as Zero Hunger, the increasing unemployment 
rates and federal budget constraints for food security programs are 
threatening the breakthroughs achieved in this field (Henz and Porpino, 
2017), claiming for efforts towards alternatives in reducing food waste. 

The European Commission (EC, 2008) has established a conceptual 
model for waste hierarchical management, in which the priority order is 
waste prevention and management policies, reducing the demand for new 
products and/or reducing the amount of generated waste. The alternative 
options proposed, from highest to lowest priority, are waste prevention, 
preparing for reuse, recycling, recovering (i.e. energy recovering), and 
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disposal. This hierarchical model for waste management has become a 
reference point at global level, in which food donation can also have an 
important role, from both social and environmental perspectives, as high-
lighted in the i-REXFO – LIFE project (Bartocci et al., 2020; Liberti et al., 
2018). Food donation banks can be implemented to reduce food insecurity, 
especially in developing countries. As discussed by Schneider (2013), since 
their first appearing in 1960 at United States, food banks have demonstrated 
to be a valid option to help people in need. Food banks are defined as “or-
ganizations that solicit food and grocery products from a variety of sources, 
receive and store the products in warehouses and distribute them to 
impoverished families and individuals through charitable human service 
agencies”. 

From a life cycle assessment (LCA) perspective, many studies have 
assessed the low-priority levels for waste management in different 
countries and systems (UK, Evangelisti et al., 2015; Tunesi, 2011; Spain, 
Bovea and Powell, 2006; Bueno et al., 2015; Fernandez-Nava et al., 
2014; Switzerland, Rossi et al., 2015; Norway, Slagstad and Brattebø, 
2012; Sweden, Carlsson Reich, 2005; Denmark, Andersen et al., 2012; 
Boldrin et al., 2011; Italy, Buratti et al., 2015; Cherubini et al., 2009; 
Ripa et al., 2017; Peru, Ziegler-Rodriguez et al., 2019; Brazil, Liikanen 
et al., 2018; Mendes et al., 2004; Oliveira et al., 2017). Conversely, 
despite the priority order for waste management, few studies (e.g. 
Beretta and Hellweg, 2019) have assessed the higher priority levels, such 
as waste prevention, considered a key aspect towards sustainability. As 
discussed by Van Ewijk and Stegemann (2016), a possible explanation is 
that waste prevention is the most difficult option to execute among all 
others in the waste management hierarchy, and that waste collection is 
the only process that managers can easily control. 

Food donation (FD) is a waste prevention approach. Although it has 
social welfare as a target, environmental benefits for waste prevention 
could also be achieved through FD. Rejected by consumers only due to 
market reasons but still edible and with high nutritional properties, 
making the non-marketable food available to people in need rather than 
discarding it into landfills would represent a more sustainable option 
(Salhofer et al., 2008). A review of the scientific literature shows that few 
works have assessed the environmental impacts of FD under an LCA 
perspective. Eriksson et al. (2015) and Eriksson and Spangberg (2017) 
have assessed the carbon footprint of several surplus food management 
options generated by supermarkets in Sweden, in the cities of Uppsala and 
Växjö. Albizzati et al. (2019) have evaluated different valorisation path-
ways of surplus food generated by the retail sector in France. Moult et al. 
(2018) focused on greenhouse gas emissions of food waste disposal sce-
narios for UK retailers. Brancoli et al. (2020) have focused their interest on 
the surplus bread generated by the retail sector in Sweden. Damiani et al. 
(2021) have assessed a donation scenario regarding charity emporiums 
versus food disposal in Italy. The common conclusions of these works are 
that valorisation pathways related to the highest levels of the waste hi-
erarchy management as food waste prevention and food donation usually 
generate more environmental benefits than other options, and therefore 
have to be prioritized. Additionally, all these authors have shown that 
local characteristics can influence the results, so each case study must be 
assessed in detail. The referenced studies have focused the food donation 
potential for European characteristics and limitedly at the retail sector. 
Furthermore, exclusively three of them (Albizzati et al., 2019; Brancoli 
et al., 2020; Damiani et al., 2021) have implemented a wide-ranging LCA 
by considering many impact categories. Notwithstanding, none of those 
studies has proposed, beyond the diagnostic of different options currently 
in use, new plausible scenarios modelled to improve the environmental 
benefits of food donation pathways. These characteristics make evident 
the lack of knowledge on the potential environmental benefits of FD al-
ternatives in developing countries outside of Europe, such as in Brazil, 
where food insecurity is widespread and food waste is mainly managed in 
compliance with the lowest levels of waste hierarchy management. 

Based on the ideas behind circular and regenerative economy that pro-
pose the alignment of human activities to natural cycles (Kirchherr et al., 
2017; Fath et al., 2019; Giannetti et al., 2020), this study aims to assess the 

environmental impacts of plausible FD scenarios for the non-marketable 
food of wholesale market ‘CEAGESP’, São Paulo City, Brazil. LCA is the 
method used to quantify the environmental performance of assessed sce-
narios by considering different impact categories. The most updated tech-
nologies and management practices available in logistics are considered and 
presented in detail to model the FD scenarios, as an attempt to overcome the 
current existing environmental impacts for CEAGESP’s waste management. 

2. Materials and methods 

2.1. Case study description 

This study focuses on the non-marketable food (NMF) generated by the 
“CEAGESP” food distribution centre (FDC) of São Paulo city, the largest 
one in Latin America and the third largest in the world in volume of traded 
food, after New York and Paris. Fig. 1 shows a schematic representation of 
CEAGESP to highlight its size and existing logistic complexities. From 
2007 to 2018, CEAGESP traded more than 3 million tons of food products 
yearly, in which horticultural products have played a key role. The most 
traded products in mass were oranges (11.5 %), tomatoes (9 %), potatoes 
(7 %), papayas (4.5 %) and apples (4 %). CEAGESP’s internal processes 
include preliminary weighing and quality checking when products arrive, 
a trading area, the output of marketable products and the management of 
NMF. When edible, the NMF can be diverted to charity institutions 
through an internal food bank (about 2.4 % of NMF is regularly separated 
to charity), otherwise it is landfilled. It is important to emphasize that 
most NMF at CEAGESP is not sold either because of some imperfections 
resulting from mechanical injuries during the transportation phase, 
making them unattractive in supermarkets, or for being too ripe for the 
sales timing of buyers at retail level, although still edible. 

Source: adapted from http://www.ceagesp.gov.br/entrepostos/e 
tsp/localize-se/. 

The amount of waste generated by CEAGESP ranged from 39,500 tons in 
2007 to 60,200 tons in 2014, with an average yearly value of 52,300 tons. A 
comparison of the waste production with the total in mass-commercialized 
units has shown an average annual waste generation of 1.61 %. (CEAGESP 
report, 2019). According to information from CEAGESP’s staffs, the organic 
fraction of waste was about 80 % (including the 2.4 % diverted for charity). 
This study focuses on the organic fraction directly derived from the current 
management of the NMF, disregarding the environmental burdens of dis-
carded packages as paper, wood, glass and plastic. 

2.2. Establishing LCA goals and scenarios for evaluation 

The goal of this study is to compare the life cycle environmental 
performance of the current NMF management at CEAGESP with plau-
sible donation scenarios. The work is performed in compliance with the 
guidelines of the international standard organization (ISO, 14040; 
14044) using the ReCiPe 2008 hierarchist method (Goedkoop et al., 
2009). The ReCiPe 2016 version was not considered because it is 
currently unavailable in the Ecoinvent database; additionally, Dekker 
et al. (2019) state that applying ReCiPe 2008 provides similar results to 
those for ReCiPe 2016 from the same inventory data. The most recently 
updated data available are used to perform the inventory step by 
considering 2018 (CEAGESP report, 2019) as the year of reference. 
Fieldwork was also performed in CEAGESP and in the landfill where the 
NMF is discharged. In 2018, CEAGESP generated about 38,554 tons of 
non-marketable food, in which 37,652 tons (97.6 %) were landfilled 
while a small percentage (2.4 %) was separated to donation. According 
to information obtained during fieldwork, and validated by Fagundes 
et al. (2014), the current CEAGESP food donation management system is 
ineffective, mainly due to (i) low participation (~15 %) of the whole-
salers, (ii) high inefficiency of NMF’s collection system, which is 
executed on a voluntary basis with manual trolleys and without specific 
collecting points, (iii) the large distance between the food bank location 
to the wholesale areas, which demands extra costs for NMF 
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transportation, (iv) and the claimed lack of time by the wholesalers that 
must return to their agricultural farms as soon as possible. 

Food donation (FD) scenarios are modelled by considering the current 
scenario (landfilling 100 % of NMF) as a baseline. The limits or system 
boundaries related to the current FD system, as well as its main environ-
mental burdens from a life cycle perspective, are considered in modelling 
the potentially more effective and sustainable FD scenarios. In order to 
maximize NMF collection, the most recently updated technologies 
available in logistic are considered. Six different scenarios (Fig. 2) are 
modelled according to the concept of waste hierarchy management. In 
scenarios #I (landfilling) and #II (electricity production), 100 % of NMF 
are carried to landfill, but while the former is a traditional landfill without 
energy recovery, the latter captures 40 % biogas generated for electricity 
production. Appendix A shows a flowchart containing the main process 
involved in scenario #II that represents the current management for the 
NMF generated by CEAGESP. All other scenarios have the same general 
processes as #I and #II, but with modifications according to specificities 
modelled as described. Scenarios #III (donation 80 + landfilling 20) and 
#IV (donation 80 + electricity 20) comprehend donation scenarios in 
which 80 % of NMF is diverted to donation and 20 % to landfill, respec-
tively without and with electricity production. Finally, scenarios #V 
(avoided emissions 80 + landfilling 20) and #VI (avoided emissions 80 +
electricity 20) are similar to scenarios #III and #IV respectively, however, 
the avoided emissions related to the consumption of donated food are 
included herein; in other words, all the related emissions of regular food 
production are avoided once it is being replaced by the donated food. 
Detailed description of scenarios is provided in the following sections. 

2.2.1. Scenario #I: landfilling 
This scenario represents the baseline for CEAGESP NMF management 

with 37,652 tons generated in 2018, which comprehends five steps: in-
ternal NMF collection, transfer, transport to landfill, disposal and degra-
dation (see flowchart at Appendix A). Internal NMF collection is 
performed by 8 diesel-fueled compactor trucks of 15 m3 each, and trans-
ported to a specific area located inside CEAGESP for temporary storage. 
The second step named transfer is also executed inside CEAGESP, in which 
one excavator transfers the NMF to a truck with 30 tons capacity. The third 
step is the NMF transportation from CEAGESP to ‘Caieiras’ Landfill, 
located 24.2 km away. The fourth step is the NMF disposal in the landfill, 
which is executed by five vehicles (1 excavator, 1 bulldozer, 1 compactor, 
1 front loader and 1 truck), and finally, the last step is the NMF’s natural 
degradation that generates biogas and leachate. The biogas is partially 
captured (80 %) and burned in flares. The leachate is captured, tempo-
rarily stocked in an accumulation pond, and transported to the ‘SABESP’ 
wastewater treatment plant located in Barueri city, 39.4 km away. In the 
wastewater treatment plant, the leachate receives the same treatment as 
regular sanitary sewage, which comprehends a two-phase activated 
sludge system demanding energy, chemicals, and the infrastructure as the 
main needed inputs. Emissions to water (Tietê river) and to the atmo-
sphere were also considered. Exclusively, the leachate components 
derived from the organic fraction degradation are considered, dis-
regarding the products and effects derived from inorganic compounds. 
After the treatment, the purified water is released into the Tietê river, 
while the residual sludge is transported back to the ‘Caieiras’ landfill in 
nine annual trips executed by one 30-ton capacity truck. 

Fig. 1. Top view representation of CEAGESP. Black rectangles represent the locations for the different traded food products evaluated in this study.  
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2.2.2. Scenario #II: electricity production 
This scenario represents the current management for CEAGESP’s 

NMF that includes the electricity production at the ‘Caieiras’ landfill 
(Appendix A). It contemplates all the steps previously detailed for 

scenario #I, added to the processes related to electricity production in a 
power plant located inside the landfill. The amount of biogas generated 
by the landfill in 2018 was 142,350,000 Nm3, of which 58 % was 
methane. The biogas generated by the ‘Caieiras’ landfill follows three 

Fig. 2. The evaluated scenarios. Legend: NMF, non-marketable food; FW, food waste. Continuous-black lines indicate processes involved by the management of non- 
marketable food. Dashed grey boxes on the far right represent the avoided emissions of each scenario. The ‘landfill’ process also involves the wastewater treatment 
plant as presented in Appendix A. 
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different pathways: 20 % is directly released into the atmosphere, 40 % 
is burned in flares (converting CH4 into CO2) without energy recovery, 
and the remaining 40 % is burned in the power plant to produce elec-
tricity. According to IPCC (2006), the biogenic carbon dioxide has 
emission factor equal to zero, while methane reaches a value twenty 
times higher (22.25; Goedkoop et al., 2009); this explains the preferred 
option in converting CH4 into CO2 through combustion. Annual elec-
tricity production reaches about 230,000 MWh/yr, from which 5750 
MWh/yr are allocated to CEAGESP’s NMF. 

2.2.3. Scenario #III: donation 80 % + landfilling 20 % 
This scenario is modelled as an attempt to improve the existing food 

donation system and overcome its main deficiencies. According to Fagundes 
et al. (2014) and to CEAGESP reports and information provided by staffs 
during the fieldwork, the operation of receiving and donating food 
(including NMFs transportation, reception, storage, cleaning, and distribu-
tion, added to structure and materials cleaning) is carried out by the food 
bank and its team of professionals coordinated by a nutritionist. After NMF 
sorting to determine its edibility and perishability, the team of professionals 
establish the number of registered institutions that can receive the selected 
food, contacting them to schedule the collection within 24 h. The crates of 
food are temporarily stocked into refrigerated rooms. Institutions collect the 
food, and the cold rooms are cleaned up afterwards, for the next cycle. The 
arrival of NMF occurs on daily basis. From all the CEAGESP’s NMF, about 
10–15 % are not suitable food for human consumption and discarded as 
organic waste. Registered institutions collect the products using their own 
vehicles. About 70 % of the registered institutions prepare meals with 
donated food, serving their beneficiaries, while 30 % distribute food directly 
to families in needy communities. Beneficiaries are guests of non-profit in-
stitutions such as hospitals, recovery homes, nursing homes, other food 
banks, shelters, cooperatives, among others. From 2005 to 2018, from 650 to 
2500 tons of food were donated yearly to charity institutions. Specifically for 
2018, more than 227 registered charity institutions and 20 food banks were 
served with a total of 902 tons of donated food. 

About 15 % of wholesalers have taken part in food donation pro-
grams, a considerable low percentage considering all its potential. The 
NMFs collection is implemented on a voluntary basis mainly by CEA-
GESP’s wholesalers, using manual trolleys and without strategic orga-
nization and communication plan to involve all the wholesalers. This 
results in a lack of people involvement, a slow and ineffective food 
collection system that sometimes does not match with wholesalers’ daily 
schedule, and, due to the distance between trading areas to the food 
bank, NMF collection does not cover 100 % of trading areas. These as-
pects make NMFs collection a service by far under its potentialities, 
failing to achieve the necessities of the current registered institutions, 
and as a result, increasing the amount of food landfilled, with all its 
economic, social and environmental negative consequences. 

The new scenario for food donation was modelled by considering the 
amount of food landfilled in 2018 as a baseline: 130 tons daily discarded 
by CEAGESP, composed by 104 tons of NMF (organics), and 26 tons of 
inorganics derived from baskets and packaging. Materials and energy 
sources with the lowest environmental impacts were chosen according to 
the available literature. The proposed collection scenario for NMF con-
siders a recovering rate of 80 % (best-case scenario), reaching 83.2 
tonNMF/day. The residual 20 % includes 10 % loss due to mechanical 
injuries as a result of the transportation phase (from producers to CEA-
GESP), while the remaining 10 % comes from quality checking at the food 
bank, according to Fagundes et al. (2014). This residual 20 % was assumed 
to be landfilled through the current waste management practices. 

The food donation scenario considers three steps: (1) NMF collection, 
(2) quality checking, and (3) storage and collection. Regarding the first 
step, a web of 180 food collection points was modelled considering 50 m as 
the maximum distance between each wholesaler and the nearest food 
collection point. Collection points are the places where the wholesalers 
can put the NMF after their daily trading operations (mainly in the corner 
of black rectangles as shown in Fig. 1). Each food collection point is 

constituted by a 1-ton capacity wooden euro pallet (1200 ×800 mm) over 
a steel trolley. Wooden pallets are used because they cause lower global 
warming potential (Deviatkin et al., 2019). An electric logistic train 
derived from ‘Mizusumashi’ concept was modelled, which according to 
Coimbra (2009), Oliveira et al. (2018) and Vujanac et al. (2017), it allows 
a considerable reduction in the number of trips, the distance travelled, and 
the time spent, compared to both traditional forklifts and manual systems. 

For the second and the third steps, an infrastructure made of roof steel of 
900 m2 surface (30l x 30w x 6h) was implemented to develop operations 
regarding NMFs quality checking and storage in refrigerated rooms. After the 
logistic train arrives into the quality checking area, the staffs unload the 
pallets and transfer the crates above 108 (300 kg-capacity) stainless steel 
tables (1.6 × 0.7m). After quality checking, about 10 % of NMF is discarded 
for landfilling, while the remaining selected and edible food is diverted to 
refrigerated cold rooms. The NMF suitable for human consumption is 
temporarily stocked in 72 plastic pallets inside 6 cold rooms, made of 20-ton 
capacity steel panels with polystyrene insulation system, totalling 120 tons. 
Finally, the beneficiaries can collect the NMF within 24h. 

2.2.4. Scenario #IV: donation 80 % + electricity 20 % 
This scenario is modelled under the same assumptions as for scenario 

#III, in which 80 % of NMF is donated and 20 % is landfilled. The dif-
ference is in the electricity generated under the same conditions of 
scenario #II. 

2.2.5. Scenario #V: avoided emissions 80 %+ landfilling 20 % 
This scenario is modelled under the same assumptions as for scenario 

#III, but the avoided emissions related to NMF donation are considered in 
this case. Once donation will avoid food production elsewhere, the 
emissions from food agricultural production are assumed to be negative, 
or avoided. Table 1 shows the main food types donated by CEAGESP in 
2014, in which case, according to fieldwork information, the values were 
maintained for years. The emission factors from ReCiPe 2008 midpoint 
(hierarchist) method v.1.13 available in Ecoinvent database (Ecoinvent, 
2019) are considered to estimate the emissions of each product during its 
agricultural phase, which contributes to gas emission reduction. 

2.2.6. Scenario #VI: avoided emissions 80 % + electricity production 20 % 
The same assumptions as for scenario #V are considered here, but 

the electricity generated by the residual landfilled fraction is included as 
in scenario #II. 

2.3. Scope definition 

The functional unit of this study is the management of 1 ton of non- 
marketable food (NMF). Differently from other processes that produce a 
good or service for a specific function, waste management focuses 
downstream at production processes, in finding a more sustainable 
management for the generated by-product. The LCA was developed 
using Microsoft Visio® for figures, and Microsoft Excel® for quantitative 
analysis. The indirect impacts, such as fuel and vehicles production, 
landfill and wastewater plant materials, chemical products, electricity 

Table 1 
The top-20 food types donated by CEAGESP in 2018. Products correspond to 
~88 % in mass units of values presented by Fagundes et al. (2014).  

Product % (in mass) Product % (in mass) 

Tomato 35.58 Onion 2.39 
Oranges 13.72 Banana 2.13 
Potato 8.12 Eggplant 1.45 
Apple 7.50 Peach 1.45 
Papaya 6.12 Cucumber 1.32 
Garlic 5.50 Manioc 1.21 
Zucchini 4.37 Carrot 1.16 
Chayote 3.49 Pear 0.88 
Lettuce 2.74 Mango 0.87  
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used and avoided emissions for the established scenarios were modelled 
by using the characterization factors provided by the ReCiPe 2008 
midpoint (hierarchist) method v.1.13 as available in the Ecoinvent 
database (Ecoinvent, 2019), considering Brazilian values when available 
and global values for all other cases. Direct impacts were also calculated 
by using characterization factors provided by the ReCiPe 2008 midpoint 
(hierarchist) method (Goedkoop et al., 2009). 

The following impact categories were chosen as the most represen-
tative for the evaluated system, as also considered by authors (Albizzati 
et al., 2019; Brancoli et al., 2020; Buratti et al., 2015; Oliveira et al., 
2017) that evaluated similar projects: fossil depletion potential (FDP), 
freshwater eutrophication potential (FEP), global warming potential 
(GWP), human toxicity potential (HTP), metal depletion potential 
(MDP), particular matter formation potential (PMFP), photochemical 
oxidant formation potential (POFP), terrestrial acidification potential 
(TAP), and water depletion potential (WDP). 

2.4. Data collection and modelling 

Table 2 shows the inventory data for all scenarios evaluated, while 
the main equations used in the calculations processes are depicted in 
Table 3. Following the suggestion of Oliveira et al. (2017), due to the 
lack of accurate information representing the Brazilian specificities, 
LCA’s impact categories are not normalized. Since calculation proced-
ures of this study require large amounts of data under a complex 
interrelationship, Supplementary Materials A and B provides the Excel® 
files containing all calculation details for revision and reproduction. The 
detailed description of modelling procedures applied in this work are 
presented in Table 3 and in the following paragraphs. 

Scenario #I. Data were obtained from CEAGESP’s annual reports 
(CEAGESP Report, 2019), and during fieldwork (carried out in October 
2019) through personal communication with technical staffs of CEA-
GESP and the ‘Caieiras’ Landfill. Scientific literature was also considered 

to fulfil dataset and check consistencies. The system boundaries include 
the internal waste collection at CEAGESP, the landfill, and the waste-
water plant (see Appendix A). For internal NMF collection and transport, 
8 diesel fueled compactor trucks with 15 m3 capacity each are used, 
assuming an average consumption of 8 L/h from Zand et al. (2019). 
Annual activity hours were calculated by considering two daily shifts of 
2.5 h each (5 h/day) in 363 days/yr, according to the yearly operating 
days of the distribution center. For the NMF transfer, a Doosan Daewoo 
Solar 175 LCV excavator is used, with average diesel consumption of 
217.5 g/kWh. A total of 784 annual activity hours were estimated by 
assuming an average loading time of 30 min for 30 tons. For the third 
step, which is focused on NMF transport from CEAGESP to the ‘Caieiras’ 
Landfill, two 30-ton capacity transport trucks are used to cover a 48.4 
km roundtrip, including the empty return trip from the Landfill to 
CEAGESP, totalizing 1569 annual trips. Diesel consumption of 0.28 
L/km was estimated from CETESB (2019) by considering 15 < ton<45 
capacity transport trucks. The fourth step (NMF landfilling) includes five 
vehicles (1 Hyundai 220 LC excavator, 1 bulldozer, 1 soil compactor, 1 
front loader, and 1 truck of about 22 tons, 30 tons, 12 tons, 23.5 tons and 
14.5 tons weight respectively). Average diesel consumption was esti-
mated in 1.11 kg/NMF ton, from Yang et al. (2014). Regarding con-
struction materials, the demand for benthonic geocompost, HDPE, 
geotextile and gravel are included. In the last step, waste degradation at 
the ‘Caieras’ Landfill, the following assumptions were considered in 
allocating outputs. CEAGESP’s NMF percentage (~2.5 %) on the total 
organic waste landfilled in 2018 was used as a criterion to allocate 
landfill biogas emissions, while CEAGESP’s NMF leachate fraction 
(0.009 % in mass of the total wastewater treated at Baruerí wastewater 
plant in 2018, estimated by using biochemical oxygen demand values) 
was used as a criterion to allocate inputs and outputs of the wastewater 
plant. About biogas (58 % methane + 40 % CO2 + 0.6 % O2 + traces of 
other gases), 80 % is the fraction captured and burned without elec-
tricity production, and the remaining 20 % is released into the 

Table 2 
Inventory summary for the evaluated scenarios a.  

Item Unit/ton NMF Scenarios 

#I #II #III #IV #V #VI 

Inputs 
Steel kg 3.56E-01 3.63E-01 1.69E-01 1.71E-01 1.69E-01 1.71E-01 
Iron kg 6.11E-02 6.11E-02 1.22E-02 1.22E-02 1.22E-02 1.22E-02 
Rubber kg 3.34E-02 3.34E-02 6.69E-03 6.69E-03 6.69E-03 6.69E-03 
Plastic kg 3.23E-02 3.23E-02 6.46E-03 6.46E-03 6.46E-03 6.46E-03 
Aluminum kg 2.06E-02 2.06E-02 4.12E-03 4.12E-03 4.12E-03 4.12E-03 
Diesel kg 5.17E+00 5.17E+00 1.03E+00 1.03E+00 1.03E+00 1.03E+00 
GCL kg 5.18E-01 5.18E-01 1.04E-01 1.04E-01 1.04E-01 1.04E-01 
HDPE kg 4.03E-01 4.03E-01 8.07E-02 8.07E-02 8.07E-02 8.07E-02 
Geotextile kg 1.18E-01 1.18E-01 2.36E-02 2.36E-02 2.36E-02 2.36E-02 
Gravel kg 1.79E+02 1.79E+02 3.59E+01 3.59E+01 3.59E+01 3.59E+01 
Cement kg 1.76E-02 1.76E-02 3.52E-03 3.52E-03 3.52E-03 3.52E-03 
Electricity kWh 3.99E-01 3.99E-01 1.66E+00 1.66E+00 1.66E+00 1.66E+00 
Ferric chloride kg 4.40E-01 4.40E-01 8.80E-02 8.80E-02 8.80E-02 8.80E-02 
Polyacrylamide kg 3.37E-02 3.37E-02 6.75E-03 6.75E-03 6.75E-03 6.75E-03 
Concrete kg n.a. 2.81E-05 n.a. 5.62E-06 n.a. 5.62E-06 
Water m3 n.a. 6.06E-03 n.a. 1.21E-03 n.a. 1.21E-03 
Lubricant oil kg n.a. 6.71E-02 n.a. 1.34E-02 n.a. 1.34E-02 
Lead kg n.a. n.a. 1.12E-02 1.12E-02 1.12E-02 1.12E-02 
Wooden Pallets kg n.a. n.a. 1.20E-02 1.20E-02 1.20E-02 1.20E-02 
Polystyrene kg n.a. n.a. 1.75E-03 1.75E-03 1.75E-03 1.75E-03 
Plastic Pallets kg n.a. n.a. 2.28E-03 2.28E-03 2.28E-03 2.28E-03 

Outputs 

Electricity kWh n.a. 1.52E+02 n.a. 3.05E+01 n.a. 3.05E+01 
Biogas m3 9.46E+01 9.46E+01 1.89E+01 1.89E+01 1.89E+01 1.89E+01 
CH4 kg 3.91E+01 3.91E+01 7.83E+00 7.83E+00 7.83E+00 7.83E+00 
Leachate m3 4.40E-01 4.40E-01 8.80E-02 8.80E-02 8.80E-02 8.80E-02 
NOX kg n.a. 2.33E-01 n.a. 4.65E-02 n.a. 4.65E-02 
Donated Food kg n.a. n.a. 8.00E+02 8.00E+02 8.00E+02 8.00E+02 

n.a. = not applicable. 
a Raw data are available in Supplementary Materials A and B. 
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atmosphere. The leachate derived from CEAGESP’s NMF in Caieras was 
estimated as 16,512 m3/yr, transported to the wastewater treatment 
plant (distance 78.8 km, roundtrip, including the empty return trip) by a 
30 m3 capacity tank truck in 550 trips/yr. Regarding the wastewater 
treatment plant, inputs of electricity, ferric chloride, and poly-
acrylamide were quantified, as well as the cement and steel used during 
the wastewater plant construction; the CH4 released into the atmosphere 
and the P released to water bodies were the emissions considered. The 
CO2 emissions from NMFs decomposition in the landfill (directly pro-
duced or originated by the combustion of methane in flares and in the 
power plant) are not accounted for, as it comes from biogenic origin 
(IPCC, 2006). Common assumptions regarding all steps are: (a) Mate-
rials used in vehicles were estimated from RICARDO AEA (2015) by 
considering the relative percentages of the first five components of 
~14.5 ton arctic trucks (steel, iron, plastic, rubber and aluminium) as a 
reference; (b) Direct emissions from vehicles comprehend CO2, CO, N2O, 
NMVOC, CH4, NOX, SO2 and PM10. Due to unavailability of accurate data 
about vehicle models, a weighted average per year of the circulating 
truck fleet in São Paulo city 2018 is assumed, to include the effects 
related to the age of the fleet. The report of vehicular emissions from 
1999 to 2018 of São Paulo State (CETESB, 2019) was the data source, in 
which diesel trucks of 15<tons<45 wt were considered as a reference. 

Details are available in Supplementary Material A, ‘transport emissions 
sheet’. (c) Diesel consumption during waste collection, transfer, trans-
port and landfilling phases is assigned to all the NMF food, despite 
organic content of waste being 80 %. This is consistent with Buratti et al. 
(2015) who stated “the not separated collection of the organic fraction 
requires the management of a not separable fraction of inorganic waste”. 

Scenario #II. It was assumed that electricity generated by CEA-
GESP’s NMF fraction correspond to the 2.5 % of total electricity annu-
ally generated at the ‘Caieiras’ landfill, considering CEAGESP’s NMF 
biogas percentage as a reference. All the existing energy inputs and gas 
emissions of scenario #I are considered together to the direct emissions 
of NOx generated by the power plant and its demand for water and 
lubricant oil. Indirect emissions due to implementation of power plant 
are calculated from scientific literature that assessed the Brazilian ‘São 
João’ landfill, also located in São Paulo city and with similar charac-
teristics as the ‘Caieiras’ landfill (Almeida et al., 2012; Da Silva, 2011). 
Avoided emissions express the emissions related to the same amount of 
electricity obtained if it were generated by the Brazilian matrix. 

Scenario #III. Modelling the electric logistic train has required infor-
mation from a company that implemented similar systems in Brazil (Still 
Brazil, 2020), taking into account steel and lead (for batteries) as main 
vehicular materials, and electricity consumption for its operation phase. The 
logistic train route was established by including two daily shifts respecting 
the current NMF collection system. Three electric logistic trains are used in 
this scenario, each one composed by one 8 ton-capacity tow tractor + trailer 
constituted by three frames. Each frame can transport two trolleys with their 
own pallets for six pallets transported by each train. By assuming an equal 
distribution of the load on the existing 180 pallets, an average load of 325 kg 
of NMF per pallet per shift is considered, for a total of 1950 kg per train. By 
assuming an average train speed of 7.5 km/h and considering an average 
distance between the collection points to the checking quality of 1500 m, to 
complete the loading and unloading operations, 2 h per shift are necessary (4 
h daily), reaching a total of 1452 h/yr. The food bank is accounted for as its 
structure (basically steel), by considering a shed of 900 m2 with measures of 
30m length x 30m width x 6 m height (Gerdau, 2012), tables for NMF quality 
checking made of stainless steel, plastic pallets, and the refrigerated cold 
rooms (polystyrene). Tectermica (2020) was the reference in modelling the 
refrigerated rooms. Electricity consumption by the refrigerated rooms is 
estimated from Evans et al. (2014), assuming the highest provided values due 
to its representativeness for tropical Brazilian weather conditions and high 
turnover (100 % in 24 h) for the NMF stocked. From all NMF, 80 % is 
considered as edible (data obtained from fieldwork and supported by 
Fagundes et al. (2014) and Legaspe (2006)), resulting in a recovering rate of 
800 kg/ton NMF managed. The remaining 20 % is managed according to 
Scenario #I. 

Scenario #IV. This scenario has the same assumptions as described in 
Scenario #III, but the residual food diverted to landfill is managed ac-
cording to Scenario #II. 

Scenario #V. It has the same management assumptions as for Sce-
nario #III, but the avoided emissions related to food donation (Table 1) 
are included. This is important because donation will avoid food pro-
duction elsewhere, and the emissions from agricultural production are 
assumed as negative, or avoided. Data in estimating the avoided emis-
sions comes from Ecoinvent database version 3.6 (2019), ReCipe 2008 
method, hierarchist. Open field cultivation and Brazilian values were 
chosen when available, because they are more representative of the 
Brazilian conditions, but global market values were used when Brazilian 
values were not available. Precisely, the following specific procedures 
were applied: (a) for tomatoes, data on the ‘tomato open field produc-
tion’ was chosen because the global (GLO) option of tomato market 
considers that 50 % of tomato is produced in greenhouses, but tomato 
production in Brazil mostly occurs in open field; this could have influ-
ence on the estimated emissions since greenhouses demand higher 
amounts of resources. (b) Due to lack of data, the emissions available for 
onion product was assumed for garlic because they belong to the same 
agro economic Liliaceae family. The same approach was considered for 

Table 3 
Overview of LCA modelling procedures applied in the evaluated scenarios.  

Indirect impacts 

The coefficients of the ReCipe 2008 (hierarchist; Ecoinvent version 3.6, 2019) method 
for each impact category were applied in the inventory of Table 2. All raw data are 
available in Supplementary Materials A and B, ‘Ecoinvent’ sheet. 

Direct impacts 
Diesel burned in engines (in L or kg) 
GWP (kgCO2eq./yr) (L/yr * 2.603 kgCO2/L) + (L/yr * 2.09E-04 kgCH4/L * 22.25 

kgCO2/kgCH4) + (L/yr * 1.04E-04 kgN2O/L * 298 kgCO2/ 
kgN2O) 

PMFP (kgPM10/yr) (L/yr * 2.80E-04 kgPM10/L * 1 kgPM10/kgPM10) + (L/yr * 
1.37E-02 kgNOX/L * 0.22 kgPM10/kgNOX) + (kg/yr * 3.03E- 
01 kgSO2/kg * 0.2 kgPM10/kgSO2) 

POFP (kgNMVOC 
eq./yr) 

(L/yr * 2.09E-04 kgCH4/L * 0.01 kgNMVOC/kgCH4) + (L/yr 
* 1.37E-02 kgNOX/L * 1 kgNMVOC/1 kgNOX) + (kg/yr * 
3.03E-01 kgSO2/kg * 0.081 kgNMVOC/kgSO2) + (L/yr * 
4.47E-04 kgNMVOC/L * 1 kgNMVOC/kgNMVOC) 

TA (kgSO2 eq./yr) (kg/yr * 3.03E-01 kgSO2/kg * 1 kgSO2/kgSO2) + (L/yr * 
1.37E-02 kgNOX/L * 0.56 kgSO2/kgNOX) 

Landfill methane emissions to atmosphere 
GWP (kgCO2eq./yr) (kgCH4/yr * 22.25 kgCO2/kgCH4) 
POFP (kgNMVOCeq./ 

yr) 
(kgCH4/yr * 0.01 kgNMVOC/kgCH4) 

Phosphorus emissions to water from wastewater treatment plant 
FEP (kgPeq./yr) (kgP/yr * 1 kgP/kgP) 
Emissions from landfill electricity production 
PMFP (kgPM10eq./ 

yr) 
(kgNOx/yr * 0.22 kgPM10/kgNOX) 

POFP (kgNMVOCeq./ 
yr) 

(kgNOx/yr * 1 kgNMVOC/kgNOX) 

TA (kgSO2eq./yr) (kgNOX/yr * 0.56 kgSO2/kgNOX) 
Avoided emissions 
From 800 kg/ton NMF, the contribution rate of each food type (Table 1) was 

considered with the ReCipe 2008 (hierarchist) method for each impact category as 
available in the Ecoinvent version 3.6, 2019. All raw data are available in 
Supplementary Material B, ‘Ecoinvent’ sheet. 

Scenarios impact assumptions 
Scenario #I 100 % of impacts of landfilling 
Scenario #II (Impacts of Scenario #I) + (Impacts of electricity 

production) - (Impacts of electricity from the Brazilian grid 
being replaced by the electricity generated in the landfill) 

Scenario #III (Impacts of donation) + (20 % of impacts from Scenario #I) 
Scenario #IV (Impacts of donation) + (20 % of impacts from Scenario #II) 
Scenario #V (Impacts of donation) + (20 % impacts from scenario #I) - 

(Impacts of the Brazilian food production being replaced by 
the donated food) 

Scenario #VI (Impacts of donation) + (20 % of impacts from Scenario #II) 
- (Impacts of the Brazilian food production being replaced by 
the donated food)  
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chayote, in which the values for cucumber were considered (they both 
belong to the Cucurbitaceae family); for this specific case, in greenhouse- 
produced cucumber was used as it was the only data available. (c) For 
lettuce, the produce iceberg lettuce was chosen as it reflects what hap-
pens in Brazil: production in open fields. The option GLO lettuce con-
siders greenhouses production and could lead to emissions 
overestimation. (d) For manioc, data representing carrot emissions were 
considered since they belong to the same Apiaceae (umbrelliferae) family. 
Details are available in Supplementary Material B, ‘ecoinvent sheet’. 

Scenario #VI. It was modelled based on the same assumptions as Sce-
nario #V, however, the residual food diverted to landfill generates elec-
tricity, and the related avoided emissions are accounted for, as in Scenario 
#II. 

3. Results 

3.1. LCA inventory analysis 

Since diesel demand, the amount and characteristics of biogas and 

leachate generation are the main variables involved in most options for 
organic waste management, their values were checked regarding con-
sistency. For scenario #I, diesel consumption for internal NMF collection 
(3.09 L/ton NMF) is in accordance to values presented by Larsen et al. 
(2009). The NMF transport to landfill required 0.56 L/ton NMF, 
consistent with Larsen et al. (2009) and Buratti et al. (2015). Biogas 
production from NMF organic waste degradation (54.86 Nm3/ton NMF; 
39.16 kg/ton NMF) has shown consistent values with Buratti et al. 
(2015) who evaluated a landfilling scenario in Italy, Candiani and Torres 
(2015) who assessed biogas composition at the ‘Caieiras’ Landfill, and 
with Mendes et al. (2004) who have assessed the environmental impacts 
of São Paulo’s municipal solid waste incineration versus landfilling. The 
obtained value of 0.44 m3/ton for leachate is consistent with Fernan-
dez-Nava et al. (2014), while values for leachate’s biological oxygen 
demand (BOD) of 500 mg/L and chemical oxygen demand (COD) of 27, 
500 mg/L are typical values for mature landfills in the methanogenic 
phase between 10 and 20 years of activity (Costa et al., 2019). 

Fig. 3. LCA results for the evaluated scenarios under nine impact categories.  

F. Sulis et al.                                                                                                                                                                                                                                     



Journal of Cleaner Production 318 (2021) 128482

9

3.2. Comparative analysis for impact categories among scenarios 

The performance of the scenarios for the nine impact categories, as 
shown by Fig. 3, precisely matches the waste hierarchy management 
concept, as: (i) food donation scenarios that included avoided emissions 
(scenarios #VI and #V) showed the lowest environmental burdens; (ii) 
scenarios #III and #IV that include NMF donation, have intermediate 
positions for the majority of impact categories; (iii) in general, scenario 
#II was the second worst scenario with the exception of FDP, HTP, POFP 
and WDP impact categories, while scenario #I was the worst in all cate-
gories, except for POFP. In general, Fig. 3 shows that for FDP, FEP, HTP, 
MDP, POFP and WDP impact categories, scenarios are presented in two 
main groups, with considerable differences between them, constituted by 
scenarios from #I to #IV in the first group with higher environmental 
burdens, and scenario #V and #VI as the second group with lower envi-
ronmental burdens. This distribution highlights that accounting for 
avoided emissions in scenarios #V and #VI highly affects the results. 

For GWP, PMFP, and TAP impact categories, the scenarios perfor-
mances have shown three main groups: scenarios #I and #II with the 
highest environmental impacts, scenario #III and #IV in an intermediate 
position (but close to scenarios #I and #II), and scenarios #V and #VI with 
the lowest environmental burdens. From these three categories, besides 
the confirmation of the considerable effects of avoided emissions on 
scenarios #V and #VI, scenarios #III and #IV highlights the efficiency of 
the proposed new NMF management system compared to the current 
practices. In particular, results indicate the advantages of avoiding 
organic waste generation and its related downstream emissions, regard-
less of the benefits derived from accounting for the avoided emissions. 

3.3. Contribution to the impacts 

A comparative analysis for scenarios performance for each impact 
category is provided as presented by Fig. 3. Regarding the FDP, scenario 
#I has the highest environmental burdens (8.31 kgoil/tonNMF) while 
scenarios #V and #VI have the lowest impact. It is interesting to note 
that when accounting for electricity generated as avoided emissions 
(scenarios #II), a better performance for FDP than donation scenarios 
#III and #IV results. This is caused by the characteristics of the Brazilian 
electricity mix generation (largest part obtained from hydropower, but 
still using a fraction from thermoelectric plants) that is being saved 
because of the electricity obtained at landfill. 

As expected, the FEP has a similar behaviour to that of the waste hi-
erarchy management concept, since scenario #I showed the highest 
environmental impacts, very close to those in scenarios #II to #IV, while 
scenarios #V and #VI have higher performance. In scenario #I, the direct 
emissions of phosphorus on water has high influence on its FEP (73 %) 
result, while for other scenarios, FEP is balanced by the avoided emissions. 

GWP results has depicted three different groups. Again, those scenarios 
exclusively concerning landfilling and/or energy recovery showed the 
highest CO2 equivalent emissions (203 kgCO2eq./tonNMF and 173 
kgCO2eq./tonNMF for scenarios #I and #II respectively), in which electricity 
generation shows negligible GWP reduction. Scenario #III and #IV (41.4 
kgCO2eq./tonNMF and 35.4 kgCO2eq./tonNMF, respectively) highlight the 
considerable savings obtained by accounting for the avoided downstream 
emissions at landfill, because about 88 % of CO2eq. originates from the 
methane released during waste degradation at landfill and wastewater plant. 
Including the avoided emissions, scenarios #V and #VI appears with nega-
tive net CO2eq. emissions (or absorption) of − 314 kgCO2eq./tonNMF and 
− 320 kgCO2eq./tonNMF respectively, indicating the potential in avoiding 
CO2eq. emissions by considering donation pathways. 

Focusing on MDP, scenario #I has shown, again, the highest impact 
(1.87 kgFeeq./tonNMF), closely followed by scenarios #II to #IV, while 
scenarios #V and #VI indicate considerable lower environmental 
burden for this category. Interesting to note that slight improvements for 
MDP in #III and #IV are related to the amount of metals (lead and steel) 
used in the logistic train, the infrastructure for quality checking, and the 

refrigerated rooms that replaced the vehicles and power plant materials 
existing in #I and #II. 

The categories PMFP and TAP show a similar trend, with scenarios 
distributed in three groups: scenarios #I and #II have depicted the 
highest environmental burdens, #III and #IV have an intermediate 
position, while #V and #VI possess the lowest impacts. Differently from 
other impact categories, PMFP and TAP indicate considerable 
improvement for scenarios #III and #IV, comparable to #I and #II. This 
is the result of replacing diesel vehicles in #I and #II with electrical 
vehicles in #III and #IV, once diesel emissions correspond to 93 % and 
96 % for PMFP and TAP, respectively. The benefits of replacing diesel 
vehicles with electric ones is also observed for POFP category, but at 
small rates, due to a lower contribution of diesel emission over the total 
(59 %). Scenarios showed similar performance for POFP compared to all 
other previous impact categories (worst case for #II and #I and best case 
for #V and VI). Interesting to note that the worst performance obtained, 
when considering electricity production, is due to the large amount of 
NOx emitted by the power plant biogas-based in the landfill, responsible 
for about 39 % of all NOx emitted by scenario #II. 

HTP shows scenario #I with the worst performance (2.30 kg1,4- 
DCBeq./tonNMF), closely followed by scenarios #III, #IV and #II, in 
which electricity generation in #II leads to lower environmental bur-
dens than donation scenarios #III and IV. This performance can be 
justified by the high demand for materials such as steel and lead by 
scenarios #III and #IV. Scenarios #V and #VI showed the lowest im-
pacts, in which the avoided emissions results in HTP savings (− 113 
kg1,4-DCBeq./tonNMF in #VI). 

Finally, scenarios distribution for WDP present a slight different 
behaviour than those of all other ones. Although scenario #I still shows 
the worst-case scenario and #V and #VI the best ones, scenario #II 
depicts a better performance than donation scenarios #III and #IV. This 
result is influenced by the Brazilian electricity matrix, which is mainly 
based on hydropower plants, thus the scenarios that generate electricity 
showed better performance for WDP since they are avoiding the demand 
of water by the Brazilian power plants. 

3.4. Overall comparative analysis 

The environmental impacts of each scenario were compared in 
relation to the best result for each impact category (Fig. 4), the values of 
which having been set as equal to ‘1’. Thus, the values in logarithmic 
scale show how many times the environmental burdens of one scenario 
is higher (i.e. it causes higher environmental impact) compared to the 
best-case scenario. Fig. 4 shows higher differences or improvements 
related to GWP, in which landfilling the NMFs (scenarios #I and #II) 
impacts approximately 500 times more than donating food with elec-
tricity recovering (scenario #VI). The improvements are also expressive 
for the HTP, FDP and WDP impact categories, in which scenarios #I to 
#IV impacts approximately 117, 83 and 70 times more than scenario 
#VI. Under an overall comparative perspective, Fig. 4 indicates that 
scenario #VI has better environmental performance for almost all 
impact categories, in which some have larger differences from one 
another. This result emphasizes that scenario #VI should be supported 
by public policies and implemented at CEAGESP. 

4. Discussion 

4.1. Comparison with previous studies 

Scenarios for the NMF were modelled according to existing practical and 
operational real potentialities in implementing them, considering the waste 
hierarchy management concept as the backbone. As presented previously 
(Figs. 3 and 4), results show that usual practices such as landfilling, with or 
without energy recovery, have higher environmental impacts than all other 
NMF donation scenarios. Conversely, better performance is obtained when 
considering all the avoided emissions due to food donation. 
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Food donation showed the least impacts even when accounting for 
the avoided emissions in landfilling, exclusively. Electricity production 
from biogas usually showed lower environmental impacts than solely 
landfilling, but without relevant improvements. However, in scenarios 
with two different options jointly used (scenarios #III to #VI), electricity 
recovery generates a reduction of environmental burdens on most 
impact categories assessed, in different rates. Regarding the assessment 
of scenarios distribution along the waste hierarchy pyramid, the patterns 
found in this present study are consistent with Albizzati et al. (2019), 
who analysed several food surplus scenarios in the French retail sector 
through an LCA perspective. Authors have found that food waste pre-
vention was the best-case scenario, followed by the current scenario 
constituted by almost 100 % food donation pathways with a negligible 
percentage recovered as animal feed, while the other waste management 
scenarios assessed as anaerobic digestion and incineration were clearly 
the worst options. Eriksson and Spangberg (2017) also identified a 
similar trend of GWP increase from the highest levels (donation and 
conversion) to the lowest levels (incineration and anaerobic digestion) 
of the waste management hierarchy concept. 

In Brancoli et al. (2020), authors focused on several management 
options for the surplus bread production in Sweden. The obtained LCA 
results showed that reducing bread waste was the option with lower 
impacts, followed by feed production, donation, beer, and ethanol 
production, without a clear preference among the latter four. Anaerobic 
digestion and incineration had the highest environmental burdens. 
Differently from what was expected, our study highlights lower perfor-
mance of WDP impact category for donation than energy recovery, an 
option that is lower in priority in the waste management hierarchy. This 
unexpected result is due to the hydropower-based electricity in Brazil 
(~63 % from Griebenow and Ohara, 2019), a very specific condition for 
the Brazilian case that affects LCA results and emphasizes the impor-
tance of implementing LCA studies in different countries to detect local 
specificities. The trend detected for WDP depends on the joint effect of 
two factors: the biogas-based electricity generated in some of our sce-
narios demand lower amounts of water than the Brazilian 
hydropower-based plant, at the same time, the donation scenarios utilize 
electricity from the Brazilian grid that requires a higher amount of 
water. A similar behaviour related to marginal electricity replacement in 
WDP was also found by Albizzati et al. (2019) in France. 

The influence of the Brazilian electricity matrix in environmental 
studies was also identified by other authors. Assessing several low- 
prioritized municipal solid waste management alternatives in São 
Paulo city, Liikanen et al. (2018) found irrelevant improvements on 

GWP when electricity production was considered. Comparing waste 
incineration and landfilling alternatives in São Paulo city, Mendes et al. 
(2004) showed that electricity production resulted in an insignificant 
reduction of environmental impacts. Furthermore, Mendes et al. (2004) 
stated that a reduction of environmental burdens could be obtained only 
through a change in the solid waste management, including other al-
ternatives according to the waste hierarchy management concept; this is 
exactly what has been considered in the scenarios established in this 
present work, and confirmed by the obtained results. 

Although recognizing that a comparison among different studies could 
be a better way to identify vantages and disadvantages, most studies found in 
the scientific literature have considered different LCA methods, character-
izations factors and units of measure, which would lead to wrong in-
terpretations when performing direct comparative results. Nevertheless, as 
an attempt to deeply discuss the obtained results, a numerical comparison 
exclusively for the GWP impact category (including the avoided emissions) is 
provided, due to its current worldwide importance. Table 4 shows that 
numbers are highly dependent on the product being donated and on the 
regional characteristics of study. The 320 kgCO2eq./ton NMF obtained for 
CEAGESP is similar to the minimum values found by Eriksson et al. (2015), 
who evaluated lettuce donation, including the avoided emissions. This result 
is consistent with the kind of products being assessed in this present study 
(100 % fruit and vegetables), while the higher values of Table 4 are related to 
bread, meat, dairy products and others that demand more processes in the 
production chain and energy conversions to be obtained. 

Overall, the obtained results indicate the great potential of food 
donation in reducing environmental burdens, under an LCA perspective. 
The studied modelled donation pathways highlight the considerable 
benefits of its implementation through the most updated technologies 
available in logistic and operational management and control. Obtained 
results are consistent with other studies in the scientific literature that 
highlight the importance of firstly trying to implement those higher levels 
for waste management practices than simply landfilling or recovering 
energy. Additionally, results claim attention to the influence of local/ 
regional specificities on LCA performance for studied scenarios, empha-
sizing the need for local studies to support efficient public policies. 

4.2. Social benefits 

Food donation scenarios show their potential from an environmental 
perspective, which could be also expanded in a context for food security 
improvement. Although the social aspects do not belong to the goals of 
this study, it is important to recognize the social benefits brought from 

Fig. 4. Comparative analysis for the environmental impacts of scenarios based on the best-case performances. The values (in logarithmic scale) indicate how many 
times worse an impact category is, compared to the best case. 
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donating food. By considering a 80 % redistribution of NMF currently 
wasted by CEAGESP, and a daily consumption of horticultural products 
of 500 g per capita (slightly above the minimum of 400 g/capita/day as 
recommended by the World Health Organization (WHO) (2003)), the 
charity institutions that receive donation from CEAGESP’s food bank 
could provide food for about 165,000 individuals per day. Furthermore, 
in a theoretical case where the entire diet is based on the food provided 
by CEAGESP’s food bank, about 13,437 individuals per day could be fed 
under an energy requirement of 2550 kcal/day. As highlighted by Henz 
and Porpino (2017), due to the issues related to food security, a constant 
challenge in Brazil is to find ways to reduce food waste in face of the 
cyclical economic and social crises, especially because Brazil has high 
socioeconomic inequalities (GINI index of 53.9). In this context, our 
study has shown the great potential contribution of a smarter manage-
ment for CEAGESP’s NMF for both the environment and the society. 

4.3. Sensitivity and limitations 

Although recognizing that a deeper sensitivity analysis would be 
important to identify the main weak-points of evaluated scenarios to-
wards higher accuracy in supporting suggestions to policy makers, some 
general comments in this regard can be provided. Similar to other 
studies in the literature (Albizzati et al., 2019; Bergström et al., 2020; 
Eriksson et al., 2015; Eriksson and Spangberg, 2017), the obtained re-
sults are sensitive to the kind of products being diverted to donation. For 
instance, when dealing with NMF products that demands a higher 
amount of materials and energy throughout their production chain, 
higher will be the avoided emissions and, consequently, lower will be 
the net global warming potential – although not evaluated in this study, 
this trend would be also applied to other LCA impact categories besides 
GWP. As also observed by Eriksson et al. (2015), the amount of avoided 
downstream methane emissions in the landfill is another parameter with 
high influence on results (~88 % of GWP is due to direct CH4 emissions), 
which calls for actions to avoid such emission, be it through recovering 
or burning it into flares to obtain CO2, which has lower GWP impact. 
Furthermore, replacing diesel fuel with electricity in the donation sce-
narios has shown a great reduction on impacts, especially on those 
categories under the influence of transportation steps (PMFP and TAP). 

A simple simulation exercise on this issue showed emissions reduction of 
about 80 % for the two above-mentioned impact categories. 

The findings of this work are important to highlight the importance of 
considering the waste hierarchy concept in managing by-products. 
Although clues on this topic are available in the literature, the specific 
case study (Brazilian food distribution centre) and the method applied 
(LCA) bring insights from different perspectives that could contribute to 
discussions for the advancement of science in this field. It is important to 
emphasize that the obtained final numbers should not be used as a 
reference for all kinds of food distribution centres due to inherent speci-
ficities of the Brazilian case, for example, the logistic solution modelled 
(logistic train based on the “Mizusumashi” concept) are not easily appli-
cable elsewhere. The non-marketable food concentration is another 
important aspect that allows for a different logistic operation, which is 
very different compared to retail level due to the long distances and 
existing complexities. Another limitation of this work is related to the data 
obtained from Ecoinvent database used in calculating indirect impacts 
and avoided emissions. For some products, due to the unavailability of 
data representing Brazilian conditions, global values have been chosen 
and thus both indirect emissions of NMF management and the avoided 
emissions related to food production can be overestimated, mainly in the 
GWP, PMFP, POFP and TAP impact categories This is a result of three main 
Brazilian peculiarities: (1) agricultural production occurs mostly in open 
fields, rather than in energy intensive greenhouses (Wiersinga et al., 
2013); (2) the Brazilian electricity matrix is based on renewable resources 
(~80 % including hydropower, from biomass, wind and solar; Griebenow 
and Ohara, 2019); (3) the existing percentage of biodiesel in the com-
mercial diesel reaches up to 30 % for material production chains and 10 % 
for liquid fuel used in the transportation sector (EPE, 2020). Finally, the 
amount and kind of donated food established is an average value for an 
annual temporal analysis, which, although representative for the pur-
poses of this study, can differ from one year to another according to market 
demand and weather conditions influencing agricultural production. 

5. Conclusions 

Donating the NMF generated by CEAGESP results by far in the least 
environmental burdens under a LCA perspective, compared to all 
alternative evaluated scenarios. While the energy-recovery scenario has 
an intermediary position, landfilling has shown to be the worst option. 
The evaluated donation scenario including avoided emissions has po-
tential to cause approximately 80 times lower fossil depletion than the 
landfilling scenario, 140 times lower global warming, 100 times lower 
human toxicity, 110 times lower metal depletion, 10 times lower 
particular matter formation, 20 times lower photochemical oxidant 
formation, and 40 times lower terrestrial acidification. Therefore, 
implementing smarter management for the CEAGESP NMF under 
donation pathways is a better alternative, under the LCA lens. 

Local variables have shown high influence on LCA results for some 
impact categories, as exemplified by the hydropower-based Brazilian elec-
tricity on the WDP. This aspect highlights the importance of implementing 
LCA studies at local/regional scales instead of accepting general recom-
mendations obtained from studies developed in different regions, which 
would provide imprecise results and support inefficient public policies. 

This work contributes in recognizing that NMF can be a type of 
wealth rather than only a problem. Rather than just organic waste 
destined to be disposed in landfills, options exist for NMF management, 
in order to achieve better environmental, social and economic perfor-
mances. Since NMF has a potential as edible food with high nutritional 
quality, a smarter management to maximize efficiency (through reduced 
need for additional energy demand) is of fundamental importance, 
whereas landfilling with or without energy recovering should be the last 
options, according to the waste hierarchy management concept; this 
statement is consistent with our findings. Recognizing the wealth of 
NMF becomes even more important when considering all its potential 
social benefits, mainly in countries that constantly face food insecurity 

Table 4 
Net global warming potential for donation of different non-marketable food 
(NMF) products.  

Reference Kind of NMF Net benefit (kg 
CO2 eq./ton 
NMF) 

Damiani et al. 
(2021) 

Mostly a mix of cereals, fruit, vegetables, 
dairy products, meat and fish 

1900 

Eriksson and 
Spangberg 
(2017) 

Banana, tomato, apple, orange and 
pepper a 

350–980 

Albizzati et al. 
(2019) 

Dry sweet, dry savory, frozen food, deli 
meats, fresh dairy products, fruit, 
vegetables, poultry, meat, cheese, 
gourmet, pastry, bakery, fish, and liquids 
(juice) 

500 - 2000 

Bergström et al. 
(2020) 

Fruit, vegetables, bread, and 
complementary protein sources (milk or 
meat) b 

400 - 1200 

Eriksson et al. 
(2015) 

Banana, chicken, lettuce, beef, and bread 300 - 26,000 

This Study Fruits and vegetables 320  

a According to the authors, 30 % of avoided emissions are related to donated 
food that is replacing similar products, plus 30 % of potato crisps as a repre-
sentative of typical junk food commonly bought by people in need, plus 30 % of 
‘nothing’, i.e. taking into account a daily calorie intake below the recommen-
dations, plus 10 % as disposal. 

b Two original scenarios were considered for comparison: food bag centre and 
food bag in retail. Avoided emissions were estimated by authors considering 50 
% of an average Nordic diet and 50 % of cheap carbohydrate rich diet. 
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