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Abstract

The circular economy is a strategic approach to optimizing resource use, offering potential
to mitigate Food Loss and Waste. This study aims to analyze Loss and Waste from the
perspective of the circular economy, focusing on the agro-industrial cheese production
chain of Laticinios Alto Uruguai, located in the municipality of Lajeado do Bugre. Based on
interviews and collected data, Loss and Waste were quantified over a 12-month period,
grounded in the Mass Balance methodology of the “Loss and Waste Standard”. Drawing
from the literature, reuse and recycling strategies aligned with the circular economy were
proposed. A Loss and Waste value ranging from 35.2 g was identified for every 2.0 kg of
cheese produced in the chain. Solutions such as water recovery from whey and energy
generation via anaerobic reactors stand out as promising alternatives for Laticinios Alto
Uruguai. It is recommended that future studies integrate quantification of greenhouse gas
emissions using approaches such as Life Cycle Assessment or carbon inventories, enabling
estimation of the mitigation potential associated with the circularity strategies discussed in
this study.

'Federal University of Santa Maria, Palmeira das Missées 98300-000, Brazil.
2Department of Administration, Federal University of Santa Maria, Palmeira das Missées 98300-000, Brazil.
3Department of Animal Science and Sustainable Agro-Socio-Environmental Development, Federal Fluminense University, Niterdi

24210-346, Brazil.

Correspondence to: Mariana Martins de Oliveira, Federal University of Santa Maria, Palmeira das Missées 98300-000, Brazil. E-mail:
mariana-oliveira.l@acad.ufsm.br

www.oaepublish.com

Submit a Manuscript: https://ucenter.oaepublish.com


https://www.oaepublish.com
https://ucenter.oaepublish.com
https://orcid.org/0000-0002-7911-8540
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://dx.doi.org/10.20517/cf.2025.69
https://crossmark.crossref.org/dialog/?doi=10.20517/cf.2025.69&domain=pdf

Page 2 of 15 de Oliveira et al. Carbon Footprints 2026, 5, 4

INTRODUCTION

It is estimated that between one-quarter and one-third of food produced for human consumption is lost or
wasted"!. At the same time, food insecurity is a growing concern amid rising global hunger, with one in
eleven people undernourished - a situation linked to rapid population growth'"?. The negative impacts of
food loss and waste (FLW) include pollution, environmental degradation, depletion of natural resources,
increased carbon emissions, and exacerbation of food insecurity. FLW not only reflects inefficient use of
already limited resources but also poses a significant barrier to achieving climate targets, environmental
sustainability, and food system resilience!"**\. Thus, FLW exacerbates environmental and economic
challenges by increasing greenhouse gas (GHG) emissions and improperly using critical resources such as
land, water, and energy, thereby placing substantial pressure on ecosystems'>*. In addition, the GHG
emissions resulting from the disposal of discarded food in landfills contribute to climate change and hinder
the achievement of environmental sustainability targets'”. When considering population growth and limited
natural resources, the impact of FLW is not restricted to economic issues; it also leads to serious
environmental and social problems, making FLW a hot research topic, particularly over the past five years!*.
Reducing FLW not only generates economic gains but also contributes to lowering the carbon footprint and
addressing climate change, since mitigating GHG emissions is one of the main challenges to be tackled in
order to confront global climate issues and promote sustainable development!*”.

In this context, strategies to mitigate FLW are emerging as key issues in achieving sustainable development®.
However, initiatives addressing corrective and preventive measures for food waste must be supported by
quantification efforts in both developed and developing countries'.

Quantitative methods assist in the management of FLW by describing current contexts, predicting future
scenarios, and improving related operations'”. In addition, they are important for reduction efforts and can
offer a variety of benefits, including reducing costs associated with purchasing food and excessive disposal,
preventing GHG emissions, and supporting efforts to eliminate hunger"*’. The Food and Agriculture
Organization (FAO)""" developed a refined method to estimate FLW at different stages of food supply chains
(FSCs)""?, resulting in the development of the Food Loss and Waste Standard (FLW Protocol). The protocol
is a partnership between the United Nations Environment Programme and the World Resources Institute,
aiming to provide a standardized accounting and reporting framework for food waste throughout the FSC!**\.

The FLW Standard aims to provide requirements and guidance for quantifying and reporting the weight of
food and/or associated inedible parts removed from the FSC!,

Within the food production and consumption system, milk stands out as one of the world’s most important
agricultural commodities, ranking among the top five products in both volume and value!**. Over the past
twenty years, global milk production increased from 304 million tons to 883 million tons, representing a 52%
rise””. This growth highlights the importance of milk in human nutrition and the increasing global demand
for dairy products"®.

Brazil is the third-largest milk producer globally*. In 2021, the country produced 25.3 billion liters of milk.
The state of Rio Grande do Sul (RS) ranks as the second-largest milk-producing state, accounting for 15.1
billion liters"*.

The ten main milk-producing mesoregions in Brazil account for 43.37% of the country’s total production,
with the Northwest Rio-Grandense mesoregion standing out as the top national producer, responsible for
2.97 billion liters (8.41% of Brazilian milk)".
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Considering the rising per capita consumption of dairy products, the annual increase rate has been 1.2%""7..
This growing demand leads to a global trend toward intensified production systems to supply consumer
markets"®. Consequently, the industry faces operational challenges to achieve better performance in terms of
sustainable production standards and resource efficiency, including reduced energy use, water reuse, and
waste minimization"*"**",

According to the work by Scherhaufer et al.”", FLW prevention should be prioritized in the meat and dairy
supply chains, as these sectors account for the highest environmental impacts. To mitigate these impacts,
research should focus on developing solutions that enable the valorization of FLW as usable resources!*?..
This includes the development of technologies for the use or reuse of biocompatible materials derived from
industrial waste, thereby contributing to the promotion and consolidation of the Circular Economy (CE)

across different productive sectors'®.

The concept of the CE consists of a wide range of strategies aimed at reducing the environmental impact of
production systems and consumption patterns by increasing the circularity of resources; this circularity is
primarily associated with material efficiency strategies that close, slow, or narrow loops®*. The CE is
currently receiving increased attention due to its potential to significantly reduce the carbon footprint
through waste minimization and resource efficiency'”, as well as its incorporation into public policies, such
as the New Circular Economy Action Plan under the European Green Deal” and China’s 14th Five-Year
Plan on CE®*\. The European plan includes a sustainable product initiative with a special focus on
resource-intensive sectors such as textiles, construction, electronics, and plastics®.

China’s legislation, in turn, promotes resource conservation and recycling by setting goals to ensure national
resource security, highlighting CE as a key approach to addressing climate change and achieving carbon
neutrality by 2060\

According to the work by Rood et al.””, promoting CE in food production systems contributes to achieving
the Sustainable Development Goals (SDGs), such as ending hunger and ensuring food security and
sustainable agriculture (SDG 2); ensuring health and well-being (SDG 3); halving food waste (SDG 12.3);
reducing marine pollution (SDG 14.1); and halting land degradation (SDG 15.3).

Regarding the global dairy FSC, estimated FLW levels reach 19.9%"". In Latin America, the FLW percentage
in the dairy FSC is 23.5% """, which is above the global average. Worldwide, the dairy sector generates
between 4 and 11 million tons of dairy waste annually, posing a serious threat to the environment due to its
high organic content™. In this context, the method provided by the FLW Standard allows countries, cities,
companies, and organizations to develop inventories of FLW quantities and destinations. As such, it
supports, informs, and guides strategies to minimize FLW, offering economic benefits, improved food
security, more efficient use of natural resources, and reduced environmental impacts..

In the FAO report Global Food Losses and Food Waste, the main FLW points along the Cheese
Agro-Industrial Chain (CAC) are identified. In the production stage, losses stem from reduced milk
production due to dairy cow diseases (e.g., mastitis); in post-harvest handling and storage, losses occur due
to milk spillage and spoilage during transport from the farm to distribution centers; in processing, losses
include spills during milk treatment and processing into dairy products (e.g., cheese and yogurt); in
distribution, waste includes market system losses; and in consumption, waste occurs at the household
level".
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Figure 1. Stages of the Cheese Agribusiness Chain at Dairy Industry Alto Uruguai (LAU).

Given this context, few studies have addressed the global challenge of reducing FLW from a circular
economy perspective™. Therefore, this study seeks to answer two key questions: (1) What are the quantity
and main sources of FLW along the Cheese CAC? (2) Can the identified FLW be reused in alignment with
the circular economy approach?

METHODS

To address the research objectives, a case study was conducted at the company Dairy Industry Alto Uruguai
(LAU), located in the municipality of Lajeado do Bugre (Latitude: 27°41°20” South, Longitude: 53°10’55”
West), in the Northwest Mesoregion of RS, Brazil. LAU was selected due to the ease of access to data across
its entire production chain, making it a pioneering example for applying the methodological principles of the
FLW Protocol in the CAC. Initially, FLW will be quantified throughout the CAC using the Mass Balance
methodology, in accordance with the “FLW Standard”. Subsequently, reuse and recycling solutions will be
proposed from the perspective of the CE.

Mapping the case study chain

A literature review was conducted between January and April 2019 as a preparatory stage for data collection.
In April, a visit to LAU was carried out to gain an understanding of the agro-industrialization process and to
collect information through interviews. The interview with the technical manager of LAU was conducted in
two stages. The first stage was based on the questionnaire developed by the World Resources Institute
(https://flwprotocol.org/flw-standard/tools-resources/), aimed at assisting in the selection of a quantification
method. The second stage included specific questions for this case study, covering information on LAU itself,
the farms supplying milk, and the transport and distribution agents. The questionnaires were developed
between February and April 2019 and applied during April and May 2019 to actors in the chain: rural
producers, those responsible for the agro-industry, and the collection and transportation center. The
interviews aimed to gather information on daily procedures and the occurrence of waste throughout the
production chain. Figure 1 presents the stages involved in the CAC at LAU.

Food loss and waste quantification using the FLW standard
To identify and quantify FLW along LAU’s CAC, the Global Standard for measuring and reporting FLW
(FLW Standard) developed by Hanson et al."” was used as a reference.

When preparing an inventory, the FLW Standard initially requires users to consider two components:
material type and destination. The material type refers to the substance removed from the FSC, which can be
quantified in three ways: food only, inedible parts only, or both">*. The destination refers to which of the
ten possible outcomes the removed material is directed to (e.g., animal feed; bio-based materials/biochemical
processing; co-digestion/anaerobic digestion; composting/aerobic processes; controlled combustion; land
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Table 1. Case Study Inventory in accordance with the FLW Standard

Time frame  Type of material Destination Limit

Animal feed Food category: dairy products

Life cycle stage: from raw material arrival at the industry to

The total weight of FLW was i
& Landfill transportation at the distributor

quantified for 2 kg of mozzarella
cheese produced

June 2018 to
May 2019
Geography: municipality of Lajeado do Bugre - RS — Brazil
Sewage/water treatment
Organization: dairy industry Alto Uruguai

Source: Adapted from™?. FLW: Food loss and waste; RS: Rio Grande do Sul.

application; landfill; not harvested/discarded; sewer/wastewater treatment; other)"*.

An FLW inventory requires users to define and report four components "*, which were used to analyze FLW
at LAU [Table 1]:

1. Timeframe: the reporting period for the inventory results, including company-provided information and
data collection stages;

2. Material type: the types of materials included (food only, inedible parts only, or both);
3. Boundaries: including food category, lifecycle stage, geography, and organization;

4. Destination: where the removed materials are sent.

The inventory of dairy industry Alto Uruguai

The LAU inventory, in compliance with the FLW Standard, included information on the case study and data
collection and analysis, as well as data on material type, destination, and boundaries. These details are
summarized in Figure 2.

During the data collection phase, the first interview was conducted with the technical manager (veterinarian)
in April 2019 to gather detailed information on the chain’s participants and the processing of raw materials
within the plant. Interviews with 15 dairy farmers were conducted in May to obtain specific data on the
milking process at each analyzed farm. Data on FLW at the retail (distribution) and consumer
(consumption) levels were obtained from the literature!"*".

By integrating the data provided by the company, the results of the interviews (technical manager and
producers), and the literature findings, it was possible to quantify FLW in LAU’s CAC. To select the most
appropriate quantification method among the ten available in the FLW Standard, the classification tool
provided by the World Resources Institute website was used.

A spreadsheet created in Microsoft Excel 2013 was used to support the method selection. This tool guides
users to the most suitable method based on certain criteria answered by the company representative.

Out of the ten possible methods, five were considered appropriate by the tool. Based on the available data,
the Mass Balance method"” was selected, as it measures inputs and outputs within the industrial process.
According to the work by Lipinski®?, this is a reliable method for estimating FLW where inputs and outputs
of a production process are accurately quantified, although it may involve challenges related to unit
conversions and uncertainty levels.
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Figure 2. Inventory Information of Dairy Industry Alto Uruguai (LAU).

It is important to note that the Mass Balance method was applied exclusively to the stages of post-harvest
handling and storage, processing and packaging, and transportation. The production, distribution, and
consumption stages were not quantified using this method due to the unavailability of data during the
analyzed period (see Figure 1). Therefore, the available data were used to estimate the occurrence of FLW in
each CAC stage, complementing the analysis.

Regarding inventory data, the material type included both food and inedible parts. The former refers to any
substance or product, whether processed, partially processed, or unprocessed, intended for human
consumption; the latter includes components associated with food that are not intended for human

33,10]

consumption'
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Table 2. FLW results by sector of the cheese agro-industrial chain of dairy industry Alto Uruguai (LAU)

Chain stage

Description

FLW estimate

Observations

Production (rural
producers)

Post-harvest
handling and storage

Processing and
packaging
(agroindustry)

Transport

Distribution (retail
trade)

Consumption

Milk that remains trapped in the drum
during draining

This occurs every time the milking
system is washed

Milk is lost during handling, or it remains
trapped in the tanker truck or pumping
hose.

It also includes milk used for quality
testing, or that is normally lost due to
antibiotic contamination

Milk is lost during the cheese
manufacturing process, including raw
cream and whey cream.

This mainly includes the whey currently
destined for animal feed

When transporting the products to the
distribution center, the packaging may
be damaged and the product lost. In this
case, since the products are packaged in
plastic, the packaging can be punctured
or torn during transport or handling

Damaged products (e.g., rodent bites) or
expired products

FLW at this stage occurs due to product
expiration caused by excessive purchase
volume or improper storage

It totals an estimated loss ranging
from 0.38 to 0.75 tons per year

The FLW in the analyzed year
represents a total of 51.00 tons,
which is approximately 34.49% of
the milk entering the agroindustry

The FLW totals an average of 5.44%,
which is equivalent to 8.05 tons per
year

The loss at this stage is
approximately 0.65%, totaling about
0.96 ton in the analyzed year

This FLW represents 2% and totals
16.14 tons in the analyzed year

This FLW includes only the
household waste of mozzarella
cheese, which is 48.12%"", totaling
71.16 tons in the year analyzed.

Milk collection on farms is mechanized

Collection by truck at the farm and
transported directly to the dairy
processing plant, where quality tests
are conducted

Includes processing stages from milk
handling to the production of final
products

Collection of the final product at the
agro-industry, which is transported by
truck to the distribution center in the
municipality of Pinhal - RS

The calculation was performed based
on the quantity of cheese produced by
the agro-industry

The calculation was performed based
on the quantity of cheese produced by
the agro-industry

Cheese that ends up in regular trash
and is disposed of in a sanitary landfill,
or is rarely sent to composting

Source: based on the methodology by™. FLW: Food loss and waste; RS: Rio Grande do Sul.

Considering both food and inedible parts, losses and waste were quantified in the post-harvest handling and
storage, processing and packaging, and transportation stages, based on the production of 2 kg of cheese. This
calculation follows the FLW Standard guidelines. It is important to mention that packaging, effluents, and
any other material not considered FLW were excluded from this analysis.

RESULTS AND DISCUSSION
Result of the FLW inventory by stage of the supply chain

Following the criteria established by Gustavsson et al."""], along with the data obtained, FLW was identified
and quantified at each stage of the CAC of LAU [Table 2].

In the production stage, cow diseases were not considered, and data were obtained from respondents’
answers. For the distribution and consumption stages, data were obtained from the literature"'..

Through the inventory conducted and presented in the methodology [Figure 2], the total FLW throughout
the LAU CAC was 147.88 tons over the 12 months analyzed, representing 1.76% of the milk volume collected
on farms, which totaled 8,387.41 tons [Table 3].

This value is similar to the result reported in the work by Tostivint et al."”!, which identified an FLW of 1.4%
along the dairy supply chain in Pakistan, using the same methodology and likewise disregarding whey as
FLW. From a life-cycle perspective, considering all stages of the LAU cheese production chain, the analysis
of FLW by stage indicates that approximately 48% of total FLW occurs at the consumption stage, which
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Table 3. Total FLW by stage of the cheese agro-industrial chain of LAU (2019)

Stages FLW quantity Percentage (%)
Production 0.57 0.39

Post-harvest handling and storage 51.00 34.49

Processing and packaging 8.05 5.44
Transportation 0.96 0.65

Distribution 16.14 10.91
Consumption 71.16 48.12

TOTAL 147.88 100

FLW: Food loss and waste; LAU: dairy industry Alto Uruguai.

accounts for the largest share within the chain [Table 3]. This result is consistent with the Global Food Losses
and Food Waste report'", a key reference in FLW quantification, which indicates that waste at the consumer
level represents approximately 40%-65% of the total waste in the dairy chain. Similarly, Campbell and
Feldpausch™ highlight that the consumption stage is the main contributor to the FLW problem, surpassing
other stages of the FSC, such as production, post-harvest handling and storage, processing, and distribution.

At the production stage, rural producers estimated the annual volume of milk lost during milking, ranging
from 376.7 kg to 753.4 kg relative to the total milk collected on farms. This result differs from that of
Tostivint et al."”, who analyzed FLW in a Pakistani dairy value chain. They identified losses of approximately
12 kg/year, 21 kg/year, and 90 kg/year, varying by farm size and type. This difference is attributed to the
milking type; in'"’!, only manual milking was included, where losses were estimated based on occasional
incidents, such as a bucket kicked by a cow during milking. In the LAU analyzed, farms use a mechanized
milking system, and the main losses considered were milk retained in milking equipment during washing,
which occurs twice daily.

The stages of post-harvest handling and storage, processing and packaging, and transportation, managed by
LAU, were quantified using the Mass Balance methodology in accordance with the FLW Standard, with a
total FLW amount of 60 tons for the analyzed period (40.58%) in the CAC. This result is consistent with the
Australian Dairy Sector Food Waste Action Plan, which identified that 44% of FLW is generated during the
handling, processing, and transport stages". The aim of this Action Plan is to identify the relative percentage
of actual dairy product waste along the Australian supply chain, highlighting where most of this waste is
likely to be generated””. Regarding FLW in the distribution stage, quantified based on the 2% rate reported
in the literature"", it is noteworthy that estimating dairy product losses at the consumer stage is difficult due
to behavioral practices, such as the disposal of milk, yogurts, and dairy desserts. For the 12-month period
analyzed, a total of 16.14 tons was generated at this stage. When evaluating FLW at the consumer level, it is
estimated that 1.4 g per inhabitant is wasted daily in Brazil, calculated from the average annual cheese
consumption of 5.5 kg/inhabitant" combined with the 9% domestic waste rate assumed for the product®'.
Thus, in the LAU analyzed, waste at the consumption stage corresponds to 48.12% of total FLW,
representing 71.16 tons. It is observed that this result is very close to those reported in other studies, which
identified that, for the dairy sector, FLW at the consumption stage represents approximately 64%"”, 50%"%,
53%"7, and 55%"°". The main reasons for wasting dairy products include misunderstandings about date
labeling, inadequate purchase planning, product spoilage before consumption, and improper storage'.
Specifically regarding cheese, a similar study conducted in the United Kingdom found that 54% of people do
not know why they discard cheese, 23% reported cheese waste due to expiry dates, 18% associated waste with
moldy cheese, and only 5% reported discarding cheese because it was “hard” or “dry”™'l. It is important to
highlight that cheese waste depends on many factors such as consumer attitudes and behaviors,
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Table 4. Distribution of food loss and waste by destination at LAU (tons per year and percentage of total FLW)

Destination Weight (tons/year) Percentage of total FLW (%)
Animal feed 48.65 329

Landfill 0.59 0.4

Sewage/water treatment 98.64 66.7

Total 147.88 100

FLW: Food loss and waste; LAU: dairy industry Alto Uruguai.

socioeconomic status, educational level, household size, and dietary preferences***').

Another result obtained in this study indicates that, when considering food and inedible parts together,
approximately 35.2 grams are lost or wasted for every 2.0 kg of cheese produced along all stages of the
analyzed chain, a proportion corresponding to the 1.76% FLW identified in the cheese production process. In
accordance with the FLW Standard, Table 4 shows where the total volume of waste is directed when
removed from the LAU CAC. These wastes include: whey (used as animal feed); cheese residues generated at
the retail and consumption stages (sent to landfills); and effluents generated during cheese manufacturing
(sent to treatment lagoons). It is observed that most is used for animal feed (32.9%) and effluent treatment
(66.7%). Both are treated as waste and a cost to the company, despite their potential added value.

Analysis of the FLW destination from a CE perspective

The results obtained in the LAU CAC indicate the presence of residues with potential for reuse, thereby
expanding the applicability of circular economy principles in reducing FLW. In particular, emphasis is
placed on the volume of whey generated at the agro-industrialization stage, which-although not included in
the FLW calculations in this study-is currently destined for animal feed. While this represents a form of
reuse, whey presents significant potential for higher value-added applications; however, its current treatment
as waste does not generate economic returns for the company.

In this context, whey is one of the most relevant residues in the dairy industry, being a by-product with high
utilization potential*”. Moreover, it constitutes a large reserve of dietary proteins that remain outside human
consumption when reuse or valorization strategies are not implemented'*’. Rich in proteins, minerals,
vitamins, and high-quality lactose, whey can be transformed through various technological processes into a
wide range of value-added food products'*. Additionally, it can serve as a functional ingredient in food and
pharmaceutical applications, as well as a nutrient source in dietary and health foods*.

Whey management processes include biological treatment without valorization (aerobic digestion);
biological treatment with valorization (anaerobic digestion, lactose hydrolysis, fermentation to ethanol,
hydrogen, or lactic acid, and direct electricity production via microbial fuel cells); and physico-chemical
treatments (thermal and isoelectric precipitation, thermo-calcium precipitation, coagulation/flocculation,
acidic precipitation, and electrochemical and membrane technologies).

Using membrane technologies (filtration, microfiltration, nanofiltration, and reverse osmosis), products such
as whey powder, demineralized whey powder, permeate powder, food-grade lactose, and whey protein
concentrate can be obtained'*>*”\.

The literature investigating the potential integration of whey into the CE focuses mainly on possible business
models and economic viability*”. In this context, a technology that enables residue valorization, benefiting
small-scale cheese manufacturers to create a more effective CE approach, includes anaerobic digestion
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processes.

In the study by Quaiser and Gilbert"**, through an anaerobic bioreactor, the treatment of whey combined
with co-digestion of bovine residues enables the recovery of water and energy. A similar process is developed
by Martinez-Ruano et al."*), which aims to integrate potato residues with whey to produce biogas and
convert it into electric energy, reducing the use of conventional energy and dependence on fossil fuels, as
well as obtaining economic benefits from fertilizer sales.

Another project developed at a dairy factory in Sweden used an anaerobic reactor system where more than
90% of the organic load contained in the whey was converted into biogas'*. According to the authors, this
system improved the company’s profitability by producing about 50% of the energy needed for boiler steam,
halving energy costs from external sources.

The study by Meneses and Flores"™ identified the viability in the dairy sector of recovering water from whey
to be reused in onsite cleaning systems without affecting the quality and safety of the product manufactured
on the cleaned equipment. Using a combined ultrafiltration and reverse osmosis process, the authors
reported that 47% of the water can be recovered, and that concentrated protein and lactose are generated as
by-products, which, once spray-dried, meet commercial standards for protein and lactose powders.
Furthermore, a cost analysis performed by the authors identified that for a volume of 225 million liters of
whey, this system could generate a revenue of US$33.4 million per year™.

According to Gil et al.””, whey can be used to sustainably produce biopolymers, as there is growing demand
for alternative sources to synthetic polymers due to environmental concerns and the need to reduce
dependence on fossil resources. In this context, whey residues can be an essential carbon source for
Halomonas alkaliantarctica, which can produce valuable polyhydroxyalkanoates with properties similar to
those of conventional plastics™?. For the authors, in addition to recycling whey, the derived biomaterials can
replace fossil polymers that are difficult to degrade, thereby mitigating environmental problems caused by
microplastics.

The study by Gil et al.*" also highlights the usefulness of dairy sludge and whey residues in creating
environmentally friendly fertilizers that enrich nutrients while reducing emissions associated with traditional
fertilizer production. Techniques such as transforming dairy sludge into biochar and applying biocompatible
whey coatings have demonstrated the potential for residue valorization'".

Finally, the effluent generated in the agroindustry deserves attention due to its polluting potential, which can
be seen not only as a treatment cost but also as an alternative income source. Based on the NEWTRIENTS
research project (Novel Eco-Sensitive Wastewater Treatment Recovering Dairy Industry Effluent Nutrients)
developed in Ireland, it was identified that lentils can be used to extract residues from dairy processing and
later serve as animal feed supplements®>**. Lentil dry matter has been used as a component in fish, poultry,
and swine feed, but there is also potential to use lentils in cattle feed, potentially replacing soy. This process,
in which nitrogen and phosphorus compounds support lentil growth while simultaneously treating effluent
and serving as feed for cattle that produce milk processed by the dairy agroindustry, represents what we call a
closed-loop system!™.

According to Galanakis”®”, general methods such as incineration, anaerobic fermentation, composting,
landfilling, or the use of food residues for agricultural applications such as animal feed or fertilizers are the
main strategies for waste minimization and valorization. In this sense, at the production stage, milk lost as
reported by producers during spillage can be used to feed calves or swine.
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FLW generated during the transport, distribution, and consumption stages could be donated to people in
need (if not expired), fed to animals, or composted rather than landfilled.

FLW originating in the transport, distribution, and consumption stages should prioritize prevention and/or
minimization strategies before these wastes are discarded***'. Extracting all benefits from residues should be
considered, which may include different strategies such as recovery for healthy human food consumption,
inclusion in animal feed, use as compost, or energy generation'™.,

In general, the dairy industry generates significant residues that pose environmental and economic
challenges for production chains, especially regarding proper disposal and treatment. However, effective
valorization can transform these residues into valuable resources, reducing their negative impact. Thus,
through innovative processes, these residues can be converted into valuable fertilizers, promoting
sustainability and supporting the circular economy®"..

CONCLUSION

The results of this study represent a pioneering initiative by applying the methodological principles of the
FLW Protocol to the CAQ in a developing country, such as Brazil. Using the Mass Balance methodology, an
FLW of 35.2 grams was identified for every 2.0 kg of cheese produced in the LAU CAQ. From a life cycle
perspective, considering all stages of the chain, the stage-based analysis showed that the highest FLW occurs
in post-harvest handling and storage (34.49%) and at the consumption stage (48.12%). It is important to note
that whey was not included in the FLW calculation; however, it represents an unexploited production
potential capable of generating new opportunities and markets - for example, its use as a raw material for
other production chains - thus highlighting possible applications of the CE to reduce FLW in LAU’s supply
chain.

Thus, the need to advance understanding and monitoring of these flows is emphasized, to more precisely
define how unexploited productive potential should be classified and addressed within Food Loss and Waste
metrics. This case study reinforces this perspective by demonstrating a significant level of residues generated
throughout the CAQ, making it essential to adopt strategies aligned with CE principles to reverse this
situation. Among the proposed solutions, the feasibility of recovering water from whey for reuse in on-site
cleaning systems is highlighted, as well as the installation of an anaerobic reactor system to produce energy.

Considering Brazil’s reality - where the dairy FSC is one of the country’s key agribusiness sectors and, at the
same time, responsible for large volumes of organic waste and losses throughout processing - the utilization
of whey becomes especially relevant. Moreover, many small and medium-sized industries face challenges
related to proper effluent treatment and waste management. Therefore, solutions based on CE principles,
adapted to the Brazilian agro-industrial reality, not only help reduce FLW and environmental impacts but
also demonstrate economic viability and strengthen the strategic role of circularity in the transition toward
more sustainable and efficient FSCs.

In this sense, the solutions based on CE principles addressed in this study, even though identified in the
literature, prove to be promising for addressing FLW challenges in the cheese production chain. The
adoption of these practices not only supports the transition toward more sustainable patterns of production
and consumption across FSCs, but also provides valuable inputs for companies and researchers to expand
their understanding of more efficient, regenerative, and low-waste production models. Thus, such strategies
can significantly reduce FLW and strengthen more resilient, sustainable food systems.
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This study analyzed FLW throughout the LAU cheese production chain using primary and secondary data
based on the Mass Balance methodology of the FLW Standard. The results reveal critical points and the need
to adopt more sustainable strategies within the context of LAU. The main contribution of the research was to
demonstrate that, through the application of CE principles, byproducts such as whey can be valorized to
reduce environmental impacts and enhance economic feasibility. However, one limitation of the study was
the restriction to a single case study, as well as the challenges encountered in obtaining primary data across
the entire chain, which required the use of secondary data in some stages. Additionally, the scarcity of
quantitative FLW data in dairy supply chains available in the literature limited the possibility of broader
comparative analyses with the results of this research.

For future research, it is suggested to expand the sample, consider different production scales, and
incorporate more comprehensive quantitative analyses of the environmental and economic impacts of
circularity in the dairy FSC. It is also recommended to develop an inventory in accordance with the FLW
Standard for other FSCs, thereby guiding public policies and business practices aimed at reducing FLW in
the agribusiness sector across different contexts. Finally, future studies are encouraged to integrate
quantification of GHG emissions using approaches such as Life Cycle Assessment (LCA) or carbon
inventories, thereby enabling estimation of the mitigation potential associated with the circularity strategies
discussed in this study.
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